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ABSTRACT

Phase equilibrium data for the C.-hydrocarbons and the

2
solubilities of mixturcs of these gases in acctone at low
temperatures have been obtained at atmospheric pressure using
a flow cell. The data was shown to be thermodynamically

consistent, but attempts to provide a theoretical correlation

for the rosults were unsuccessful.

Absorption and distillation colurins were designed, using
the experimental data, to enable Ca—hydrocarbon feedstocks
to be scparated into their constituents. Sicve-plate colunns
were erccted and trials were made to substantiate the design
calculations and to pernit a comparison of the proposcd
separation mcthods. For high acetylene content feedstocks,
absorption was shown to be satisfactory. I'or low acetylene
content feedstocks, distillation and distillation with a side-
stream provided good solutions and a conputer programic was
written to permit verification and extension of the results to
the desired product purities. The programme reproduced the
experimental results, but failure to predict plate efficiencies
in the region of the pure ccmponents and to obtain a satisfactory
correlation for the experimental phase equilibrium data made a
complete solution impossible. Nevertheless it is considered
that sufficient data has been presented to provide an adequate
foundation for the design of physical separation processes to

solve the problem under consideration.
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Chapter .L

INTRODUCTION

The expansion of the world'!'s chemical industry has recently
been dominated by petrochemicals. The foundations of the petrochemical
19
industry are the olefins and of these ethylene, with its wide variebty

of derivatives, Fig. 1l:l, is the most important,

Initiallyethylenewas recovered from refinery off-gas gtreams
and used for the manufacture of ethylene oxide and ethyl alcohol,
During the second World Wer the importance of synthetic rubber, in
particular the butadiene-styrene co~polymer, led to a large expansion
in ethylene production. This expansion was accelerated after the war
with the inbroduction of polyethylene. To meet the growing demand for
ethylene, plants designed for thermal cracking of feedstocks ranging

from ethane to crude oil have been installed.

In the separation of ethylene from by-product streams ethane and
propahe are recovered and used as feedstock to tubular cracking furnaces.
The severity of operations necessibates the use of alloy steel tubes

20

and the addition of steam to minimize coke formation. The reactions

are arrested by waber quenching in spray towers.

Heavier feedstocks, such as naphtha, give complex mixtures of
products with a low ethylene yleld. Severe operating conditions improve
the yieLds but increase the tendency to coke., Different cracking
techggques using pebble heaters, fluldized sand beds, the Catarole process,

etc. overcome the inherent disadvantages of the tubular furnace and
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improve the product yield.

In aubothermic cracking the endothermic heat of cracking is
supplied by partial combustion of the feed. Recently several
processes for the simulbancous production of acetylene and ethylchec,
with emphasis on the former, have used this principle e.g, the S.B.A,-
Kellogg process.64

In Fig., 2:1 a typical flowsheet for the manufacture of ethylene
from refinery off-gas is given. The feedstock and cracked gas are
compressed to l00-200 p.s.i.g. The heavy wmaterial in the feed, along
with the bulk of the 04 fraction, is thus condensed and removed.

Acid gases and acetylene are then removed by scrubbing and catalytic
hydrogenation, respectively. The gsses are then compressed to 400-600

PeS.1l.g8., cooled and dried.

The purified gas is fed to a series of fractionators characterized
by low temperature overhead conditions and elaborate heat exchange
between the feed and product streams. The top product from the
demethanizer is used as a fuel gas. Ethane and propane are fed to the
cracking ‘urnaces. Propylene 1s used for polypropylene and the 04

stream for bubadiens.

The demethanization stage has also been performed by aromatic
oil absorption and by hypersorption. In the latter the light

hydrocarbons are adsorbed ob a moving bed of activated charcoal and
41
selectively desorbed.

Atout 25% of the ethylene so produced is consumed in the
84
manufacbure of polyethylene. The original I.C.I. process operated
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10
at 500 to 3,000 atmospheres and was used exclusively from 1943-1956.
Free radical yielding catalysts such as organic peroxy compounds
give a 25% conversion to the polymer at 1500 atmospheres and 375°F,
The plant investment costs, however, are high and the product has

a low softening temperature.

High density products, produced at lower operating pressures and
characterized by more regularly ordered structures, have higher softening
temperatures and greater strength and now account for about one third
of the total process capacity. These low pressure processes {(1-100 atm.)
employ sensitive catalysts which are deactivated by impurities such as
acetylenes, diolefins, and acid gastzi 7%&982thylene gtream is usually
subjected to catalybtic hydrogenation to reduce the acetylene concentra-
tion to 10 p.p.m. The process is applied to the crude gas early in the
purification sequence to take advantage of the hydrogen present in the
stream. Cobalt-molybdate or nickel-cobalt-chromium complexes are used
as hydrogenation catalysts. The sensitivity of the former is enhanced
by the presence of sulphur and steam and hydrogenation is carried out
prior to the removal of acid gases. If butadiene is to be recovered,
the nickel catalyst is used to reduce the acetylene concentration to

100 p.p.m. and final cleaning takes place from the ethylene product

stream over a palladium catalyst.

Recently some interest has been shown in the possibility of
acetylene removal and recovery by physical processes. Little work,
however, has been done onh the phase equilibria of the congtituents of
the furnace effluent streams. It has therefore been impossible to

present either analyses or comparisons of the possible separstion
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processes.

85
Stanton has compaved catalytic hydrogenation with solvent

extraction and arrived at the conditions of plant capacity and
acetylene concentration at which-awetylene recovery by extraction
could profitably be undertaken.

80
Schutt describes a plant for acetylene removal from ethylens

using acetone as an absorption agent. He considers that this process
would have low investment and running costs and would be economical

for small ethylene plants.

64

In the Heechst high temperature process and the Eastman process
acetylene and ethylene are produced simultaneously and selective
absorption agents and hypersorption are used to recover both gases at

high purities.

From the above it would seem that an experimental investigation
into the separation of acebylene from ethylene and ethane would be
worthwhile. The introduction of carbon dioxide etec. would needlessly
complicate the problem, as these gases are adequately removed in

existing plant,

There are numerous chemical compounds which exhibit a high

solvent power for acetylene and a high selectivity between acetylene
80
and ethylene.
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TABIZ T:1
SOLVENT ATH, MELTING PT.  CoHp SOLUBILITY @ 60°F
BOILING PT.
NAME O o NCF _GAS/CF SOLVENT
METHYLAL 111.2 -156.0 27.2
ETHYL FORMATE 129,2 ~110,2 21,5
ACETONE 133.7 ~138.0 27.1
METHYL ACETATE 134.8 ~145.5 26.8
ETHYL ACETATE 170.8 ~116.4 22.7
METHYL PROPIONATE 175.4 -125.5 16.6
ACETONITRILE 178.8 ~ 46.0 17.8
1,4 DIOXANE 215.0 + 53.0 19.7
MORPHOLINE 262.2 - 19.2
PROPIONIC ACID 285,8 - 7.5 26.8
DIMETHYL FORMAMIDE 307.0 - 78,0 40,5
ACETONYL ACETONE-  379.4 + 15.8 17.6
BUTYROLACTONE £402,8 - 62.0 17.1
METHYL PYRROLIDONE 395.6 - 11.5 Lh.2

These solvenbts may be classified into two groups, the more
volatile compounds boiling below 100°C and the less volatile boiling
above this temperature. In the first group the selection is made on
economic grounds and acetone seems to be the most satisfactory. In
the second group dimethyl formamide combines a low melting point with
a high solvent power., For acetylene recovery the lower boiling point

of acetone indicates a greater heat economy when using low temperature
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procesges. Acetone has therefore been used as the absorption medium

where necessary.

Preliminary surveys of the available physical data for
G -hydrocarbon equilibria (Chapter 2) indicate that low pressure
separation processes would be more likely to yleld satisfactory
results, In addition, the increasing importance of low temperature
technology has naturally led to the choime of an atmospheric pressure

system for this study.

Two possible lines of attack exist for the solution of the

problems outlined above.

In the first, many types of separation process would be tested
experimentally in a versatile stagewise contactor. A detailed study

of the more satisfactory methods could then be made.

In the second approach the phase equilibria of the C,-hydrocarbons
would be investigated. From an analysis of these results equipment
could be designed and constructed to give the desired results. The
former would involve many fruitless lines of rescarch and could omit
the best solution. The second procedure is more logical and was

adopted.
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PART I - Phase Equilibria
Ghapter 2
REVIEW OF PREVIOUS WORK

2:)] Previous vapour-liguid eguilibrium data

A limited amount of equilibrium data is available for the Com
hydrocarbon systems, but previous investigators have usually worked
at elevated pressures.

40
Kharakhorin studied the ethane~ethylene system using a

circulation method. The data is comprehensive between 0 and - 103,8°C
corresponding to pressures from 0.5 to 40 atmospheres. Moran5gsed the
dew ahd bubble-point method. The results were interpolated to give
isobars from 0.25 to 2.0 atmospheres. The dew-point measurements are

in fairly good agreement with those of Kharakhorin, The bubble-

points, however, shoglwide random discrepancies which were not accounted

for. Hanson et. al. used a forced circulation equilibrium apparatus

and the results are represented as isothemms at 0, -40 and -100°F,

42

Kuenen obgerved azeotropic behaviowr in the ethane-acetylens
system, The data is of little use forquentitatiwe caloulations because
of impurities which apparently entered the system.

10
Churchill et. al. extended Kuenen's study of critical loei and

border curves to the ethylene-acetylene system. These investigators
used a rotating glass~windowed cell and discovered that the system is
azeotropic at high pressures. The critical loci for the Co~hydrocarbons

are shown in Fig. 132, The critical locus. and border curve, for the
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4
68 mole % ethane mixture with acetylene, after Kuenen, 2is given in
Figo 2:20

23

McMillan”“fractionally distilled acetylene-ethane mixtures at
atmospheric pressure, He reported the existence of an azeotrope
containing 40.8 mole % of acetylene boiling at - 94.500. Clark and
Dinleeasured the vapour pressures, initial freezing points, and the
condensation pressures of binary mixtures of acetylene with ethylene
and ethane, From the results the phase diagrams given in Fig. 3:2
were obtained. The authors concluded that the acetylene-ethane
azeotrope is suppressed at atmospheric pressure by the separation
of a solid phase. Hevertheless at this pressure a vapour of
constant composition would be obtained due to the invariance of a
three-~phase mixture in a binary system. This vapour would contain

40% acetylene at -95.8°C.  No indication of azeotropic behaviour

in the acetylene-ethylene system was found.

Rowlinson and Sutton used75the statistical thermodynamics
of non~-spherical molecules to predict the azeotropic compositions
for these systems., By assurniing that the deviations from ideality
are due to a lack of balance of the central forces they obtained
good agreement with empirical observation.

51

MeCurdy and Katz” studied the three component system at
40 and 60°F. The static method was used and sauples were

analysed by gas absorption methods. The point 40°F is below
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the critical temperature of all three pure constituents, whersas
600F. is above the critical tempergture of ethylene. At 400F
azeotropes exist in the acetylene binary systems and the authors
describe Ya series of ternary azeotropes! crossing the triangular
diagram, Fig 4:2 (a). A4t 6OOF the diagram is slightly complicated
by the critical phenomenon, Fig 4:2 (b).

35
Hogan et,al., obtained binary and ternary results at -35,0
()

and 40 F using a rocking bomb equilibrium cell. Samples were
2,3
analysed by standard methods. No azeotropes was discovered in
0

the acetylene—sthylene system at <35 F. The ternary results at
() 51
40 F did not compare favourably with those of McCurdy and Katz,

80
Schutt has collected the available data on the solubility

of G, — hydrocarbons in acetone. The results are expresged in
terms of the Bunsen coefficient., For sthylene and ethane work
has not previocusly been carried out below room temperature.
The solubilities of acetylene in acetone are available to

(o)

=75 P. No informabion was discovered on the solubilities of

mixtures of hydrocarbons in acetons.

2:2 The direct experimental determination of vapour-liguid
gguilibrium,

In the direct determination of vapour liquid equilibrium,
samples of a liquid and vaepour in trus equilibrium are separated

and analysed.

The equilibrium curves may be measured at constant
temperature or at constant pressure. The various forms of the

Gibbs ~Duhem equation, used for checking the thermodynamic
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consistency of measured results, are more simply applied to
isotkermal data. The determination of isobaric equilibria is,
however, simpler and of more direct use in the design of process

equipment,

The experimental methods available for the determination of
vapour - liquid equilibria can be classified in the following
groups :-30

(1) Distillation Method,

(2) Circulation lMethod.

(3) Static Method.

(4) Dew and Bubble-Point Method.

(5) Flow Method.

(1) Distillation Method.

In this method a small amount of liquid is distilled off from
a large volume of charge. Large errors may result from the
condenastion of vapours on the cold walls of the flask at the

beginning of an experiment.

(2) The Circulation iethod.

The vapours evolved from the boiling charge are completely
condensed in a product receiver, When the latter has been filled
the condensate im continuously recycled to the distilling flask,
The steady state is achieved when the compositions of the liquids
in both vessels no longer change with time. If the vapours are
neither superheated nor partially condensed this state corresponds

to phase equilibrium,
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The Othlmer still was the first to function satisfactorily
and use these principles. To obtain a more precise weasure of
the boiling point the GillespieBOStill was introduced. This
instrument incorporates the Cottrell purp, whereby a mixture of
vapour and liquid slugs is thrown onto the thermometer well.
The heterogeneous mixture then flows to the separator where the
vapour is separated allowing the equilibrium ligquid to return to
the boiling flask, The vapour is totally condensed and returned
via & receiver and drop counter to the flask, Recently other
stills employing circulation of both phases have been introduced,
including the Ellis still.BO

For low temperature equilibria a forced circulation
technique is employed. A gaseous nixture is circulated through
the liquid in the equilibrium vessel by a small pump at
constant temperature and pressure. In course of time liquid
and gas assumeequilibrium, Both phases are analysed from
time to time unbtil the analysis tests give constant results.

This method was developed by Dodge and Dunbar in their work
22

on oxygen-nitrogen mixtures.

The circulation method may be used over a wide range of

temperatures at low and medium pressures.

(3) The Static ijethod.

The charge is pleced in a closed, evacuated vessel in

a thermostat. The cell is shaken until equilibrium is



22

astablished when samples are token.

At low and mediun pressures the volume of the vapour
sauple required is of the same order as the volume of the
vapour phase. To prevent disturbance of the equilibrium
during sampling the method is, tlherefore, only used at high

pressures.

91
The static method was used by Verschoyle in the study

of the nitrogen-hydrogen, carbon monoxide-~hydrogen, and

nitrogen-carbon monoxide~hydrogen systems.

(4) The Dew and Bubble~Point iethod.

The equilibriun bomb is submerged in a thermostat
and a gaseous nixture of known composition is compressed,

The pressures at which condensation commences and finishes

are observed.

Various methods have been used to detect the presencs
of the small quantities of liquid and vapour involved.
Hollandjéand Shahgzdetected the onset of condensation by
observing interferesnce fringes. Compression was continued
until a small bubble of gas remained, Clark and Dinlzcooled
a gas mixbure of known composition, at constant volume, and
detected the dew-point as a break in the pressurs-temperature
plot. Bubble-points were determined as the vapour pressures
of liquid mixtures of known composition in equilibrium with

a small volume of vapour, lMoran has developed a new method

for the detection of a thin film of condensate, based on ths

T
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change of dielectric constant between two plates of a Condenser,

The advantages of the dew and bubble~point method are that
sanples of the phases at equilibrium are not required and the
consunption of pure substances is small. It is, however,
restricted to binary wixtures and the results are extremely

gensitive to traces of lmpurity.

(5) The Flow ifethod.

A steady stream of vapour is bubbled through a volume
of liquid (initially condensed) in an equilibrium chamber,
At the steady state the feed and product streams have identical
fixed compositions and the liquid level in the cell remains
constant, Sampling is carried out at the end of the run and

does not disturb equilibrium conditions,

29
Gubter; Newitt and Ruhemann dJdetermined the equilibria

of light hydrocarbons at high pressures using a flow method,
The authors passed thé gas mixtwe slowly through a bundle of
copper capillary tubes Zmmersed in a cryostat. The liquid-
gaseous mixbure, formed in the capillaries, was separated in
the liquid receiver and the two phases were analysed at the

conpletion of a run.

2t3 Choice of experimental method.
In order that the equilibrium cell should function simply

and economically whilst giving good results it must fulfil
30

gseveral basic requirements.
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To obltain congistent data, thorough agitation of the
beiling charge is essentiul. Ceonceutration gradients in the
liquid will not only resuil in sampling errors but may lead
to non-eguilibrium vaporisation of the liquid. If the
agitation is too violent, however, liquid may well be carried
into the vapour receiver., To ofiset this and Lo prevent
partial condensation of the equilibrium vapour, heating coils
are often wound around the chamber above the liguid surface.
The power dissipated from these coils must be carefully
controlled to avoid superheating the vapour and the walls of

the flask.

In the present application ternary and quaternary
phase eqﬁilibria are to be studied abt atmospheric pressure.
When dealing with the solubility of hydrocarbons in acetone
at low temperatures immiscible regions in the phase diagrams
are likely to occur, From these considerations and the
discussion of section 2:2 it is seen that the flow method
involving the bubbling of vapour is the most suitable for
this type of work. The flow method employing the steady
fractional condensation of vapour is subject to the entrainment
of liguid droplets in the effluent gas and also could not be
used for solubility measurenents,

15,30,54
A Golburn flow cell wag modified for these low

temperature applications and it is described in Chapter 3.
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Chapter 3.

SXPLR LENTAL

3:1 Apparabus —~ General description.

A Tlow diagram of the =sguipment is shown in Fig l:3.
The apparatus consists essentially of a modified Colburn flow
cell immersed in a well-glirred crycatal hath. Pentane was
circulated by a small ceatrifugal prmp through a coil immersed
in liquid nitrogen, The pentane was maintained at the desired
temperature by controlling the level of the ligquid nitrogen in
the Dewar vessel B and by varying the power supplied to a small

heater in the retura line,

The feed gases were discharged from the high pressure
gupply bottles to the mixing chamber via potassium hydroxide
drying towers and orifice boxes. The feed stream was then
cooled to the operating temperature in the cryostat before

entering the cell,

Samples of the liquid and vapour in equilibrium were
analysed using a chromatcgraph.
3:2  The crvosbatb.
°5
Previous workers in this department have

employed a cooled copper block immersed in a well-stirred

sryostat liguid for low temperalure measurements.
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Inevitably temperziure graiicubs in the bath result from use

of this methcd. To overcome this disadvantage the apparatus

of Fig 2:3 was developed,

Several commsvcial pumps wers used to deliver about
4Ll. per min. of pentane at 150‘K, In all cases leakage
or seizure occurred. A simple centrifugal pump with a
straight bladed impeller was therefore designed for this
duty. To eliminate gears ani glaﬁds, a 12 volt I"C. motor
was mounted agbove the cryostat bath and used to drive the
submnerged impeller, which was positioned by a P.T.F.E. foot
bearing. The joints of the motor vasing were carefully
sealed with P.TfF,E. tape to offset the effects of condensation,
During start up severe vibrations eccurred in the delivery line

and P.7T.F.it. bellows were fitted to overcome them,

The pump was used to circulate a mixture of normal and
iso-pentanc through a seccndary Dewar vessel containing liquid
nitrogen. The capacity of the cryostat bath was about 131.
of pentane, therefore the contents of the Dewar were circulated
every 3-4 mins., The small equilibrium cell wes mounted
centrally at the bottom of the Dewar to enable the feed gas
to attain “he bath temperature. Due to the large volume of

pentane used the cell was effectively maintained at a constant

tenperature.
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32221 The Ley;el controller

The pentane was cooled to the desired temperature,

at the beginning of a run, by partially immersing the coil in
the secondary Lewar in liquid nitrogen. Further cooling under
these conditions results in the pentane freezing. During a run
sufficient heat must be removed from the pentane to offset heat
leaks into the apparatus and to cool the feed gas. Brass strips
were therefore hung from the bottom of the cooling coil and the
liquid nitrogen surface was maintained at such a level in contact

with the strips, that thermal equilibrium was established,

The liquid nitrogen was transferred from a 5 gallon capacity
storage tank to the secondary Dewar by pressurizing the container
with compressed air, Ain electro-magnetic valve was used to
control the admission of air to the vessel. An air bleed-off
line, fitted to the storage tank, was constricted in such a way
that delay periods associated with the build~up and let-down of

air pressure were reduced to a minimum,

A level control circuit was required to operate the valve.
A selected germanium diode was placed at the desired interface
and a low voltage D.C. current was applied to it, Fig. 3:3.
The forward current through the diode was dependent upon the
temperatures of the liquid nitrogen and its vepour, This
current was passed throuékyé resistor and the resulting voltage

drop was used to operate a bistable flip-flop circuit of the

o
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Schmidt trigger type. The latter activated a rela& at one
specific voltage and deactivated it at another. Chatter was
thus elimin-ted and the fixed degree of hysteresis set the
upper and lower limits of the operation. The relay was used

to operate the electro-~maghnetic valve.

In practice this method of control enabled the cell
+ o
temperature to be maintained to within - 0.2 C of the

degired value.

3:2:2,Fine temperature control,
The large heat capacity of the circulating

pentane stream gave a stable control but the response of the
system to changes in the setting of the level controller was
correspondingly slow. A secondary control system was
introduced to reduce the temperature variations resulting from
the oscillating liquid nitrogen level and to give a more
positive means of setting the level controller. A copper
resistance thermometer and a 1000 ohm enamelled Eureka wire

heater were therefore wound onto the pentane return line.

The temperature controller is shown diagrammatically in
Fige 4:3. A 1000 c.p.s. square wave was genherated by an
oscillator and fed to a transformer. The low voltage coil

of the transformer, the copper resistance thermometer and a
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decade resistance box were used to make up an A.C. Wheatstona
bridge. The supply to the thermometer was restricted to
about one volt to eliminate the heating effects of the current,
The resultant square wave voltage from the bridge was amplified
and fed to a phase conscious rectifier together with a reference
waveform from the 1000 c.,p.s. oscillator. The output of a 100
watt D.C. amplifier, used to drive the heater, was increased or

decreased by the rectifier signal.

The signal produced from the unbalanced bridge was either
in phase or out of phase with the reflerence voltage depending
upon the relative magnitudes of the resistances of the
thermometer and decade box, For in phase signals the temperature
of the pentane stream was too low and the heater output was
therefore increaged. For out of phase signals the rectified

voltage was decreased and the heater was effectively shut off,

During operation an ammeter was placed in series with the
heater to simplify the setting of the level controller, The
resistance thermometer was calibrated against a thermocouple,

The temperature of the return pentane stream was therefors
established by balancing the Wheatstone bridge with the aid of
the ammeter. After a change in level controller setting this
temperature settled more rapidly than the bulk temperature, and
an estimate of the equilibrium value of the latter could be made.

The position of the level controller was then altered if necessary.
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3:3 The eguilibrium ¢gll,

Various forms of the flow still are described in
30,77 15,54
the literature. Of these the Colburn still, Fig 5:3(a),
is the most suitable for the present application. It is small,
readily made in glass; and is casily adapted to the proposed

feed systenm.

15
The cell shown in Fig 5:3(a) was developed for systems

boiling above room temperature. The feed constituents were
vaperized in separate vessels, mixed and fed to vessel B.

This vessel mgintained the equilibrium cell at the desired
temperature and served to even out slight variations in feed
composition, Heat losses were compensated for by partial
condensation of the fced. The vapour entered the cell through
the bent.capillary tip of the tube C, where it bubbled through

the liquid, .causing it to circulate through tube D, The air

jacket L prevented excessive hsat transfer into the cell. The

vapour left the cell through tube G.

The modified cell is shown in Fig 5:3 (b)., The still
and its feed line were immersed in the cryostat bath., The
outer chambers of the original cell were therefore not required.
For partially miscible systems, two sampling capillaries were
sealed into the cell at different levels. These sample lines
were normally closed by remotely operated needle valves, and

were connected to a vacuum system.
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Initially a thermocouple was sealed into the base of the
cell, The leads corroded, however, and subsequently the

thermocouple was placed in the gas outlet line,

Considerable difficulty was experienced in fitting the
glass cell to the copper feed coil and outlet pipe. At first
copper~glass seals and soldered brass bushes were used. Due
to differential contraction and vibration, however, these seals
fractured on cooling, Eventually P,T.F.E, tubing was used,
and this material retained sufficient flexibility at low

temperatures to overcome these problems,

333:1 Temperature mecsurement.

Tempergtures were measured by a single~junction
copper—-constantan thermocouple made from 40 S.W.G. wire.
The thermocouple was introduced into the gas outlet line
through a rubber bung held in one neck of a brass T-piece.
The reference junction was maintained at 77.35°K§9with boiling
nitrogen. The e.m,fs, were mcasured on a Pye Precision
Potentiometer capable of reading to 1 microvolt, The null
point was indicated on a Scalamp galvanometer sensitive to

10 microvolts (1 scale division = 1QAV). Cslibration

details are given in Appendix 1.

334 Feced gas preparation,

To operate the equilibrium still satisfactorily a

feed gas stream of fixed composition is required. This
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condition may be fulfilled by ensuring that each of the high
pressure supply bottles delivers a constant flow rate of gas.
By placing small orifices in the bottle delivery lines and
maintaining the ratio of upstream to downstream pressures above
the critical value, the theoretical velocity at the vena
coutracta of the orifices is the velocity of propagetion of a
pressure wave and hence the flow rate is independent of
downstrean conditions. For delivery to the atmogphere the
critical pressure ratios of the process gases require an

upstream pressure of at least 13 1lbs/sq.in. gauge.

Preliminery work indicated that the ligquid in the cell
was well agitated by a total gas flow of from 10 to 20ccs/sec.
The orifices were sized by the standard equations,7and holes
of 0.002 in, to 0,015 in, were drilled in brass disecs. P.T.F.E,
washers were used to provide a good seal and the orifices were
housed in brass unions in a thermostat bath (mgintained at 2500).
The safety regulations governing the use of acetylene
restrict the delivery pressure to 10 lbs/sq.in. gauge. The
velocity at the vena contracta in this case was therefore
subsonic, Acetylene zlso forms spontaneously explosive 61

acetylides with copper at these pressures, hence brass tubing

was used to deliver the gas to the mixing vessel.

Acetylene and ethane were supplied by B.0.C. Ltd,

The former is dissolved under pressure in acetone and on
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delivery may contain traces of acetone vapour as impurity.
However, no acetone was found when the cell was carefully
examined after each series of runs. The ethane supplied was
analysed by a chromategraph and found to contain about 24 of
propane and traces of butane. The gas was not purified further,
as large quantities of gas were used to obtain the phase
equilibrium dste and subsequently to operate the distillation

columns, and low temperature fractionation was impracticable.

Polymerisation grade ethylene containing more than 99,7%
ethylene was supplied by the Societe Ethylene Plastique and

required no further purification.

Standard regulators with fine adjustment needle valves
were fitted to the cylinders. In conjunction with the
orifices, the regulators delivered a constant flow of gas to
the mixing chamber, The combined gas stream was passed

through a tower packed with Raschig rimgs to assist mixing.

Glass wool and gauze filters were placed in the lines
downstream of each drying or mixing tower to avoid blockage of
the orifices and the thin walled glass capillary in the cell,
3:5 Analysis of gamples.

35,51 2,3
Previous workers have used standard methods

involving absorption techniques for the analysis of
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C ~hydrocarbon mixtures, These methods are long and tedious
2
and alternatives were sought. Chromatography was evenbuaglly

chosen as being officient, fairly accurate and not too

expensive,

Gas Chromatography ILtd.. supplied a versatile unit capable
of performing a varicty of analyses, Fig 6:3. Hydrocarbon
samples were separated in a 6 ft, column packed with 40-60
megh silicagel. For the analysis of mixtures containing
acetone the sample was divided into two. One part was passed
through the silicagel column to estagblish the compegition of
the dissolved hydrocarbons. The second was passed through a
column containing dinonyl phthalate supported on 60-80 mesh
G-Cel. By combining the results of the analyses the complete

composition of the mixture was calculated.

The samples were injected into the hydrogen carrier gas
stream by hypodermic syringes and the column effluent was
mixed with air and burnt in a flame ionisation detector, A
constant direct potential of 100v. was applied to the flame.
The resulbant detector signal was amplified and recorded and

the peak areas were automatically evaluated by an integrator,

The calibration of the instrument is discussed in

Appendix II
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316  Experimental Procedure.

Initially several test runs were carried out to
calibrate the various sections of the apparatus, The
composition of the feed gas stream was measured for different
supply bottle delivery pressures and orifice sizes. Several
samples were taken at five minute intervals and analysed on
the chromatograph., Although the compositions were observed
to oscillate about a mean velue ( * 1 mole % at 50 mole %), the
variations were considered to be too slight to mgke a material

difference to the results,

Secondly; the equilibrium cell was cooled to the

working temperzture range and the level controller was set to

a given position, The fine temperature controller was switched
on and the bridge was balanced using the ammeter in series with
the heater and the decade resistance box,  Under conditions of
thermal equilibrium the cell temperature and the resistance of
the thermometer were recorded. The trials were repeated at
several level controller positions to calibrgte the thermometer,
It was also established that this method of control enabled the

cell temperature to be maintained towitiin 2 0.1°C of the desired

value.

Finally a full scale test run was carried out., The
effluent gas strecam composition was measured at five minute

intervals and compared with the fixed feed ggzs composition.
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After a period of twenty minutes the two compositions were

sensibly identical and equilibrium had been attaincd.

The techniques employed in the determination of vapour-
liguid equilibrium data varied according to the number and

nature of the components, and will be described separately.

3:6:1, Binar drocarbon mixtures,

Consideration of the phase rule shows that provided
there is no immiscibility it is necessary to specify two
properties of a binary system in order to define a particular
equilibrium conditlion. The vapour composition was identical

with the fixed feed gas composition and the cell was
mailntained at atmospheric pressure. It follows that the
system was invariant and equilibrium could only be established

at a specific temperature.

The cryostat bath was set to a temperature a
few degrees below the estimated dew-point of the mixture and
the gas stream was fed to the cell, Condensation occurred
and the temperature of the cell was allowed to rise, The
ligquid level in the cell was observed through the diametrically
opposed clear strips of the Dewar, After a short time this

level started to fall., The temperature of the cell was then

controlled so that the level remained constant, After

twenty minutes at constant conditions a vapour sample was
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taken with ahypodermic syringe. The vapour outlet was then
closed, the needle valve opened, and liquid was forced ocut of
the cell to be collected in a second syringe. The sampling
operation was rapid and the longer capillary tube was normally
uged, In this manner changes in the surface composition of

the liquid resulting from the increase in cell pressure did

not introduce sampling errors.

The samples were then analysed on the chromatograph, and

the procedure was repeated with a different feed gas mixture.

3:632,Ternary hydrocarbon mixture

In this case there are three degrees of freedom,
but the vapour composition and the pressuré were fixed and so
equilibrium could only be established at a specific temperature.
The experimental procedure employed was therefore identical to

that for binery mixtures,

3:6:3.80lubility of pure hydrocarbons in acetone.

The cell was charged with acetone prior to a run
by use of the vacuum system. The range of boiling points
involved was from +56°C to =104°C, and the vapour pressure of
acetone in the temperature range congsidered was therefore very

ginall, nev:rtheless trace quantities of vapour agppeared in the

effluent gas stream,
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In the work on hydrocarbon systems, by fixing the
composition of the vapour, the available degrees of freedom
were reduced by one for binary mixtures and two for ternary
mixtures, However, for solubility measurements in completely
migcible systems the presence of acetone in the vapour
reduced the availpble degrees of freedom by only one for

ternary mixtures ete.

The hydrocarbon employed was bubbled through the acetone
during cooling to facilitate the rapid attainment of
saturation, When the pentane bath had reached the desired
temperature, the controllers were used. Eventually the gas
no longer dissolved in the acetone, the level of liquid in
the cell remained constant and samples were taken, as above,

It was established that the vapour stream contained negligible

gquantities of acetone,

For partially miscible binary systems there is only one
degree of freedom available. At constant pressure therefore
partial miscibility occurs at a specific temperature with

fixed liquid compogitions.

3:6t4.S0lubility of mixtures of hydrocarbous in scetone,

The solubility of binary and ternary mixtures of

hydrocarbons in acetone were also measured, In most cases

the first run was carried out at the lowest tempergture used,
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During sample analysis the pentane bath was allowed to warm
through 5°C whilst the gas mixture continued to bubble through
the acetone, In this maﬁner the consumption of ligquid nitrogen

was reduced and the longer analysis time was offset by the

shorter period required for the gttainment of equilibrium.

For the case of partially miscible systems, equilibrium
could only be established at a specific temperature with
a given feedstock., The procedure was therefore gimilar to

that used for hydrocarbon mixtures:

In neerly all the runs the composition of the vapour
stream was limited to 20 mol.% acetylene. Dangerous
accunulations of acetylsne vapour and the formation of solid

acetylene were thus avoided.

The liquid samples containing acetone were difficult
to handle owing to partial vaporisation, Details of the

methods employed are given in Appendix IT,
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Chapter 4.

Theoretical,

4:l, Introduction.

The thermodynamics of solutions of non-electrolytes

30,3477
are discussed in detail elsewhere. In this chapter a

general review of the available equations for the correlation

of vapour-liquid equilibrium data is given.

432  Basic Concepts
Although thequantitative relationships of the

vapour pressures of liquid mixtures are extremely complex
certain simplifications may be introduced which are valid in
gsome important cases and may be used as a standard for the

comparison of other cases.

aoult's law states that:

b=x B - (1)
and by Dalton's law rf =¥ Py - (2:4)

where P is the total pressure,
Py is the partial pressure of component; i
x; and yy are the mole fractions of component
i in the liquid and vapour phases, respectively,
and P,;° is the vapour pressure of the pure constituent

at the given temperature,
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It follows that the liquid~vapour equilibrium curve
may be drawn, using vapour pressure data only, for any
given pressure, for systems that obey these laws completely.
Raocult's law applies only to mixtures which are isothermally
formed from similer chemical constituents without either

changes in the total volume of the solution or thermal effects.,

The Gibbs~Duhenm squation is of fundamental importance in
dealing with the complex wvapour-liguid equilibria that occur
in most systems., Several presentations of ths equation have
been given in the literature including its derivation from

: 3hydds 77
basic concepts., Ruhemann proceeds to derive the Gibbs-
Duhem equation by pure thermodynamic treatment and then
applies equations of state to obtein the Duhem~Margules
relationship, The author points out that by its nature
thermodynamics cannot give quauntitative information ®egarding
the exact form of equilibrium curves and surfaces. This
needs the use of equations of state, which frequently lack
sufficient accuracy to give the required results and it is
generally necessary to determine the (P-T-x) data for liquid
mixtures in equilibrium with their vapours by experimental

means.

Nevertheless, at low pressures, when the state of the

vapour is not far removed from thet of a perfect gas, some
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theoretical conclusions can be drawn.

If 2 liquid and a vapour are in equilibrium then:

(1) the temperature of both phases must be identical;

(2) the pressure of both phases must be identical;

(3) the chemical potential of component i shall be the
same in both phases. A basic thermodynamic relation,
valid for any homogeneous phase is:
~S4F + VAP = £ § n4d M3 =0 .ireiiieninennan.. (324)

For the special cas'e; of isothermal changes at constant

pressure this reduces to the Gibbs - Duhem equation:
(Z‘inid/ti Z0) TP vevesasessnccsosnaoncasnsene (bitd)

At a fixed temperature, for binary mixtures and for a

vapour phaSe which is a perfect gass
d/ti = RTd ln pi ..ocl0'!.0...-'.'..000.0..(5:4)

since M :/410(’1‘) + BTIND] evsceesnsecrsacsncansa(D2d)

The equation for one mole of a liquid phase of two

11
components at constant temperature may be writtens:

vliq @ = xl y{l + x2 % -t.c'o-'o.-‘:.oco...'tlc(7:4)
Hence if this liquid is in equilibrium with a vapour for
which the components have partial pressures p; and pp
Vliq dP = RT (xl dlnpy +x4 1D P3) sevensess (814)
For a perfect gas:

PVVAP = RT,
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where V  is the molar volume of the vapour,

VAP
i.e. V.. ap
vllg = =X dln P+ X, d In P, eovees (924)
VAP P
At ordinary pressures Vl‘ is very small gnd
Vsp

(Xl d ln pl + }{2 d ln p2-—n:0)T .09-0-0000(10:4)

This is the Duhem -~ Margules equation.

Real solutions,

The deviations of real binary systems from ideal

phase equilibrium behaviour can be classified as follows:~

(1) departure of the vapour phpse from the perfect gas law;

(2) deviations of the vapour phase from the ideal solution
laws;

(3) devigtions of the liquid phase from the ideal solution

laws.

Raoult's law is based on kinetic considerations, it being

assumed that the tendency for a molecule to escape is

proportional to the pressure it exerts in the vapour phase.

This itself is true only if the vapour behaves as a perfect

43

Iewis introduced a term to measure the "escaping

tendency " of a molecule, which was given the name fugacity,

denocted by f and defined by:

d/(i = RT d ln fi “o.c'oo.ooon-ooc.co.oo'o'(1134)
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The numerical value of the fugacity is not completely determined

by this equation and a further condition, that the fugacity of
a perfect gas is equgl to its pressure, is introduced. At low
pressures the behaviour of real gases approaches that of perfect

gases and the condition may be written as:

1i £ _
Pimo ('ﬁ) -— l ..-.-¢.-|oco-..oo.........(12:4)

The activity is defined s the ratio of the fugacit_;r
of a substance to it fugacity in some arbitrarily chosen
state, i.e. f/fo N ¢ K TV

The standard state is usually chosen as the pure
substance,

The activity coefficient is defined as:

44 Yi= a.i/xi .Ill.'.ltll‘.l'..l'.'...(14:4)

Lewis defined an ideal solution by:
_ o
(fi)LIQ e xi(fi ) LIQ oct.coo.o.-o(l5=4)
Thus from (13:4) ai = Xi }o-nsoo.odooo.-otooo... (l6=4)
and from (14:4) Yi =1

It equilibrium the fugacity of any constituent is the

gsame in the liquid and vapour phases:

;) LIg -

From the definitions (13:4) and 14:4) given gbove:—

(E)yap voveraseeonses (1724)

Vi ¥, wp Bt wap =% ¥ 5 1€y pmgee (18:4)

In general therefore, the gas law deviations in both the
liquid and vapour phases are dealt with by fugacities, assuming
the ligquid to be an ideal solution, and solution deviations are
dealt with by activity coefficients, assuming the vapour to be

a perfect gas.
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All the work in this thesis was perforned at low

The activity coefficient has been used to account for

deviations from the ideal solution laws and was calculated

from:=

Pi = yi P =Xi xi Pio l.o....ncl.-.-..to..c..(l9:l+)

By differentiation and substitution the Gibbs-Duhen

equation is readily obtained in the form:-

Lik

[a' lnxl =—_}i2;] ................,...........(20:4)
d.lnx2 xlT

Correlation of experimental data in binary systems

Vapour - liquid equilibrium data may be readily

correlated in terms of activity coefficients. A number of

attempts have been made to integrate the Gibbs~Duhem equation

and the equations obtained by this procedure are reviewed in

the following pages.

ok

Wohl” derived the change of free energy on mixing

pure ligquid constituents as:-

= 1nY
mix ‘£ini RT 1n x; +&n, RT Ik (o1.m)

For an ideal solution:-

Ac*

miX =£j_ ni ‘RT ln xi T EEREE RS 0-“-0.000(22:4)

- The excess free energy on nixing is therefore:-

Ac_. =Ac -AG | =£ini RT 1nXi ceeenen ces.(23:4)

i nix mix

On differenti-ting (23:4) with respect to the number

27
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or moles ot any constituent.i, anc ap,lyin; the generalised
forn of (2u:4,, Wohl obtained the following expression for
the excess partiazl-molar free energy change on nixing:-
3N3ﬁ>
= Y
n_/ TP 0.1 = RT In¥, cevevnerecocanosses(24:h)
1 J# 1
Wohl also expressed the dependence of the molar
excess iree encrgy on the composition oi the liquid phase
by the expansion:
Aa!
E
2.503 RTZ.q.x.
=203 ﬁlql i

=£‘ZZ& +£.

132122157 S ® 1% gk .. (25:4)

_ AGy

whereAGL =
"
n,
i

qi, qj, qk,..are constants which Wohl called the

effective molar volumes of tihe constitucnts,

zi’aj’zk ees are the effective volumetric fractions
of the constituents, e.g.z. = q, X,
i i i
q. X.
ZJqJ ;

and a,

.y A. . 4.+ are enpirical constants neasuring the
ij ijk

interactions in various groups of molecules ij, ijk, etc.

The first summation of (25:4) therefore tazkes into
account the force inturations between each pair of dissimilar
constituents. The nore surmations that there are in an
equation, the better it will represent tue behaviour of
the given systeri, but tiie more constamts will need to be

determined from experinental data. rractically
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equations of the third and fourth order are used.
Partial differentiation of (25:4) with respect to

B and. substitution in (24:4) gives relationships
between the activity coefficient and the composition of
the solution. This procedure gives equations that

automatically satisfy the Gibbs-Duhen equation.

By making special choices of the coefficients, the

equations for bin .ry systems derived by this method reduce to

_ . . I 90 49
the corresponding semi~empirical Van Laar, Margules “and

, 8

Scatchard—Hamer‘7 equations. In view of the possible
molecular interactions it is impossible to produce one simple
general cquation. 411 that can be expected is to have a
general eguation which permits simplificstion for special

cases.

‘Johl extended the¢ previous work of Carlson and Colburn,
who had summarized the utilisation of theoretical methods to

extend data up to 19k2.

Redlich and Kister70have proposed equations for the
dependence of the ratio of the activity coefficients of the
components on the conposition of the liquid phase. It has
been shown that these eguations are cquivalent to the

Margules equations.BO

Recently various authors have proposed a series of
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eupirical equations which express the mutual dependence of

the equilibrium compositions of the vapour and liquid phases.
. . 11 .

In this group the correlations of Clark, Scheibel and

79

Friedland etc. z2re to be found.

Bourne and E11155 have reviewed the methods for the
taermodynamic analysis of vapour-liquid equilibria. For
isothermal conditions they use the following form of the
Gibbs~Duhem equation:-

VE

izi—’f— dP o.'l.-l"..ol‘l‘...ll.(26:4)

ﬁixi d1n¥
and for isobaric conditions:-

fx, @ 1n¥ = E22 AT aeriieineiiinennnnl (27:0)

The authors show that tie right-hand side of (26:4) is

generally very small in comparison with any term on the left-
hand side, whereas the right-hand side of (27:4) is generally
conparable with the terms on the left<hand side. Solutions
of the isothermal, isobaric Gibbs<~Duhem equation, described
above are therefore often applicable to isothermal vapour-
liquid equilibrium data. The experimental findings of
Razavipour and Zllis 695uggest that in accur=zte calculations
the Van Laar and Margules equations should not be applied

. ) 1 £ b - = o
to isobaric data where the boiling range exceeds 10 C, or

even less than this in azeotropic systeus.
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To correct for the effect of tempersture on the
activity cocfficient the rule T log ¥ i = constant at constant

93

s . . b .
composition has been widely appllcd.l White, Li and

4
Coull, 5 and Yu and Coull95

have developed isobaric forms

of the Van Laar equation including similar ternperature correction
factors. Ii and Coull derived an expression for the change in
internal ener;y recsulting from molecular collisions of two
species when nixed. They neglected volume chanmges on

mixing ~nd also assuned that in the absence of orienting and
chemic~l effects random distribution existed and the entropy
change was idential with that for an ideal soliition.

They obtained:=-

(7 1og¥l)-1/2 = bl)(bav l/le + [, Lo L. (28:4)
2

k
5o J\ 1y %, 12
and (T logY ) -1/2 = b, \ (b l/2 l/2 eee(29:4)
2 2 1 x2 + bl
b k'. — —
1 12 %y kl2

Li and Coull considerecd bl and bato be the partial molar
volunies of swecics 1 and 2, and as such they are functions of
the composition of the mixture. The authors presented values of
the b-ratio obtained by different methods from (28:4) and
(29:4), for a variety of systems., Although variations in
the values of the ratio resulted from this treatment, the

authors have found that any of the valucs nmay be used in the

development of ternary correlations without introducing
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great discrepancies, Application of the equations to the
correlation of isobaric data rcecguires the additional
assunptions that the constants k and b remain unchanged over
the temperaturc range considered. Nevertheless, the form
of the Li~Coull equations makes then riore applicable

to isobaric data than tiie developments oi Wohl described

previously.

L:5 Correlation of experimental rcesults in ternary systens.

Because of analytical difficulties the experimental
determination of ternary equilibrium data is likely to give
less reliable results than reasonable predicifionsfrom binary
data.

Colburn,l4Scheibel79

etec. h.ve obtained ternary activity
coefficients by interpolation from binary data and for
systems of similar components this method is successful,

ok

Wohl” extenued his work to deal with ternary systens

in a comprehensive nanner. The resultant second order
equations enmploy only constants derived fron the binary
systens, Third and fourth order equations also use constants
derived from ternary d-:ta. The ternary second order Van

Laar equation, as developed by Wohl, is restricted by a

relationship between the constants, such that only five

independent values of the six binary variables are
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required, WhitegBuses an equation which is identical
in form to Van Laar'sgoequation in the case of binary
systens. The extension of these equations to ternary
systems, however, results in a s sign in the numerator.

This ambiguity c¢an only be resolved by the introduction of
a relationship between the constants, which causes White's
ternary correlations to becone identical with the
thermodynsnmically correct cquations of the Van Laar type.
The general validity of this relationship is not accepted by

93

2_.
Wohl,gkwho points out that the examples quoted by White”“do

not necessarily satisfy the condition.

4 .
Ii and Coull 6extend their binary equations to deal

with ternary data by ignoring the energy change resulting

from ternsry collisions. The equations are of the type:-
2 2
k
Tlog ¥ {ﬁ;g Lol ¥t 1% b\ ¥ ¢
bl b1 bl b1

(lflé) 1'13.) * ﬁs) Ez_) - }f.e_s_ﬂ "2"3}
AL by [ \by/ By
+(b i X e
{Xl (j% 2t Cﬁq 3 } ceeeeenea(30:h)
by by
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b:6 Consistency of measured d-ta.

Experimental data nay be subject to systematic errors
which do not show up as a scattering; of the measured points
and a simple method of checking the consistency of the data

prior to correlation is required.

1
Herington,33 Coulson, Hales and Herington, 7and
Redlich and Kister7o’7lintegrated an equation for the partial-
molar excess free energy and obtained for a miscible binary

system at constant temperature:-

(8}
X, = 1 X P = Pl
l dx = l v dP—'ﬂ—"Oooo(Bl:L})
- togy 1 3303rr / E
2 P= P
2
Xl = 0
. 22 . . .
Herington™ generalised this procedure to include
isobaric data and proved that, 1.0 Xl/3’ ax = 120
m e
2.303 RT o
0 0
= I 2 06000068000 280 '.'(32‘4)
The logarithn ofX; is plotted against Xy and

/Y,
the sum of the mrgnitudes of the areas beneath the curve

is denoted by .g . The percentage deviation is given by,

D= 100 Il  seviinivriniiiianiiad(33:4)

where |I| is tac numerical walue of the
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algebraic sum of the areas.

4 further factor, J, is defined as,

J = _150[8] R S TR

T min

where 9 is the overall range of boiling points
of the system, and T min is the lowest measurced boiling
point in UK.

. 2
Herlngton3 derived a naximum probable value for the

Ao

ratio
AGmE

s wWwhere the suffix m indicates the maximun.

values of the functions in the concentration range, by
exanining systems for which these parameters had been
measured, In this manner thce author showed that D should
be less than J for consistent data. He also stated that

if D - J < 10 the data could still be considered correct.
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Results and Discussion.

5:1:1 The Phasec equilibria of C_, - hydrocarbon systems

The experimental results for the binary systens
ethylene-cthane, acetylene-ethane and acetylene-ethylene,
are given in Appendix III. The tempernture-composition and

vapour-liquid composition diagrams are shown in Graphs 1:5

to 6:5. The results of other workers are superimposed on
these diagrans. The results for the ternary system are also
given in Appendix III. The experimental temperature

conposition diagram is shown in Graph 7:5.

The equilibrium temperatures have been corrected, for
variations in ambient pressure, by a combination of the
Clausius-Clapeyron equation and Trouton's rule:

AT, = 0.00012 TAP eceseereencocarncsa(ls 5)

where Tb is the normal boiling point,
and ATb is the change in the normal boiling point
corresponding to a change in pressure of 'Ap mm. of Hg. No
corrections have been made for the impurities present in the

ethane feedstock.

5:1:2 Vapour-pressure data.

The vapour pressure data, used for the correlation

of the ph=asc equilibrium results, was obtained from a variety
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8,36,47,86

of sources and fitted to a straight line plot of

form: =4 - 2
the ‘Lorm.loglOP—A T ....I.II"....O.'II..(B:S)
where P is measured in m.R. Hg, and T in OK
The resulting equation for ethylene was:-

loglO P=7.3%322 - 22%42 eeressesssecssesl3:5)

and for ethane: log, P = 7.308 - §l%il eocecrenayp(4:5)

10
The triple point of acetylene is at - 81.0°C and 1.25 ats.
At atmospheric pressurc solid acetylene sublimes at -8%.0°C.
For the calculation of activity coefficients the vapour
pressure curve of liquid acetylene should be extrapolated
to sub-atmospheric pressures.63 The resulting equation
Was

P 8654 eiieeiieeaa(5:5)
log g 5g5 = 4588 - =3

The simple forms of vapour pressure equation obtained
above do not give a complete representation of the data.

Correction graphs to be used in conjunction with (3:5) and

(4:5) were therefore plotted.

5:1:3 Consistency of measured data

Negleccting g-s law deviations, and using the
experimental values of atmospheric pressure and equilibrium
temperature, activity coefficients were calculated from

(19:4)
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For the ethylene-cthane system the Herington consistency test

52

was applied. The data required for this test is given

in Table III 1.5. In graph 8:5 the activity coefficients for
this system arc plotied and in graph 9:5 the Herington plot

is given. At this stage it may be noted that one of the
experimental points for a low ethylenc concentration is
seriously in error. Neglecting this point, the Herington

test shows that the results, although subject to considerable

experimental scatter, are consistent.

The tust could not be applied to the other binary systems

as the rcesults did not cover the full composition range.

5:1:4 Correlation of results

The Li~Coull equation46was chosen to obtain a
correlation of the experimental data and initially its
application to the ethylenc-ethanc system was considered.

In table III 1.6 the parameters requircd for the correlation
are given. In graph 10:5 the Li~Coull correclation plots,

- 3 -3 .
(T log m) v. Xl/xa and (T log Xra) V. x2/xl’ are given.

The emphasis placed on the points used for the
correlation depends upon their reliability. For x-x ratios
below G.1, smnall errors in analysis bcecone greatly magnified,
and for ratios above 1.0, experimental values of ¥ lie close

=
to unity, causing (7T 1ogX') 2 to become very large, and
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agaln subject to considerable error.

The resultant eguations were:-

1 Xn 11 X
(T log XC . Yy T = Colly, + 0.8 “CZH6 ceses(6:5)
2 4 3.9 Xo g
2 76

X + 0065 X -
)-% CZ H6 CZHI‘\L 300(7:5)
C.H

oM 3.2 *c H,

and (T log ¥

A comparison of the experimental and correlated data
was obtained by calculating activity coefficients from
(6:5) and (7:5) using the experimental values of liquid
composition and assuming equilibrium temperaturcs. The
vapour conpesition was calculated for each‘component from
these activity cocefficients and the vapour pressure data.
An iterative procedure was then used to decterminc the
eguilibriun tempurature which made the sum of the vapour

compositions unity.

In Table I1I 1.7 the calculated equilibrium data is
given. In graphs 11:5 and 12:5 the correlated activity
coefficients and temperature-composition diagranm are

plotted.,

The Li-Coull correlation is not strictly applicnble to
the acetylene binnry systems, since in both cases part of the

composition range cannot be studied owing to the sep-~ration



CORRELATED ACTIVITY COEFFICIENTS
\\ ,

12

. ®
— \\XEthylene

+

N

11 \
-h\\
/0/ \
00 0.2 04 06 08 10
Mole Fraction Ethylene -Liquid Phase

13

Activity Coefficients-Y

(o]

GRAPH 11:5

185K
b_vo GRAPH 12:5
181\\\9\ " CORRELATED TX PLOT

- Nl .
\‘\ N

< 177

()

5 .

ol

g ETHYLENE-ETHANE SYSTEM N

S 173 ' \

o}

\B

169 l | | |

) 0.2 Q4 06 08
Mole Fraction Ethylene

9\0 ‘
\L%



71

of solid acetylene. To synthesize a ternary correlation,

however, all the binary constants are necessary.

In tables III 1.8 and III 1.9 the activity
cocfficients for acetylene in the systems acetylene-ethane
and acetylene-cthylene are presented. The activity
coefficients for the second component of these binaries

range from 0.95 teo 1,10 and are not included.

In graph 135:5 the Li-Goull plots for acetylene in

the respective binary systems are given,

The resulting equation for the acetylene-ethane
binary is:

-+ 0.081 ooo.o.(8:5)

(T log XC H‘)—% = 0.203 X0
2 272

2 ==

X
CoHg
and for the acetylene-ethylene binary:

N =l
(T locha HZ‘) © = 0.22hxpy ¥ 0.125 euele.(9:5)

XCZH4
The plots for the second componcnt were not satisfactory and
this was attributed to the magnification of experimental
errors caused by calculating activity coefficients in
composition regions approaching the pure component.
Equations for these constituents werc therefore calculated

from (8:5) and (9:5). The Li-Coull cquations for a binary

system, 1-2 ((28i4) and (29:4)) are:46
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(T 108 Xl)- z =(§'l')

)3

+ —
2 Ky
3 e\ [2) 2 [ [er)
and (T log Xa\) 2 = -b-— E— -}-C- + i-{_
1 1 1 12
b1 51
whence = = Slope of constituent 1 plot = = «(10:5)
L

2 Intercept of constituent 1 plot

= (L% .-ov..nnc-octooo.oo!oonoc..(ll:s)
1

It

I .
2
— l'lll'-.‘......"'.'I..ll-'(lz:s)
(SJ

For the acetylenc-ethanc system therefore:

QP log X

-3
= 00051 X X + 00129 oo.(lB:s)
CzHc’) cotg/ Cm,

and for thce acetylence-ethylene systen

(T log X

1
2 - 0.093 x x 4 02167 ool (1h4:5)
caHb) CoHy, / CoHp

The equations for the acetylene-ethane system were satisfactory
but the agrcement between the exprinental data and the
correlated data, calculated from (8:5) and (13:5), as

described above for the ethylenc-ethane system, was not

good enough to justify the usc of thesc equations for purposes

other than as a step in the development of a ternary
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correlation, The majority of the x-x ratios for this
system were less than 0.1 and so the partial success of
the correlation does not reflect upon the applicability of
the method., Equilibrium data calculated from (9:5) and
(14:5) for the acetylene-ethylene system is recorded in
Table III. 1, 10. The results in this case compare

favourably with the experimental data.

The ternary Li-Coull equations46involve only binary
constants. The constants klZ etc., are assumed to be
dependent only upon binary molecular collisions, ternary
collisions being neglected. For a system with components

1-2-3 the equation (30:4) for component 1 is:-

2 , 2
oty ) )t
1 bl bl bl bl bl bl bl bl bl
R
bl bl .

The constants are obtained from the binary equations with the

aid of the relationships (10:5) to (12:5). The constant

53 (kzz/ b2) 23 ’
T is evaluated from (b / b.) 12
1 1 ¢

The resultant ternary equations are:=-
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2 2
6T LlogY, 5 ) ={%0-15X + 23.75% + 30.75% x ] e+ (15:5)
CH] C,H, ¢, He CH, CHy
2
X + 0.563x%, . + 0.395x ]
[CZHZ CoH, C He

2 2
T logl, )= @lQ.BX + 49.0x - 85.0x, . x ] eee(16:5)
( CEH CZHZ CZH6 02H2 CZH6

2
X + l.79x + 1.59x ]
[CZH4 CZHZ C2H6

2 2
(T 1ogXCZH6) = [383.0xCZH2 + 29'8X02H4 + 170.3x02H2x02H£b ere(17:5)

- 2
kasz * 2Slxg g HL25%G g ]
These equations are not unique results of the binary data, since
the constants of the ethylene-ethane system do not satisfy
relationships (310:5) to (312:5). Although Ii and Coull state
that46the bl/b2 ratio may vary within consistent binary data
and any of the calculated values may be used to develop the
ternary relationships, it would appear that failure of the
results to satisfy the inter-relationships of the constants of
the Li-Coull equations would represent a failure to satisfy

the Gibbs-~Duhem equation. These conflicting statements may be

resulved as the Li-Coull equations are only strictly applicable
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to isobaric data if the constants b and k do not vary with
temperature and b is independent of composition, it would
appear that Ii and Coull recognised that these conditions
would not always be cobeyed but found them to be of small
practical importance,.

Equation (16:5) could therefore have been obtained as:-
2

(1200 ) = [busmg
T log =|114.5x% + 24,7x%
C2H4 CZHZ CZH6

“15.4x%. .. x ]...(18:5)
CH;C,Hg

-~

2
x + 1.79x + 0.8x
\ CoHy €21 CaH6:[

To determine the value of the correlation, experimental values
of temperature and liquid composition were substituted in (15:5)
to (17:5) and the corresponding vapour compositions were calculated,

Table III.1.11.

The ILi-Coull equations do not give an adequate represent-
ation of the ternary data. In Table III.1.12 (18:5) has been
used instead of (16:5). The change of equation increases the
mole fraction of ethylene in the vapour by about 2 mole%.
The deviations from the experimental results, cbtained in the
first instance, were random, being either positive or negative, and

the use of (18:5) did not, therefore, improve the correlation.

It would appear that the experimental system is too

complex to be analysed by the Li-Coull equations, and a further
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investigation of other equations was temporarily abandoned
in favour of obtaining an empirical correlation from the London
University Mercury Computer for use witli the multi-component

distillation studies.

A surface fitting programme, R.A.E. 194/A, written and
developed by Dr. J.H. Cadwell of R.A.E. (Farnborough), was
used to fit bivariate polynomials to the data. For n triplets

of values (zi, X yi,) the resultant equation is of the form:-

1 1-i i 3
7 = g(x,y) = ﬁ £ ai. (X') (y') .0.100(19:5)
i:o ,j:O J
where x' =% - X and y' =y - ¥, x and y

being the mean values of the n x-values and the n y-values,

respectively.

Initially four polynomials of the form:
T = f (yl', y2')
x,= £ (y.', 7,°)
1 1 2 .--.-....-....---.....-.....(20:5)
- 1 T
XE— I (yl ’ yZ )
= 1 t

were fitted to the data. The pure component points and the
Z
acetylene-ethane azeotrope point, given by Din and Clark,l)were

slightly weighted so that the equations always satisfied these

values. When using equations of the sixth degree the maximum
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residual of temperature (experimental value = fitted value) was
0.37°K and of composition was 0.025 mole fraction. The average
residuals, however, indicated that equations of a lower degree
would describe the data adequately. In conseqguence a polynomial
of degree 4 was used to obtain T = f (yl', yz') and polynomials
of degree 3 were used to obtain x = f (yl', yz',). In Tables
ITT.1.,13 to III.1.16 the polynomial coefficients are given. In
the determination of these, correlated data was used for the
ethylene-ethane binary system, but the origiral experimental
results werc used for the other points. In Table IIT.1.17 all
residuals are given, The results are given in the 'floating-
point form', i.e. 3.01, 2 = 3.0lx 10°%.  The experimental
results are represented satisfactorily by these polynomials.

The average temperature residual is about O.EOKZand the

average composition residual is about 1.5 mole%. A short
programme was written to obtain values of temperature and

liquid composition, at 5 mole % intervals of acetylene vapour
composition and 10 mole % intervals of ethylene and ethane
composition, from the polynomials. The results are given

in Table III.1.18 and plotted in graph 14:5.

Programme R.A.E. 194/4 was also used to obtain correlations

- ' v ! - v 1 - v '
for K., —f(xl y X', K. —f(yl » ¥,') and T -f(xl y X ).

2
The polynomials are presented in Tables III.1.19 to III.1.25

and all residuals are given in Tgble ITI.1.17.
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A second theoretical cerrelation for ternary vapour-
liquid equilibrium data was developed and used in a further attempt
to test the consistency of the experimental work and to provide a
satisfactory correlation for it. In Section 3 of Appendix IIIT
a dctailed derivation of the relevant equations and the
calculation techniques employed is given. The method in essence

o4

is similar to Wohl's developments” of the excess free energy
cquations but it uses the rule (strictly applicable only to
regular solutions) T logX; = constant at constant composition to
correct for the effect of temperature on the activity coefficients.
Initially, as is shown in Appendix III, the values of the function
T 2i.xi logéxi derived from the experimental phase equilibrium
data were correlated with the experimental liquid compositions
using the surface fitting programme R.A.E. 194/4. It was found
that the summation,ﬁxi logexi, was very sensitive to the
introduction of activity coefficients whose magnitude was less
than one and this led to a poor correlation for the excess free
energy of mixing and subsequent failure of the method. It was
decided to set the negative values of logex‘ to zero and repeat
the calculations. This procedure was considered to be justified
as experimental errors are magnified at high concentrations of

a given component and arec particularly noticeable when‘the

results arc expressed in terms of the activity coefficients.

Although this technique produced some improvement in the correlation
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the average residuals of the excess free cnergy of mixing wcre
only rcduced from about 14% to about 11% of the average
experimental value when using a polynomial of degree 3. For
the corrclation of isobaric data of non-ideal systems it would
appecar that the excess free energy of mixing is a function of
both temperature and liquid composition and in consequence the
coefficients of the polynomials developed above are temperature

dependent and thercfore are not true constants.

The free energy corrclation, vapour pressurc equations
experimental pressurc, and either two compositions or a
temperature and a composition were used as data in a computer
programme written to calculate the equilibrium conditions that
satisfy the equations described in Appendix III. To obtain
a direct mcasure of the value of the method the experimental

valucs of firstly x, ., and x , secondly, vy, , and ¥y
CZHZ 02H4 Cada 02H4
¢ m were fed as data to the computer. The
272
most satisfactory results werc obtained when using vapour

and finally T and x

compositions as initial conditions but the differences between
the calculated and the experimental values were too great to
attribute them to experimental errors. The computed results

are given in Table II1I.3.1.

5:1:5 Discussion of results

The phase equilibria of the ethylene-ethane systen

55

have been previously studied by Moran”~ and Kha.rakhorin.L‘LO
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Moran measurcd the dew and bubble-points of mixtures of known
composition over a pressure range of 0.25 to 2 atms. He

fitted equations of the form log':Lo P =A + B/T to the results

and interpolated to give vapour-liquid isobars at 0.25, 0.50,
1.00, and 2.00 atms. Kharakhorin used the ecirculation method77
to obtain a scries of isotherms in the temperature range O to

-103%.8%¢C.

Moran55considered that the c¢ffect of the deviations of the
vapour from perfect gas behaviour was negligibly small. He
demonstrated that the maximum deviation in the equilibrium
constant resulting from this cause was 10%. To establish tie
thermodynamic consistency of his measured data he used the
general phase boundary equations.87 He measurcd the slope of
the dew-point curves of two isotherms at 176°K and 182°K and
compared tliem with calculated values. Good agreernent was
obtaincd at sub-atmospheric pressures but the deviations were
considerable at higher pressures. The reliability of the

bubble-point curves was not established.

The dew-point curves of Moran and Kharakhorin show quite
good agreement at atmospheric pressure. The bubble-point curves,
however, exhibit wide random discrepancies which were not
accounted for. Moran considered that his results at 0.961 mole
fraction of ethylenc were unreliable, due to the presence of a

small amount of non-condensible impurity present at the
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beginning of the run.

The experimental data obtaincd in thc present work

32

satisficd Herington's consistency test. The straight line

relationship obtained indicates that the mixture is almost
regular.76 The results were correlated satisfactorily by the
Li-Coull method,46 the predicted compositions agrceing well with
the experimental values although in two cases the experimental
temperatures were in error by O.BOC. The iteration method
employed was relatively insensitive to temperature change and the
experimental errors were therefore accumulated within this
variable, The data is compared with the results of other workers
in Graphs 1:5 and 2:5. The dew-point curve approximates to the

55and Kharakhorin.QO The bubble-point

curves obtained by Moran
curve agrees with Kharakhorin's results at low temperatures and
with Moran's results at high temperatures. The presence of
small quantities of propanc and butane in the ethane feedstock
should reduce the positive deviations from Raoult's law at the

ethane (high temperature) and of the diagram, although errors in

the beiling point of the pure constituent were in fact negligible.

Quantitative data for the comparison of the results of the
acetylene binary systems and the ternary systems were not available.
Din and Clarkljstudied the binary systems, but they were
principally concerned with solid-liquid equilibria. In the

present work, no azeotrope was discovered in the acetylene-
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ethylene system, although the shape of the phase boundary curves

was indicative of azeotrope formation at higher pressures.

Prigogine and Defay68consider binary azeotropes to be
a special case of a family of thermodynamic¢ states, which
they term indifferent states. The authors generalize the
Gibbs-Konovalow theorems to deal with polyvariant systems and
show that for any isobaric or isothermal eguilibrium displacement
in which a system passes through an indifrerent statc then
the temperature or pressure passcs through an extreme value.
McCurdy and KatzBlstudied the ternary phase equilibria of
the C, - hydrocarbons at 40°F and 60°F, They described
"a series of ternary azeotropes'" traversing the diagram from
the acetylene-ethane azeotrope to the acetylene-ethylene
azcotrope at 40°F, and from the acetylene-ethane azeotrope to
the critical locus at 60°F. It seems likely that the dew and
bubble~point curves make a close approach to each other along
these lines, duc to the critical phenonena. However, it would
appear that the authors were mistalten in attributing their

results to a series of ternary azeotropes.

35 s [o} (o]
Hogan et.al.” also obtained some ternary data at -35 , O

and 40°F, At 40°F their results do not compare favourably with
51

the values of McCurdy and Katz. The authors also

considered the ethylene-acetylene binary system. At O°F
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an azeotrope containing between 3 and 8 mole % acetylene was observed.
At =359F any azeotrope present contained less than 2 mole % acetylene.
Hogan et. al. also quoted the work of Spessard, "at -133°F either an
azeotrope is not formed or, if formed, is of low acetylens content,

about 0.1%".

Owing to the formation of solid acetylsne, the binary phase
equilibrium diegrams and hence the ternary diagram, at atmospherie
pressure, are quite complex. In Fig. l:5 a qualitative picture of the
expected variation in the ternary diagram with temperature is given.
The acetylene binary system diagrams of Din and Clark were used in the

synthesis of these figures.

The Li-Coull equations were used to correlate the equilibrium
data of the three binary systems. For $he ethane-ccetylene system
the only available experimental results were for liguids containing
less than 10% of acetylene, and as the x-x rctios were less than O.1
for acetylene and grecter than 1.0 for ethane, any experimental errors
were magnified and the use of the method wos not justified. 4
satisfactory correlation wos obtained for the ethylene-ethane system,
but the constants in the equotions did not satisfy the inter-
relationshi;gs required by the Gibbs-Duhem equation. Li and Coull
cons ideredlpthat the conditions could be disobeyed when developing a
ternary correlation. Nevertheless the effectiveness of the correlation
in predicting the experimental results does not prove the thermodynamic
consistency of the data in this case. For the acetylene—ethylene system

the correlation was developed by obtaining the equation for acetylene
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and using the relationships between the constants to produce

the equation for the component ethylene. The equations were then
used to predict the experimental data and the good agreement
between the calculated and experimental values was taken as proof

of the consistency of the results. The Li~Coull terhary correlation
is developed entirely from binary constant542nd its failure to

predict the experimental results was considered to be due to the

non-ideality of the systems involved.

The ternary equilibrium correlation developed in Appendix

IIT uses all the data and therefore ternary molecular
interactions are taken into account and the equations should be
more applicable for non-ideal systems. However, as has been
scen above the correlstion for excess free energy would appear
to be dependent on temperature and the rule T log3'==constant
at constant composition is not sufficient to take into account
the variations of activity coefficients with temperature.
Although the results obtained were better than those generated
by the ternary Li~-Coull equation, they wers not completely
satisfactory and it must be concluded that there are no available
methods that will correlate non-ideal isobaric phase equilibrium
data, Although there is no thermodynamic justification for the

use of bivariate polynomials to express the equilibrium results,
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there appeared to be no alternative, and the experimental
date were correlated satisfactorily by the use of third

and fourth degree eguations. The validity of the expressions
in the regions outside those covered by experiment‘al work

cannot be commented on at this stage.

Although the equipment and particularly the chromatograph
were not capable of giving extremely precise resultsy it has
been established that the results for the ethylene-~ethane
and acetylene-ethylene systems are thermodynamically
consistent, In spite of a certain degree of scatter of the
results it therefore seems reasonable to assume that the

rest of the data is satisfactory for use in design calculations.

The phase equilibria of the Cp~hydrocarbons, at atmospheric
pressure, has been measured more extensively than has been
recorded in the past. There is still scope, however, for

more refined work.

-5:2 The Solubility of Cp-hydrocarbons in Acctone

5:2:1 General

The solubilitics of the three hydrocarbons in acetone are
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recorded in Tables IIIs2:1 to III:233, Temperature
composition diagrams are given in graphs 1535 to 17:5.
The solubilities of pairs of hydrocarbons in acetone are
given in Tables III:2:/ to III32:6., Isotherms for each
system arce plotted in graphs 18:5 to 20:5 and the results
are plotted on an acetone~free basis, with temperature
as a parameber, in graph 21:5 to 23:5, Finally results
for the quaternary system at -80° are recorded in Table

I1I:2:7 and represented in graph 24:5.

The results were not corrected for variations in

anbient pressure.

512:2 Previous Work

The solubility data of hydrocarbons in acetone

has boen expressed in a variety of forms in the literature,

80
Bchutt has collected this data and expressed it in

terms of the Bunsen coefficient, defined as: the

Solute
volume of ,(measured at M.T.P.) that is dissolved in one
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volume of the solwvent (measured at the temperature and pressure
of the experiment) when the partial pressure of the solute is

1l atm.abs.

Braneld and Clark6 measurcd the solubility of acetylene
in acetone over a range of temperature from —7000 to 4000.
Their results were given in terms of the weight of acetylene

dissolved by unit weight of acetone.

Horinti 31 nearured the solubilities of the Cz-hydrocarbons
in acetone over a range of tenmperature from OOC to 4000.
The author expressed his results as modified Ostwald coefficients.
The Ostwald coefficient is defined asi the volune of gas
dissolved in unit volume of the solvent, both volumes being

37

measured under experinental conditions, Horiuti replaced
the unit volume of solvent by the unit volume of solution, thus
taking the incremental wvolume of the absorbed constituents or

a factor of dilation into consideration.

SeidellSl records the results of these and other workers

in his !'Solubilities of Organic compounds,'!

Friend and Adler25

have forrmlated the relationships
between the various solubility concenbts. In Figure 2:5

Schutt's plot has been reproduced.
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5

223 Correlation of data

It has bheen seen that the developments of Wohl94 and
other workers, for the direct correlation of log ¥ with X,
nay be applied to isobaric data if the term %%2 dr
in (27:4), where HE is the integral heat of nixing per nole of
solution, nay be neglected, To correct for the effect of
tenperature on the activity coefficient the rule Tlog Y i-=
constant at constant composition has been used to modify Wohl's
equations as described in Appendix iii:and to develop the

46

Li~Coull equations. In both sets of equations the coefficients
used are assuned to renain constant over the tempersture range
considered, The physical significance of these coefficients

is generally obscure but for the case of the Li-Coull equations
their variation with tenperature has been demonsitrated above.

In general therefore, no satisfactory method for the correlation

of isobaric data exists, parficularly, as in the present case,

for non-ideal systems covering a wide temperaiure range,

Fron the definition of the Bunsen coefficient it follows

that: Xi=Pio<i IVIS PeceseasedtocossesBoe (2135)
22,400 p 8

where, X1 is the mole ratio of solute i to solvent,
i is the Bunsen coefficient,
Ms and /Os are the nolecular welght and density of
the solvent, respectively,
and pi is the partial pressure of solute i in atn.
For a 02 hydrocarbon vapour phase of fixed composition at a

fixed temperature, Xi can be evaluated fron (21¢5) for each
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conponent, and the conposition of the liquid phase can be
calculated assuming that each gas dissolves independently of
all others, These results are plotted and compared with
experinental data on graphs 21:5 to 23:5.

A qualitative approach was used to develop the form of
the ternary phase diagrans from a knowledge of the behaviour
of binary systens. In figures 3:5 to 5:5 the expected
variations of the ternary diagrans with temperature are given.
For the C2—hydrocarbon binaries the phase diagrans of Din and
Clark13 have been used. For the remaining binaries the
differences in chenical structure that exist between acetone and
the hydrocarbons indicate that eutectic Iformations would be

nore probable than solution behaviour in the solid phase.

5

234 Heats of solution.

In the design of separation equipnent a knowledge
of the heats of solution is essential, Solubility data
thenselves are the best source for the heats of absorption of
hydrocarbons in acetone which can be determined by an equation

analogous to the Clausius (lapeyron equationzSO

7

In X1 = 1_Hs (.; -1 ) (2215)

<2 R T T

where OC, is the Bunsen coefficient at temperature Tl’
Hs is the heat of solution per unit mass of
solute,
R is the gas Constant,

and M the molecular weight of the solute,
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Fron Figure 2:5: Hs acetylene over the experimental
range is 283,5 BIU/1b and for ethylene and ethane 215,0 and

195.5 BTU/1b, respectively.

53235 Discussion.

The solubility of acetylene in acebpne was neasured
at =65 and —7000 and could therefore be compared directly with
the results of Brameld and Clarké The concentrations of
aceylene agreed to within I nole%. The renainder of the

experinental data was completely original,

Partial niscibility was observed in the ethane-acetone
systernny ethylene and acetone were niscible in all proportions
over the complete temperature range, although solubilities were
only neasured to -9500.‘ All the experimental solubility data
agreed well with values taken from the extrapolated log X v.

l/T curves of Schutt.so

In graphs 21:5 to 23:5 the ternary results are plotted
on an acetone-free basis, The predicted results, assuning
additive solubilities of the gases, are also plotted on these
graphs, For the systenms containing acetylene, the experimental
values indicated a greater solubility of acetylene relative to
ethylene and ethane than predicted. For the ethylene-—ethane—
acetone systen, the solubility of ethylene relative to ethane
was less than predicted. The predicted results also showed

little variation with temperature on an acetonc-free basis.
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In the ethanc-acetylene~acetone systen the solubility of
acetylene relative to ethane increased slightly with decrease
in tenperature, but in the remeining systems little variation
was observed. The obvious conclusion that can be drawn fronm
these results in that for the Gz-hydrooarbon systens nutual

solubility effects are present.

A Tew results were taken for the quaternary systen at
—SOOC. The results are plotted on an acetone-free basls using
the acetone concentration as a paraneter in graph 24:5. Once
again the liquids contain nore acetylene than could be predicted

fron the ternary data,

The gcneral form of the ternary diagrans is explained in
Figures 3:5 to 5:5. Qualitative experinents showed that at
about -9600 the systen ethylene—ethane~acetone was niscible for
the conplete range of vapour conpositions. This does not
however lead to any definite conclusions regarding the extent

of the partially miscible region of the ethane-acetone binary.

Finally it nust be renembered that the solubilities were
neasured principally to facilitate the design of separation
equipnent in this and other work. For this rcason few results
were taken at tenperature below —9OOC, because acetone freczes
at —94.600. It is felt that correlation of the results would
be inmpossible at the present state of knowledge; nevertheless
inferesting work could still be done o.n the solid-liquid

equililria involved.
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PART ii:- The separation of C,-hydrocarbons,

Chapter 6 \

The available nmethods of separation,

6:1, Separation without fthe use of an absorption nediun.

There has been a general tendency in the separation
of cracked gases to work at fairly high pressures and tenperatures,
This is partly duc to the fact that the processes have been
developed for the oil industry which is not accustoned to the
use of low temperatures, Under these conditions a ninimun
boiling azeotrope exists in the ethylene—acetylene systen,

96

Zernike discusses the change in conposition of a
ternary liguid on being distilled at constant pressure and
develops a series of residuc and distillate curves for

varying reflux ratios. In general the greater the reflux ratio
the greater is the curvature of the distillation line, He

also considers ternary systens in which the binary subsystens
possess invariant extrenes, In this case groups of residuc
curves are obtained separated by physical ridges or valleys

in the vapour and liquid surfaces, These boundary lines are
generally curved and as they arc made up of straight tie lines

they lose the impassable character previously attributed to

then by Ostwadd et.al.96
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Ewell and Welch23 studied ternary systems having
binary azeotropes by rectification analysis. They discovered
a saddle-point az®otrope in the methanol-acctone—-chloroforn
systenn and showed that the boundary ridges separating
rectification regions could be crossed when approached fron

the concave side of the ridgo.

51

he tazeotrope! line described by McCurdy and Katz
for the 02~hydrocarbon systen at elevated pressures was curved
a8 shown in Fig.4:2. At lower pressures, away from the
critical region, tie lincs of finite length Jjoining the ethane-
acetylene azeotropc either to the second ninimum az@otrope or
to the ethylene vertex would describe this boundary curve,
For econonic values of the reflux ratio the distillation path
would alnost certainly lie within the boundary curve, At low
pressurcs therefore separation to give either pure ethane or
pure ethylcne is feasible, The acctylone concentration within
the colunn should describe a curve with a well-developed maxinun
and the renoval of a sidestrean at this point should facilitate

the scparation.
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6:2 Separation employing an absorption mediun.

6:2:1 CGeneral,

The sclubility of acetylcne in acetone increascs
nore rapidly with decrcasce in temperature than the scolubilities
of ethylene and ethane. A low tonperature absorption colunn,
using ccoling to offset the heat liberated by sclution of
acetylene, should therefore be capable of completely scrubbing
acdylene fron Cz—hydrooarbon.mixtures, without appreciable

dissclution of ethylene in the solwvent.

The top product from such a colunn, consisting only of
cthylenc and ethane, could be separated in a conventional
fractionator. The contaninated acetone could be recovered by
beiling off the dissoclved hydrocarbonse. The disadvantages of
this nethod are the loss of the dissclved ethylene in the
product gas from the acetone recovery column and the poor heat
econcony of a plant requiring refrigeration at -lOOOC and reboil

at + 60°C.

6:2:2, Stripping
In Fig. 136 a hypothetical plant designed to

overconc these disadvantages is shown. Ethane fronm the
overhead splitter is passed into the base of the abscrption
colunn, By using a high gas flow ethane could replace some
of the aceykne dissolved in the acetone and strip the rest fxon

solution., A gascous side stream of cthane and acetylene could
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be removed from the nain column and separated in an extractive
distillation colunn, using acetone as the extractive agent.
The overhead, ethone, could be uscd for stripping and pure

acetylene could be withdrawn from the base of the column.

As is seen fron Graph 2235, however, the vapour to
liquid ratio required at the base of the absorption colunmn
would be prohibitively high. The use of an inert gas, such
as nitrogen, would also be inpracticable as in this case no
substitution of acetylene by nitrogen in solution could be

expected.,

6:2:3, Use of overflow packing

Fron

the above it would appear that thore is no alternative to

reboil for the coumplete regeneration of acetone,

Platt65 and Wahhab92 have studied the use of overflow
packing for non-odiabatic fractionation, The packing is
oriented and possesses good heat and mass transfer properties.
The packed column is surrounded by plate-fin heat exchange
seotions. By replacing the rectifying section of a column
with its condenser by a partial condenser, and sinilarly in
replacing the stripping section plus reboiler by a partial
evaporator, a closer approach to thermodynanic reversibility

is achieved,
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In this caze, the acetone stream from the base of the
absorption column could be warmed to roon temperature by heat
exchange with the feed gas and feed acetone. Final removal
oi acetylene from the acetone would require a reboiler. A
stream of pure acetylene would thus be produced but the majority
of the acetylene tosether with the degassed ethylene and ethane

would reguire further treatnent,

6:2:4 Extractive distillation.

An inmproved separation could be achieved by the
arrangenent of Fip 3:6. The absérption colurn described
above has been revlaced by a reboiled absorber. In this
way, 1t is hoped that the concentration of dissolved ethylene
in the acetone stream could be reduced without contaminating

the top product with degassed acetylene,

To inmprove the recovery of ethylene still further, the
extractive distillation column of Fipg. 2:6 could be used, In
the upper section of the column ethylene is separated fron
ethane, The ethane 1s therefore forced down the column and
is removed with acetylene and acetone in the botfom product,
In this case, 1t secems .dkely that the distillation path will
cross the partially niscible regilons of the phase diagrans

described above,
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6:3 Conclusions.

Distillation with and without a sidestrcon was
studied as the principal nethod of sgeparation. The colunns
were designed by plate to plate nethods, using graphical
cxtrapolations of the phase cquilibriun dota. A siuple
absorption colunmn, a secticon of overflow packing, and an
cthylene-ethane fractionator were also designed. The
designs were not rigorous and were attenpted nerely to
give an estinatc of the size and anount of cquipnent neceded.
Distillation colunns were ordered as sinple units e.g. 10
and 15 plate sections, to rctain a degree of flexibility in

the final choice of the methods of separation to be tested,



113
Chapter 7.

BExporinental,

Tl The distillation colunn.

It was desired that the mechanism of the liqudid—
vapour contacting process should approximate to industrial
nethods, to give the results a nore general significance
and to allow them to be directly scaled-up for use with large

57

colunns, The Oldershaw columnn”’' uses the principles of

sieve plate contacting and it is considered that the results

26

obtained are widely applicable for non-foaming mixtures,

The design calculations, mentioned above, for a
hydrocarbon separation column, indicated that at least forty
theoretical plates would be required. The total available
headroon of the laboratory was about 9' and therefore, a
requirenent of the column was that it should have a low
H.E.T.F, The average tenperature of the separation was about
—9000, so that cfficient lagging was necessary. As dangerous
nixtures were to be separated it was also desired tc observe
the behaviour of the liquid on the plates. The only possible
nethod of insulation that would satisfy both these requirements

was a particlly silvered Dewar vessel,

T:lsl The Oldershaw column.

In Fig 1:7 a section of a colunn and a plate are



14
PLATE DETAIL |

L ———10 MM, OD.

BAFFLEHEIGHT | |
] |
W '
- > 5MM.LD.
PLAT[; Ssmcme 5% Vaskats
: T 1
O] |
L= J 1/2MM. GLASS BEAD
l[-.- ‘

HOLES 085MM.

REFLUX DIVIDER

SLOT WIDTH 4MM
COLUMN 25MM. -

SECTION o

\ ~d
SOLENOID

=

SEAL PLATE /'/ |
CONDENSER ‘ \

4MM
1MM~;IE
W
>
% |
§

4 HOLES | -
12MMOD. i
TUBE ENLARGED : |
TO PERMIT FREE "
FLOW OF LIGUID

& VAPOUR
L 25MM.

- _FIGURE 1.7
OLDERSHAW COLUMN DETAILS

CONNECTOR




115

showﬁ. The node of operation of the equipnent is essentially
that of a sieve plate column with a contral downconer. It
consists of a serics of perforated glass plotes sealed into

a tubec. Each plate is equipped with o baffle to dircct the
flow of liquid, a weir to nmaintain the proper liquid level on
the plate, and a reflux return tube. The ascending vapour
gtrecan flows through the holes in the plates and bubbles
through the liquid reflux. The bottonm plate in the column
gerves as a snall rescrvoir which is nccessary to maintain o
liquid seal for the drain tube fron the first regular plate,
The columnh is provided with an integral Dewar jacket with
bellows, pernitting its use over a wide range of tenperature.
The details of the ncthod of construction have been described

by Oldershaw.57

The column sections were nade by the Loughborousgh Glass
Co. Ltds, To reduce the consunption of raw materials the
snallest colunn of the available range was chosen. The coluun
dianeter and plate spacing were cach 25 n.n., and the plates
contained 42 perforations of 0.85 n.m. diancter in two
concentric rings, Five colunn scctions were obtained vizs two

15 plate sections and onc each of 5, 10, and 30 plates.

T:1:2, Ancillary colunn cguipncnt.

To nake the equipnent as versatile as possible
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standard B24 cones and sockets were used throughout. To
_enable feeds to be introduced and products to be removed from
the column several sections of the type shown in Fig 1:7, were

used to connect the individual plate sectlons.

Reflux was provided %o the column by the use of an
autonatic vapour-dividing stillhead, Fig 1ls7. Vapour rising
fron the top plate of the column was directed by a glass valve
plunger either to the product line or to a total condenser.
Liguid hitrogen was used as a convenient source of refrigeration
for the latter. A 240 V A,C, solenoid was used to operate the
plunger at timed intervals, A nicro—-switeh operated by a
leaf spring was connected to the solenoid and rigldly mounted
so that the spring was in continuous contact with the
circunference of o perspex disc,. The disc was driven at about
2 RPM by a small constant—-speed motor. Brass canls were
fitted to the circumference of the disc, so that they operated
the micro-switch and hence the solenoid on passing the leaf
SpTring., By varying the size of cam segment nominal reflux

ratios of from 2,0 to 12.0 were obtained.

The microswiteh was initially connecited to an Alrmec
counter for calibration purposes. The duration of the
applied current for cach segnent was consistent o within
¥ 0.02 sec This variation would result in negligible exrors

in the operating reflux ratio,
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A sinple glass reboiler with a side-neck for product
renoval and & 'hot-finger' hcater was used, It was considered
that this method of providing reboil allowed the heat to be
unifornly and coopletely transforred to the ligquid and over-

cpne the dangers associated with the use of immersion heaters.,

The induoctance of the heating coill was measurcd directly
as 8 nH, The resistance of the coil under operating conditions
was about 280 L. The inductive reactance of the coil
could thercfore be neglected when considering the power
dissipation of the heater, The coll was calibrated, using
standardised instruments, whilst heating a mixture of solid
carbon dioxide and industrial spirit, During operation the
coll was connected in series to a rheostat, an AVO-neter and
the A € nmains, Fron the miibra tion the heat dissipation was
obtained dircetly from the current reading. The rcboliler was
nounted on a bed of Perlox (a gronular insulating naterial) in
a snall partially silvered Dewar. The top of the Dewar was
packed with expanded polystyrenc to provide rigidity and

ninimize heat lecks.

T:1:3  Column supporbe

The Oldershaw columns were fragile and considerable
care was nceded in the. design of the supporis. The colunns

werce protected from accidental knocks by enclosing then in



118

hardboard boxes which werc mounted on a framework of ‘handy-
angle! and screwed to the floox, Lengths of galvanisocd iron-
pipc were rigidly attached to the boxes and key-clanmps fitted
to the pipes werc used to hold the colunn supports. Loose~
fitting split rinzg olamps made from 3" square scotions of
aluminium bar were used to prevent sideways movenent of the
column sections and the whole column was supported in a
woodon cup of the sane shape as the column base, The A.C.
solenoid was glued to a stecl platc and clamped to the
galvanised pipe. Strips of foam rubber werc glued to the

contact surfaces of all the clanps.

Prior to setting up the column the positions of all the

supports were adjusted by tho usc of shims until the centre

line of the clamps was vertical, The reboiler was positioned
under the botton clanp and the first colunn scction was lowered into
its wooden support cup. Owing to the rigidity of tho rceheiler

in ite Dowar, it was found to be inpossible to obtain a true

fit between the ground glass cone and socket of the colunn and
reboiler, respectively. A snall PTFE bellows was therefore
connected to a B 24 conc and socket by Aralditc, to provide

a flexible connection between the reboiler and the columne.

Considerable care was always eXcrcised in setting up
the colunn to prevent stresses from accumulating on the

vacuun~jacketed conos at the bage of each scction,
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Til:4 Insulation,

Podbielniak,66 in his work on laboratory distillation
equipnent, considered the ecfficiency of various mcdes of
insulation, He neasured the heat leak from a partially
silvered vacuun jacket, of 9 mem, I D and 35 m.m. €D, 3! long,
as 27  BTU/ hr. £4.% of surface, for a column temperature of
110°%¢ above ambient conditions, This result implies that the
outside wall of the Dewar vessel would be about 10°C above

ambient temperature,

In all the experimental work cn Oldershaw columns
the estimated temperature difference between the walls of
the colunn and the atmosphere was of the oxrder of -3,
This would result in a maximum overall heat leak of about 20
BTU/hr for the distillation colunns. Calculations based on
the radiant heat trarsfer across the vacuun Jacket appeared
to substantiate this result, Pcdbielniakds work was done
thirty years ago and the improvement in high vacuun techniques

nay well account for the discrepancies in the results,

Heat transfer from the atmesphere at the total
condenser was unimportant as the consumption of liquid nitrogen
could not be measured accurately. The Joints at the ends of

the column sections wemse lagged with expanded pclystyrene.
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The minirmum reboiler duty used was about 200 ﬁTU/ hr and
so the probable maximun hoat leak was about 10% of the
reboiler duty. This value is quite large but.the inaccuracies
resulting from this cause wero considered to be insufficient
t0 justify lasging the coluun with powder insulation. The
heat flux across the walls of the column is low and it is duo
to the small scale of the experinental work that it is an
approciable percentage of the column heat load. The ability
to obscrve the behaviour of the liquid on the plates was
considered to be of major inmportance owing to the dangerous

nature of the nixtures treoted,

T7:2 PFeed introduction and product removal,

T:2:1 Feed Introduction,

The gases were delivercd from cylinders to orifice
boxes and the mixing chanber as described previously. The
caustic potash drying towers were replaced by towcrs containing
self-indicating silica gel to reduce the possibility of blocking
the columnn with ice. Larger orifices were used to cope with
the increased gas consunption.

The use of polymerisation grade ethylene was
discontinued owing to the difficulties associated with its
inport from France.,  Although several alternative sources were
sought in this country none werc suitable and tho gas was

purchased from B,0.C. Ltda The ethylene was about 98% pure,
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inpurities were ppinqiga}ly‘gqq:qondensib}e gases, which were
vented from the condenser., Carbon dioxide was initially
gorubbed from the ethylene by concentrated caustic potash
solution, The method was unsuitable, however, owing to the
possibilities of water entrainment, incomplete drying and
subsequent column blockage. Duplicate runs with and without
the use of the potash solution indicated that carbon dioxide
did not affect the separations. Ethane and acetylene wvere

also supplied by B.0.C. Ltde, as desoribded above,

Initially it was intended to feed the gas into the column
at its dew-point. The feecd gas was passed through the
equilibrium cell, which was maintained at -90°C by the bath of
iso-pentane, and then through 2' 6" of copper pipse, lagged by
3" of expanded polystyrene to the column, The gas temperatyre
at the entrance %o the column was + 10°C, This heat leak ﬁéa
attribtuted to the low feed flow rate of 31,/min, It seemed
}ikely that an improvementy coﬁld only be achisved by the use
of wvery narrgw bore, low conductivity fubing and the indrsased
pressure qrop in this scotion would then require high delivery
pressures from the oylinders to maindain the oo:reé@ £flow
conditioné in the orifices. Te reduce the temperature of the
foed gas from ambient oconditions to its dew~point gggg§¥8d the
abstraction of about 40'BTQ/hr from it, The additional lead
on the condenser was not excessive and as‘this'factsr could

be introduced into any subsequent calculations, it was docided
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to fecd the superheated strcam directly to the coluann.

The feed gas from the nixing chamber was therefore

passcd through a rotameter into the colunn.

T:2:2  Product removal,

To simplify column operation gaseous products were
always taken from the colurn in distillation experiments,
The gases were passed from the colunn to a fume cupboard via
stop~valves, rotamcters, mampecters and Ermeto fine adjustiment
neecdle~valves. At the measuring position all the geses had
returned to atmospheric pressure and the rotameters were
calibrated under operating conditions by the use of a wet gas~

mneter.

To allow the top-product to flow to waste, via tho
rotancter and manomcter system, the condenser pressure was
incrcasecd slightly by portially closing tho wvent, The top~-
product flow-rate as measured by the rotameter, however, was
not satisfactory, owing to the intermittent action of the
vapour dividing still-lhead. The flow osgillations were only

partly damped by the introduction of a surge vcssql in the line.,
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The vapour flows within. the column could be calculated
from the heat input to the reboiler. It was found that the

achicvenent of steady state, as measured by the stability of

the reboilcer liquid lovel, was very scnsitive to the reboilcr
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heat input and thereforec, the flow of top-product could be
obtained by overall material balance, from an average
rotamoter position, or by a calculation based on the heat
load on the reboiler. Generally the three results agrecd
very well and in subsequent runs the condenser was maintained
at atmospheric pressure and the top-product flow was

calculated.

Tenperatures within the column were measured by copper-
constantan +thermocouples, Each thermocouple was threaded
through a rubber hung held in one junction of a brass Tee—
piece and passed through the gas line to the column. The
top product temperaturc was recorded by a thermocouple placed
in the tlermomoter-well of the reflux divider, The still-
head was vacoun Jjacketed but owing to the thermal resistance
of the glass the neocsured temperatures were consistently in
oIrTOTr, All gas strcams were analyzed and temperaturcs wore
used principally as an indication of the achiewwmnt of
equilibriun. Consistent inaccurate temporature measurencnts

were thercefore uninportant.

The distillation column was connccted by flexible PVC
tubing to the copper tubing of the foed and product lines.
Although PVC Lardens on cooling, the heat transfer from the
air was usually sufficient to warm the product lines to room
tenperature within a fow inches of the column, In this
manner the column was isolated from accidental knocks to

the rest of the apparatus.
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Chapter 8

The operating characteristics of Oldershaw columns.

The operating characteristics of Oldershaw columns were
determined for the separation of mixtures of ethylene and
cthanc, so that thesc values could be applied later to
mlticomponent separations. It was alsc hoped that any
unforescen dangers could be eliminatod before acetylcne was

introduced into the feedstock,

811 Previous Work.

Oldershaw57 nmeasured the plate efficicncy, opcrating hold
up and pressure diop of several different column scetions, for
the distillation of ocarbon tetrachloride- bengenc mixtures.
Collins and Lantzl6 increased the number of perforations on
each plate and measurcd the operating characteristics of the
colunns, with a varicty of mixturecs, under conditions
approximating tq actual operation, rathor than under ideal

conditions for maximu scoparation,

8¢13l, Choice of operating conditions,

A comparison of the cquilibrium datae for the ethylenc-
othane systen, obtained in this work, by Moran?5 and by
Kharakhazdﬁp gives rise to divergenciecs in the expected

bohaviour of a Cy-splitter, Thus for a feed containing 33.3%

cthylenc at its dew point, the ninimun reflux ratio required to
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obtain a top product of 99% cthylene is 3.67 by this work,
4.00 according to Moran ané 4.95 according to Kharakhorin,

A colunn designed to separate this feed into a top product

of 99% ethylone and a bottom product of 99@ cthanc, with a
reflux ratio of 5, would require 9 thcoretlcal plates in the
reotifying scotion and 7 in the stripping section, according
to this work, and 7 plates in the rectifying section and 9

in the splitting section, according to Moran. The diffcerences
between the author's work and that of Kharakhorin are greatest
at the high temperature (ethane) end of the diagram, whilst
Morant's work disagrees more noticeably at the low temperature

(ethylene) end of the diagranm.

The available scctions of column wero of 5,10,15,15 and
30 plates, By choosing a feedstock of about 35% ethylene,
varying the roflux ratio from 3.8 to 6.9 and by ﬁsing 5 plates
in the rectifying section and 10 in the stripping section and
vice-versa, it should be possible to diffcrentiate between
the three avallable sets of data.

The plates used had 42 perforations of 6.85 meaw diameter
and the area of perforation per plate was thereforo O.2380m.2
OldershaW'57 used vapour rates of 0,065 -0,417 gm.moles/min.
in a column of these dimensions, His values corresponded fo

gas flow rates of 1460-~9350 ml./min. neasured at N.T.P. or

vapour hole volocities of 133-850 cm/sec under column conditions,
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The superficial vapour velocities in the column ranged from

6.5 =41 cn/sec.

Colline and Lantzl6 neasured the naximunm vapour rate fox
several columns having 0.508 om.2 area of perforations per
plate. The values ranged from 14,500 -17,800 ml/nin
neasured under colunn conditions. The equivalent -vapour
hole velocities were thorefore 475=585 cm/seo. The experinental
range of vapour flow rates for the present work, neasured
under colunn oconditions, ﬁould therefore appoar to be 1,900 ~
6,800 or 12,100 mnl/min, For the scparation outlined above,
with a reflux ratio of 5, these values correspond to a feed

flow rate of 3,000 -9,600 nl/min at 20°C and latm,

Collins and LantzlG alsc measured the heat leak from
the columns for e temperature difference of 80°C betweon the
plates and the surroundings. The niniman valuo obtained was
5% of the column hoat load, which would seem to agrec well

with the value quoted above for this work.

8:2  Run procecdurc

The column was assenbled as described above. The
gas delivery pressures were adjusted to give a feedstock
containing 35% ethylene at a flow rate of 4,000 ml.nin.

The appropria%e cann sognent for the required reflux ratio was
fittod to the perspex disc and the timing nechamisn was

started. The feed was liguefied by filling the condenser
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cup with liquid nitrogen. Flooding of individual plates
often occurred at this stoge, owing to the evaporation of the
liquid when cooling the colunn, Under these circumstonces,
normal operation was resumcd by allowing gas to escape

through the bottom product linc,

After 2bout an hour the liguid level in the reboiler
was sufficient to cover the heating coil. A preo-calculated
anount of current was thon supplicd to the roboiler to give
the desired vapour rates within the ocolumn, Fronm a knowleodge
of the reflux ratio and these vapour rates, the flow ratc of
the top product and hence the flow rate of the bottom product
were calculated, The control wvalve on the bottom product
line was then opcned to give fho calculated flow rate and
adjusted until the liquid level in the reboiler remained constant,
The tamperatures at the top, bottonm and feod position of the
column settled to steady values after about twenty minutes and
the steady statc was then considered to have beon attained,.
Samples of the feoed and products werc then taken by hypodermic
syringe and analysed on tho chromatograph, and colunn pressures,

temperatures and flow ratcs were alsc recorded,

Trials were perferncd with constant fecod flow rate and
compesition for varilous reflux ratios and reboiler heat duties,
Initially 10 plates were used in the stripping scction with
5 plates in the rectifying section. A second series of runs

was thon performed with the position of the column scetions
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reversed,

The reflux ratio divider was kept in operation
throushout the start-up pericd in order to prevent the

Glass plunger from freezing in the closed position.

81231, Difficulties cncountered during operation.

The perforations on the plates were only 0,85 nen.
in diancter, so that any moisturc or particles of dirt that
entered the column partially blocked the holes and reduced
the vapour rate required for the onset of flooding. Wo
complete solution to the problem was found, although coluun
sections were always cleaned and dried beforc the comucnccnent

of each day's work,

After gbout an liour of operation severe pressure oscillations
often built up in the column and the instability frequently
led tc the loss of nanocneter fluid (dibutyl phthalate).
The couse of this behaviour was traced to blockages of the
condenser vent. The condenser was filled nanually with liquid
nitrogen and this procedurc resulted in the condensor exporiencing
slight (1"-2" w.g.) positive and nogative pressure oscillations.
Whilst tho condensor operated under vocuun small quantitics of
atmospheric air were sucked in and a deposit of ice accunulated
at the vent. The instability was overcome by connecting the
vent to a Drechsel bottle, imnmcrsed in liquid nitrogen, ond a

drying tower, containing anhydrous calciun chloride and self=-
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indicating silico gel, It was cstablished that the loss

of hydrccarbons fronm the vont, during the positive pressure
part of the condenser cycle, was too sumall to affect the
results. Infrequently instability occurred after the above
preecauntions had been taken, It was established that this was
due ‘to the foruation of solid ethyleme in tho vent. Ethylens
nolts at -169°C and nitrogon boils at -196°C. A largo
tenperature head was nccessary to transfsr sufficicent hcat
through the glass walls of the condensers The use of liguid
oxygen under thesc circumstances could not be considered due to
ite explcosive combinations with hydrocarbons. The problem
ogcurred rarcly and was readily overcomec, by allowing the
nitrogen level in thc condenser to fall, thus pernitting the

vent to warm wp sufficilently to melt the ethylenc.

8:¢3 Results.

The oxperimental rcsults arc given in Appendixjiz.
The latent heat of vaporisation of ethylene at atmospheric
pressure is 5,810 BTU/lﬁ mole and of ethanc 6,300 BTU/Lb mole.
These values were judged to be sufficiently close to one
another to Jjustify the usc of the Me Cabe~Thicle method?o
with its simplifying assumptions, for the ana;ysis of the
results, Plate cfficicncies were calculated using the
threc available sots of cquilibriun data and are presented

in Appendix 1V as a function of vapour rate,. Deviations
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of the feedstock from the condition of a saturated vapour
were accounted for by use of the 'gq-factor.! In Fisure
1:8 the Mec Cabe - Thiele diagram for a typical run is

given.

8:4 Discuésion

The maximum wvapour rate, achicved before the onsot
of flooding, was 7,000 ml/min, ncasured at column conditions.
This result indicates that the high capeity of Oldersghaw'!s
colunn was due to the care taken by him to obtain plate
uniformity. The maximum vapour rate is determined by the
poorest plate and any slight imperfections in construction

can result in a considerable decrease of throughput.

Collins and Lantzl6 neasured the variation of plate
pressure drop with vapour ratc and obtained values of 0.5 ~
0.8 m-m.Hg./plate. In the present work only an accurate value
for the rectifying section could be obtained. The manometer
in the bottom product line gave low values owing to the pressure
drop resulting from the flow of gzas in this line. 4llowances
were node for the dry plate pressure drop and the resulting

value was 0.6 n.m.Hg/plate.

Collins and Lantzl6 neasured the plate efficiency of
the Oldershaw column for a variety of vapour rates and reflux
ratios using the systen n.hoptane-nethyleyclohexone. They

observed only slight variations of efficiency and a wvalue of
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60% is represegtative of their moasurements. 01dershaw57

-

neasured the plate efficicncy of several columns having
varying nunbers and sizes of perforations at different wvapour
rotes. He concluded that at o constant vapour rate the
cfficieney decrcases with an incrcase in the size of the
perforation, and that with perforations ofé.givcn size the
efficicncy varics inversely as the wvapour rate. For 0.85m.m,
perforations he observed variations in efficicncy of from 81%
to 100%. |

91

Zuiderweg ond Harnens”' neasured the plate efficiencies

of Oldershaw columns for a wvariety of systems, They
established that for neutral or negative mixtures i.e. those

in which the reflux either has no surface tension gradicnts

or decreases in surface tension as it flows down the column,

the plate efficiency was about 50%. For positive systoms,

in which the less volatile constifuent hag the greater surface
tension, plate efficiencies of 90% were rccorded. The recorded
efficiencies wire not scunsitive té vapour rates but varied
considerably with the average composition of the plate scetion.

The authors did not describe the size and noture of the

perforated plates employed.

In the present study somples could only be taken at the
condenser and the reboiler, and efficiencies for the rcctifying

and stripping sections of the column werce determined by
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establishing the feed-platc composition, using neasurenents

of the temperature of the vapour leaving the top plate of

the stripping section. Thus overall plote efficlencies were
neasured and the scatter of the results nade it impossible to
establish ony systemntic variation of efficiency with operating

variables.

The experimental results were analysed by the three
available sets of equilibrium data. Kharaokhorin's equilibrium

40

surve did not give o satisfactory ropresentation for any of

the distillotion results, The bottom operating lino cither
intersccted the egquilibriun curve 2t positions below fhe feed
plate composition or the platc efficilencies required to give

the experinental separction were about 150~200%. In consequence
the najority of the estimated officiencies in %his case have not
been recorded in Table LV.2. Secondly the mininun reflux ratio for
the experimenﬁal separation as predicted by Kharakhorin's data

was about 4.5~5.0. The desired results were achleved with

reflux raotios as low as 3.8.

When using 10 plates in the stripping section and 5 platos
in the rectifying secction, the botton operating line usually
intersected the experimental equilibrium curve at the feed
plate temperature; owing to this pinch condition only a fow
efficiencies could be neasured in the stripping scction. The

plate efficicncies obtained, using the experimental data, were
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about 100% for both sections, and, using Moron's data,55 about
70% in the rectifying section and 40% in the stripping scction.

The cnomalous rosults for run A:4 cannot be cxplaincd.

When using 5 plates in the stripping section and 10 plates
in the reetifying section very goold scparations were obtained.
The efficicncies for both sections were about 88-100%, when
usuing the oxperimental data. According to Moran's‘data,
however, thc runs were impossible, as the top opcrating line
usually intersccted the equilibrium curve at positions above
those reprosenting the vapour leaving the first plate of the

rectifying section.

The set of equilibrium data obtained in this investigation
wos the only one capable of siving a satisfoctory explanation
to all the results. The rccorded efficicncies of 88-100%
showed no systematic wriation with vapour rate, in generai

agreenent with previous work on Oldershaw colunns,

1

Zuiderwegz and Harmens attributed the high efficiencies

of positive systems'to the formation of a'high stable foam and
the low efficicncices of neutral and negative systens to the
fornation of a relatively small spray bed. Obscrvation of

the conditions on the cxperimental troys indicated an intermediatc
condition between the cxtremes described by Zuiderwog and Hormens,

No satisfoctory surface tension data could be found for the

systen and the high plate efficiencies were attributoed to the
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small size of the perforations. The values obtained, however,
were groater than the efficiencics recorded by Oldorshaw?7
The shape of the liguidus cquilibriun curve differs markedly

55 and Kharakhorin4o at the low

from the results of Moran
tenporature end of the diagran. Slight crrors in this region
would account for high efficicncics in thoe rectifying soction

of the columm,.

The vopour rates recorded in Table Eﬁ:? were calculated
from the reboiler heat input, thc degree of superheat of the
focd and the known bottonm product flow rate. The reflux ratios
calculated from these vapour rotes agreed guite well with the
cxperincental values. The naterial balonces on the conponents
of the feed were alsc sotisfactory, although 5% errors based
on the flow rate of ethylene to the column were accepted,
owing to the inaccuracies associated with the measurement of

flow-rates by rotameter,

Distillation in the Oldershaw column would therefore
appear to be a valuable method for the evaluation of

conflicting sets of equilibrium data.
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CHAPTER 9

The separation of Co-hydrocarbons by distillation

93l Introduction
The ultimate aim of this phase of the work was the establishment

of the optimum conditions for the separation of the hydrocarbons by
distillation. The varlables investigated were reflux ratio, the
total number of plates, the number of plates in each section and the
position and maghitude of a sidestream., The reboil rote was adjusted
so that satisfactory bubbling was observed in each section of the
column, but no systematic sbudy of the variation of performance with
vapour-rate was considered owing to the conclusions of the previous
section, The feed rate and feed composition were maintained at
about 3,000 ml/min, measured at 20°C and 1 atm., and 10 mole %
acetylene and 25 mole % ethylene, respectively. By using large
amounts of acetylene in the feed the product compeositions were more
accurately determined, as the chromatograph is insensitive to small

amounts of impurity.

9:2 Equipment and procedure

The equipment and run procedure were identical to those
deseribed in the previous chapters and the introduction of a

gidestream did not present any additional problems.

9:+3 Regults

The experimental results are recorded in Tables 1 and 2
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of Appendix V

9:4 Discusgion

From the experimental results it is seen that the separation
of the Cp-hydrocarbons presents a difficult problem which could not
be solved to give the desired product specifications with the
limited numbers of plates available. In addition the large number
of possible combinations of operating variables and the restricted
amount of information that could be obtained from any given trial
made simple analyses, comparison and subsequent extension of the
results impossible. A computer programme, using the equilibrium
data obbained in the present study, was therefore written to permit
verification and extension of the experimental results and the
development of this prograume is described in Chapter 11  The
evolution of a programme bf this complexity, however, required so
much computing time that only a limited period remained for the
treatment of the results and in consequence a semi-quantitative

discussion of the experimental work is still necessary.

The majority of the work was performed at reflux ratios of
from 6,9 to 12,1 and under otherwise comparable conditions the
separations did not improve significantly with increasing reflux
ratio, Tt has been seen that the minimum reflux ratio for the

gseparation of an ethylene-ethane mixture containing 33% of ethylene
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to give a top-product containing 99% of ethylene is 3.8 and it would
appear from the results that this value is not appreciably altered’
for ternary separations. In runs Bi55 to B:62 low reflux ratios were
used and a comparigson of B:59 and B32/ shows that a marked reduction
in separating power occurred on reducing the reflux ratio from 6.9
to 4,7. In some cases, e.g. Bi54, the reduction in separation may be
attributed to the decrease in vapour-rates with decrease in ref lux-
ratio leading eventually to weeping in the stripping section of the
column, but generally it is considered to bs due to the approach of
the operating reflux~ratio to the minimum value for the given

geparation,

The ratios of acetylens to ethane concentrations in the top-
product and of acetylene to ethylene concentrations in the bottom
product were generally greater than ons, whereas in rums B:55 to Bié2
performed with low acetylene content feedstocks at low reflux ratios
these comcentration ratios were less than one, The change in slope
of the distillation path is attributed solely to the reduction of
the reflux ratio, because in trials B:52 and B:53 low acetylene
content feedstocks and high reflux ratios were used and sidestreams
were obtained comparable in acetylens content with the results for high

content feedstocks,

Some bentative conclusions may therefore be drawn at this stage.
It would appear that little advantage is gained by using reflux-ratios

in excess of 7.0 and at this level a sidestream containing between 25
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and 33 mole % acotyleno may be withdrawn from a suitable point in the
column, In addibion this conclusion should not be drastically modified
by the reduction of the feedstock acetylene content. At lower reflux-
ratios the reduction in the curvature of the distillation path would
result in a gidestream of less than 25 mole % acotylenc and an economic
analysis comparing the large number of plates required in one case and
the high refrigeration load and good by-product purlty of the other
cage would be necessary bofore a final decision could be made as to

the optimum value of the reflux ratio.

In order to estimete the number of plates required to achieve the
desired geparation it is necessary to be able to compare the experimental
geparations obtained with differing column lengths. It was decided to
use the ratio of the ethylene recovery achieved to the maximum possible
recovery for the given trial., This factor is not completely
satigfactory as may be seen by comparing B:l3 and Bs:li. In both cases
793 nl/min of ethylene are fed to the column and as the top product flow
rates are 1050 and 950 ml/min, respectively, the maximum recovery for
each trial is 100%; therefore the ratio for B:14 is apparently too low.
The method suffersg from the additional restriction that a good component
material balance is reguired. It has already been shown that the use
of rotanmeters to measure flow-rates frequently introduces considerable

errors into these material balances,

When using a total of 15 plates the recovery ratio varied from
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80% to 90%. For column sections containing 15 plates in the
rectifying section and either 5 or 10 plates in the stripping section
the ratio varied from 89% to 98%. For a 35 plate column at high
reflux ratios the recovery ratio ranged from 95% to 100% and at lower
reflux ratios this value fell to 8% to 98%. In runs B:22 and B:23
a very good separation was obtained and it would appear that removal
of acetylens to the desired level from the top product could probably
be achieved with a column containing about 10 plates in the stripping
section and 40 plates in the rectifying section. The recovery of
ethylene under these circustances should be in excess of 90%. At
low reflux-ratios insufficient experimental data wag available and a
reasonably reliable estimate of the number of plates required could

not be made.

In trials B:30 to B:34, B:4l to B:4d and B350 and Bs51 sidestreams
were renoved from the column at points 5, 10, and 15 plates, respectively,
above the feed entry position, The average composition of this stream
was about 30 mole % acetylene, 45 mole % ethane and 25 mole % ethylene.
Sidestreams were also taken at positions 5 and 10 plates below the feed
plate in runs B335 to B:40 and B:52 to B:54 and B:45 to B:49,
respectively. Ths average sidestream composition in these cases was
about 30 mole % acetylene, 50-55 mole % ethane, and 15-20 mole %
ethylene. 1In general therefore, for the separation under consideration
greater recoveries of ethylene‘in the overhead product should be

obtained by taking the sidestream at a position about 8 plates below
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the feed plate. In trial B:53 a good separation was achieved with
an ethylene recovery of 78%. The desired reduction in top product
acetylene content should be obtained by the addition of 10 theoretical

plates to the rectifying section of the column,

Further tentative conclusions may now be drawn. For feedstocks
of high acetylene content little advantage is to be gained from the
removal of a sidestream and in general the overall recovery of pure
ethylene would probably be less than that for distillation without
gidestream, However, for low acetylene feedstocks the logs of
ethylene in the sidestream would be small and the advantages of a
reduced number of plates and a sidestream containing about 30%

acetylene should make this the most satisfactory solution.

The computer prograume described in Chapter 11 was used to
calculate the product compositions for runs B:12, B:23 and B:53. A
constant value of 95% was assumed for the plate efficiencies and run

B:12 was recalculated using an efficiency of 85%.

The programme was arranged so that the computer printed the
complete composition and flow profiles after every five iterations and
e forcing parameter was used whose magnitude at any given time gave
a measurs of the stabilibty of the calculation procedures, The initial
value of the parameter was % and after every itersation the value was
halved if the calculations were satisfactory and doubled if they were

not. The theoretical justification of this parameter is given in



142

Chapter 11 but at this stage it is only necessary to appreciate that a
high value of the parameter automatically infers that the overall |
material balance equations are not satisfied. The magnitude of the
parameter should therefore be continuously reduced in satisfactory
calculations until it becomes insignificant when the results should

reproduce the experimental values,

For run B:l2 the forcing parameter was reduced to 1.5625 x 1077
and 7.8125 x 1073 for plata efficiencies of 95% and 85%, respectiveky,'
after 10 iterations, Subsequently, instability was observed in the
calculations for the base of the column, for the reasons given in
Chepter 11; which caused the parameter to inerease to 3.125 x 102
after 30 iterations., For an efficiency of 95% the top product
composition after 10 iterations was 2.2 mole % acetylens, l.4 mole %
ethane and 96.4 mole % ethylene and the corresponding bottom product
composition was 14.9 mole % acetylene, 5.0 mole % ethylens and 80.1
mole % ethane. The corresponding values for run B:12 with a plate
efficiency of 85% were a top product containing 4.5 mole % acetylene,
1.6 mole % ethane and 93.9 mole % ethylene and a bottom product of
13.2 mole % acetylene, 4.1 mole % ethylens and 82.7 mole $ethane.

The maximum concentration of acetylene obtained within the column was
24 mole 7 in both cases. It will be seen from the operating variables
given for run B:12 in Appendix V that the results do not satisfy the
overagll balances owing to the high value of the forecing parameter.

In spite of the subsequent instabilities observed for the calculations
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at the base of the column, however, the composition profiles in

the rectifying section of the column became increasingly stable and

a very good estimste of the eventual top product composition could:

be made. From these values the true bottom product composition could

be calculated by an overall material balance. With a plate efficisncy
of 95% the resultant top produ#t compos ition was 7.5 mole % acetylene,
3.3 mole  ethane and 89,2 mole ' ethylene and for the bottom product
10.4 mole ;; acetylens, 11.8 mole % ethylene and 77.8 mole % ethanse.

With a plete efficiency of 85% the corresponding tep product composition
was 5.8 mole % acetylens, 5.6 mole % ethane and 84,6 mole % ethylens and
the bottom product 9.8 mole % acetylene, 13.0 mole % ethylens and 77.3

mole % ethane.

The values obtained with a plate efficiency of 95% compare
favourably with the experimental values of the product compositions, and
for the trial considered this result justifies the distillation techniques,
the use of the experimental plate efficiency data for the binary system
in the ternary separation and the empirical correlation of the phase

equilibrium data,

The calculated results for run B:23 did not lead to the satisfactory
conclusions obtained for run B:l2, and the variety of possible

explanations for this behaviour made & complete analysis impossible.

The forcing parameter attaived a maximum velue of 0.5 after 15
iterations and thereafter decreased regularly to a final valus of

1,562 x 1072 after 30 iterestions. At this time the top product
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composition was 0.7 p.p.m. of acetylene and 30 p.p.m. of ethane and

the corregsponding bottom product composition was 19.4 mole % acetylene,
1.2 mole % ethylene and 79.4 mole % ethane. An overall material
balance based on the assumption of a correct calculated top product
composition yields a bottom product of 14,8 mole % acetylens, 6,2 mole
% ethylene and 79.0 mole % ethane. These discrepancies may once again
be attributed to the high value of the forcing psrameter. The top
product compositions do not compare favourably with the experimental
values and consideration of the composition profiles shows that the
experimental top product composition was achieved in 25 plates. The
computed results may have been affected by the restriction placed upon
the equilibrium constants, described in Chapter 11, which has previously
resulted in instability at the base of the column, but which has not
previously appeared to hinder the ultimate stability in the rectifying
section of the column. Although the empirical correlations for the
equilibrium constants were good enough to describe the distillation
paths calculated for run Bsl2, the differences between the calculated
and experimental values of the equilibrium constants at the pure
component points, Table IIIs1:17, may have been sufficient to destroy
the validity of the computed results. By using heavier weighting of
the experimental values in these regions for the equilibrium constant
correlation the importance of these errors could be ascertained.
Unfortunately insufficient computing time was available to resclve this
difficulty and it is suggested that this point be clarified at some

future time. A third possibility for the discrepancies between the
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distillation results is the reduction in the plate efficiency tha}
may occur in regions close to the pure components., Zuiderweg and
Harmensgzbserved variations in the plate efficiency of Oldershaw columns
with the composition range studied and Danckwerts, Sawistowski, and
Smithggave postulated explanations for this behaviour., The assumption
of a constant efficiency throughout the column therefore cannot be fully
justified. Finally errors in the measured top-product compositions could

be considerable, owing to the unsuitability of the chromatograph for the

detection of small amounts of impurity.

For run B:53 the forcing perameter decreased to 7.812 x 1073

after 15 iterations and subsequently increased slightly, due to
instability on the bottom plate, finally reaching a value of 3.125 x 1072
after 30 iterations. The feed plate composition, the compogition profile
in the rectifying section and the top-product composition stabilized after
ten iterations and the resultant value of the top-product composition
was 0.036 mole % acetylene, 0.064 mole % ethane, and 99.90 mole %
ethylene, At maximum stability the bottom product composition was 3.2
mole % acetylene, 0.3 mole % ethylene and 96.5 mole % athane arnd the
gldestream composition was 25.6 mole % acetylens, 25.7 mole % othylene
and 48,7 mole % ethane, These values compare favourably with the
experimental values and also satisfy the component material balance
squations. During subsequent iterations, however, the acetylene content

of the sidestream decreased, whilst the bottom produet composition
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remained effectively constant, In addition the experimental ratiq

of acetylene to ethylene concentration in the bottom product was less
than one and the ratio of acetylene to ethane concentration in the
top product was greater than one, whereas the computed values of these
ratios werec greater and less than one, respectively. These changes

in slope of the distillation path cannot be explained. Nevertheless,
the satisfactory behaviowr of the computed results again indicates

the validiby of the techniques and assumptions used.

Although, becaugse of the difficulties of obtaining further coumpuber
time, it was not possible to modify the programme to overcome the
instabilities observed above and to attempt an extension of the
experimental results to give the number of plates required to achieve
the desired product specifications, it is considered that the computer
programme has provided evidence for the validity of the experimental
distillation trials and the experimental phase equilibrium data. 1In
addition the conclusions arrived at from a consideration of the
experimental trials, which are given above, are regarded as being
valid and sufficient to permit the design of a distillation column for
the proposed separation. The final decisions regarding the choice
of the operating reflux ratio and the plate efficiencies have still
to be made by the designer before using the computer programme, bub
these considerations are usually determined by economics and company
policy and it is felt that the inability of this work to provide

answers to these questions does not detract from its overall value,
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Chapter 10,

The soparation of ¥-hyrocarbong using absorpiion techniques,

10:1 Introduction.

In the first section of this chapter the design,
construction and opecration of a simplc absorption column, for
the removal of aceiylcnc from Cznhydrooarbon nixtures by

acctone scrubbing, arc described.

10:1:l Desien of column.

The solubility of acctylenc in acstons incrcascs
with decrcasc in tenperature; Doelow —85OC, however, the
phase diagrans are complicated by solid formation. A design
tenperature of -BOOC was therefore chosen and quatcrnary phase

cquilibriun data was neasured at this tempeoraiure.

The C2-hydrooarbons liberate heat on solution in
acetone and therefore the column must be cooled to maintain
isothornal operation and thereby moaintain o high solubility of
acetylene in acctono,. In these circunistances the nornal
industrial practicc is to insert oooling coils on the trays,
this procedure was not possible, however, with the Oldershaw
colunn, As on alternative it was decided to supply the

partial

o~

colunn with o strean of hydrocorbon reflux from o
condenscry thus the heat of solution in acctone was balanced

by the latent hoat of vaporisation of the reflux.
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A feed gas conposition of 60 mole% ethane, 30 moled
ethylene and 10 mole% acetylene was chésen and the compésition
of a ligquid strean iﬁ equilibriun with this feedstock was
deduoced fronm the gquaternary data. The minimum circulation
rate of acetono was therefore calculated and a design rate
20% in excess of the minimun rate was used. The actual top
ané bottorm product compositions were then obtained from an
overall wmaterial balance, The flow rate of hydrocarbon reflux
required to naintain thermal equilibriun was then calculated
from the heats of solution and the dew-point of the top

procuct.

The nmumber of theoretical plates needed to effect the
separation was obtained by plate to plate calculations using
the experinental equilibrium data. It was concluded that
o column of 9 theoretical plates with an acctone circulation
rate to fced rate ratio of 25% on o nolar basis would be
required to obtain a top prodﬁct containing leoss than 100 ppm
of acetylene and fto give a 97% rocovery of ethylenc and ethane.
The top product could then be‘SOparatod in o conventional

splitter to give the desired degrec of cthylone purity.

10:1:2, Apparatus and Experinontal Method,

The 10 plate Oldershaw Column was used and set up
ag described in Chapter 7. The reboiler was used solely as a

bottom product reservoir and provision was nade for the
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withdrawal of a liquid product by comnecting a swan-ncck
glass tube to the base of the vessel, A liquid seal was
thus mointained and the foed gas was introducod above the

reservoir surface,

Acetone was pumped to the top of the column, via a
copper coil immorsed in a nixturc of solid carbon dioxide
and industrial spirit, by a2 D.C.L, positive displacement

netering pump of noainal mexinun copacity of 1500 ml/hr.

A simple liguid nitrogen cup condenser was used to
offset the cffects of a superhecated feed strecam and the heat
of solution of the hydrocarbons in acetone as described above,.
Thormocouples wore introduced into the feed lines and used
to measurc teomperaturcs in the reservoir and on the top

plate of the cbsorption column.

A foed gos ratc of about 4d./min was choson and the
design value for the acetone circulation rate was calculated.
Three trials were made with acetone rates of 0.86, 1.75, and
4035 times the design value, Initially the bottom reservoir
was imiersed in a nixture of solid barbon dioxide and
industrial spirit to maintain the dissolved gases in solution.
Acotone was pumped through the heat oxchanger into the colunn
and allowed to fill the reservoir before the feced gas was
introducoed. The temperaturcs within the colunn wexre

continually ochserved and sufficient liquid nitrogen was added
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to the condenser to maintain then ot about -80°C.  After
about twenty ninutes seoveral samples of the top product,
botton product and feed wore taken and analysed on the

chronatograph.

Althoush the runs were satisfactory, the possibility
that the plate temperature had increased down the column
from the wvalue rccorded on the first plate could not be
discounted. Owing to the construction of the Ollershaw
colunn thernocouples could not be introduced onto-plates
at the centre of 2 section. The reservoir was thorefore
corefully insulated with expanded polystyrene, the cooling
bath wes discardod and the runs were repeated, No
significant diffeorences wore obscrved botwoen the two sets

of results.

10:1:3 Results and Discussion,

The results of the trials are recorded in

Appendix VL.

It has alreddy boen secn that the cquilbrium data
cannot be reducod to a sinple mathenatical form and so only
a seni-quantitative discussion of the results is possible,

In general, the predictod behaviour of the absorption column
a8 described in 10:1:1 was shown to bec correot, The
chromatograph was capable of detecting_thc prescnce of

acctylone ot concontrations in exccss of 100 p.p.r. and the
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design calculations were thercfore limited to an overhoad
product having this ccomposition. Bxperinental trials
performcl in a colunn containing 10 practical plates at -80°C
with acotonc circulation rates of the samc oxder as the design
value gave top products containing about 100 pep.ns of
acctylene. In Chapter 8 it was scon thet the efficiency of
Oldershow sieve plates when fractionating a nixturc of ethylone
and ethane was 95%. It would appear that this efficicncy has

been mointained in the absorption studies,

The ethylcene recoverics ranged from 81% at high acetone
rates to 98.5% at low acetone ratos, The éompositicns of
the botton préduct streans were remarknble, in that the anount
of ethylenc present was less than would have becn predicted
from theequilibriun cdata. Wo satisfactory ecxplanation could
be found for this bechaviour ond as o result of it the cxporimental

recoveries of cthylonc wore higher than the design valueos.

The naterial balances were souetimes in considerable error.
In run C:4 20% crrors bascd on the ninor constituents were
obscerved, Tﬁc namial nethod used to condensc a part of the
top product is not o continuous operation and cyclic
fluctuations in both the flow and composition of top product
were obtaincd, The volues of these oporating variables
recorded in Appendix EI are therefore averagses of several

determinations and in conseguence the naterial balonces wore
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not completely satisfactory,

It is considercd that this work has provided an effcctive
and simple method for serubbing acetylene from hydrocarbon
nixtures and obtaining a high recovery of the resultant
ethylene strean, The design calculations have been justified
and extension of the results to include top product compositions
of 10 ppm acetylene or less should present no difficultics.
Nevertheless, more refined work with provision for cooling the
feed to its dew point and the introduction of an adequate

condenser control system would be valuable.

The further treatment of the bottom product stream to
recover acetylene at reasonably high purity end to regenerate
the acetone has been discussed in Chapter 6. 4 Marston—
BExcelsior overflow pocking colunn was designed to allow the
work to be continued in this nonner. The size of the colunn
roquired for thelow flow rates involved was impracticably small
and ofter discussion with the manufacturcers it was decided to
accept an over—-sgized unit, Owing to this and the delay
roguired for construction it scomed rcasonable to treat this
section of the work aos o separate project to be completed at a

future date,

10:2. Reboiled abscorption,

To improve the recoveries of cthylene and ecthanc
and therchy incrcase the percoentage of acetylene relative to
the other hydrocarbons in the acetone stream, reboil could he

epplicd at the basc of the column. At the same time the feed
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should be introduced at some intermediate column position, thus
introducing a stripping section, for the addition of reboil to-
a simple absorption column would mercly add one theorctical

plate bolow the feed and increase the heat load on the condenscr,

In ordor to investigate the effectivencss of such an

arrangenent a fow trials of reboiled absorption were attempted.

l0s2s1. Apparatus and oxperimental method.

The arparcius employeld was almost identical to
that used in 10:1:2. A 5 plate Oldershaw column was introduced
between the feed and the rcboiler and the thot-finger' heater
describod in Chapter 7 was connectod up to—give the required

rchoil,

The experimental mcthod was also identical to that
described in l0sls:2. After the apparatus had been charged
with ocetone the reboiler was switched on at 2 mininun powor
dissipation leovel and sufficient ligquid nitrogen was used to

naintoin stable column conditions.

10:2:2 Results and Discussion

The results of the rums arc recorded in Appendix Ez
In general it may be said that the receeveries of ethylenc have
increased whilet the acctonc rate required for satisfactory

scrubbing has also increascd.

The nininun reboiler duty of 57.1 BTU/hr was used and
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the highest reflux rate consistent with stable column operation
was ocmployed to maintain the temperaturc ot the column base

at the lowcst possible level. Under these oircumstqncos the
nanual control of reflux led to large cyclic variztlons in top
pProduct flow and composition which fregquently resulted in
flooding conditions on the topplate and did not permit accurate
neasurcncents of either the flow rate or the composition of

the product strcan, In addition, in this case, the overall
heat leak would be a considerable proportion of the reboiler
duty and owing to the large solubility of acetylene in acetone,
even at high temperaturcs, the najority of the rcboiler duty
went to provide sensible heat to the acctone. In conscquonce
the vapcur rate in the stripping scction of the colummn was

too smell to prevent weeping and the expected improvement in
ethylene recovery, due to the addition of this section, did not
motorialize, For low acctonc circulation rates the incrcase in
the bottom product temperature resulted in considerable losses
of acetylenc in the top product and high circulation rates were

reguired to resitore satisfactory operating conditions.

Although an cconcnic ovaluation of the processes should
be made before a decision can be taken as to the relative
nerits of simplce and rcboiled absorption, it would appcar that
the nominal increase in cthyleone recovery would not justify the

inereascd acetone circulation rate and condenser duty and the
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nced for reboil,

Before attempting such an evaluntion further trials should
be performed in a modified apparatus designed to eliminate heat
leak conpletely, to allow for feed pre~cooling and to permit the
use of higher wvapour rates within the colunn. All these
nodifications imply that the work should be carried out on a
larger scale ond so the existing apparatus could not be simply

nodified to fulfil these requirsnents.

10:3, Extractive distillotion.

The logical extension of the ideas discussed in
section 10:2 on reboiled absorption lead naturally to the
concept of cxtractive distillation. By the addition of &
colunn section above the acctone feed point, one might hope to
produce pure c¢thylenc as top-product and remove both the ethane
and acetylenc at the base with the acetone. Under these
circumstances, regions of partial miscibility would alnost
certainly be crossed on the plates below the acetone entry point
and o separate ethane fraction of reasonable purity could be
renoved, This arrangenent can be considered as a suporposition
of the Oz—splitter on a rchoiled absorption column, and since
the equilibrium data indieate that ethylene and cthane have
virtually the same volatility in the presence of acctone,
the ethylene—cthane scparation must inevitably occur in the

section above the acetone fecd-point. Little gain can thercfore
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be expeeted and it would seen prefercble to keep the two

functions separaite.

Study of this systom would present similar experimontal
¢ifficultics to thosce oncountored with rebeiled absorption, and

no experinents were carried out,

In conclusion an adequate solution to the problem of 02
scparation has been cchicved by the use of o simple absorption
colunn with o postuloted regencration cyecle involving an
overflow packing colunn, The nethod uses low acctone circulation
rates and produces o top product of hich purity with 2 good
receovery of ethylenc. Hodifications of this nmethod procduced
souc impr.vements but in general they werc not considerod to
Justify the increcase in complexity and running costs of the

equipnent.
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GHAPTER 11

Computer solutions of multi-component digtillation problems

11:1 Introduction

A mulbi-component distillation problem is completely defined when
the following operating variables are specified:

1) Number of plates in each section,

2) Quantity, composition and thermal condition of the feed,

3) Column pressure,

4) Type of overhead condenser and reboilenr,

5) Quantity of all but one of the product streans,

and 6) Reflux ratio or reboiler duty.

The compositions of all the product streams wmay then be determined
by plate-to-plate caloulations using reliable equilibrium, enthalpy
and plate efficiency data., If it were possible to reproduce the results
of the experimental ternary distillation trials in this manner, thea it
would follow that the measured data and the operating technigues were
valid, and in addition it would be possible to justify the calculation
of other column arrangements not studied experimentally, Hand
calculétion of distillation columns is a tedious procedure, however,

and it was decided to programme the Mercury computer for this purpose.

1122 Review of previous methods

Several attempts have been made to solve multi-component

distillation problems by computer techniques and the essential
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characteristics of the methods are outlined in the following.

11:2:1 Plate-to-plate calculationg

The classical methods are those of Iswis and Mathesonfsand
Thiele and Geddes.88 In the first method the objective is to find
the number of ideal steps for a given separation, and in the latter
method the product compositions are calculated for a given number of
steps. In the lewis and liatheson procedure experience and judgment
must Be exercised to introduce non-distributed components in the
stripping and absorbing sections, whereas in the Thiele and Geddes
method all calculations are made in terms of mole-fraction ratios
and the direct assumption of the products is avoided. I%l::In’v;ire,S2
Shelton and MeIntire, and BonnerAhave adapted these methods for

use with digital computers.

52
MeIntire describes a method for the design of a column with

ideal stages required to make a given separation of a multi-component
feed. Phase equilibrium data are fitted to the "Antoine™ type of
equation,

ln K= Ag -Bg / (Cg + T) -(1:1l)
and enthalpy data are stored as coefficients of third-order polynomial
equations. An initial estimate of the number of plates is made, overall
heat and material balances are calculated at a specific reflux-ratio
and temperature and vapour rate gradients are assumed. The heavy key
and heavier components are calculated upwards throughout the column,

introducing the vapour feed when the heavy key concentration nears that
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in the feed and terminating the rectifying section when the heavy

key concentration matches that required by the overall material balance.
Similarly the light key and lighter components are calculated

downwards throughout the column. The temperature and rate profiles

are modified and successive passes up and down the column vary the
lengths of first the rectifying section and then the stripping section
to meet the end-product specifications. The calculations are terminated
when the profiles and section lengths settle to steady values. This
solution does not yield the optimum feed-entry location and a revised

feed entry must be decided upon before recalculation.

MeIntire and Sheltonsiodify the above procedurs to determine the
performance of an existing column under given conditions, Product
compositions are initially assumed and in the case of non-distributed
components infinitesimsl amounts of these substances are specified in
the products. Calculations are mede downwards from the overhead product
and upwards from the bottom product to the feed plate, using an
iterative procedure baged upon Newton's method to determine temperatures,
flow rates and compogitions simultaneously for each stage. For each
component the ratio of the compositions on the feed plate, determined
by the two sets of computations, is calculated and this ratio is used

to revise the smallest assumed product composition of the given component.

4

Bonner describes a programme using conventional short-cut

techniques developed principally for exploratory work, where a large
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number of cases must be examined and where approximate answers are
satisfactory, Initially the minimum number of theoretical plates at
total reflux is assumed and & trial separation using the Fenske

24
equation, with a reference component recovery of 50%, is calculated.

The distillate purity of a desired component is calculated and compared
with the specification value, the reference component recovery is then
ad justed to improve the mateh, and the Fenske equation caleulations are
repeated. The minimum reflux-ratio is calculated from the Underwood
equations, and the actual reflux-ratio is derived from the Gilliland
curveszgnd compared with the specification value. The number of plates

required at total reflux is then adjusted and the calculations are

repeated.

The short-cut technique may be used to provide the initial
agssumptions for Bonner's longer plate-to-plate programme. The author
assumes a set of product compositions, a temperature profile and constant
vapour rates, and calculates downwards from the top product and upwards
from the bottom product to the feed plate using alternating equilibrium
calculations and material balances. The calculated compositions and the
mis-match at the feed plate are used to adjust the temperature and flow
rate profiles and the product compositions for successive trials.
BonnerAcalculates the theoretical adjustment to be applied to the
distillate flow of each component in order to secure correct overall
material balances and a perfect feed plate match in the following trial,

assuming that the temperature and flow rate profiles do not alter,
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This technique involves applying corrections preferentially to the

lightest and heaviest components and in this manner proper temperature

gradients are ostablished early in the calculation sequence.

11:232 Absorption and stripping factor methed
48

Iyster, Sullivan, Billingsley and Holland describe anobther computer
technique based on the method proposed by Thiele and Geddes.a8 Initially
temperature and flow rate profiles are assumed for the column., The
absorption and stripping factors for each plate and component are
calculeted viz:

Ani = Ln/Kni Vn (2:11)
and Sni = Kni Vn/In (3:11)

Where "n" refers to the plate number and®i"the component., Plate~to-plate
recursion formulae are then used from the condenser downwards and the
reboiler upwards to generate a sories of values of vni,/d4 and 1ni/by for
each component, where ¥n3 and lpj are the molar flow rates of vapour and
liquid of componeht "WiY leaving plate "n" in the rectifying and stripping
gection of the column, respectively, and dj and bj are the molar
withdrawal rates of the component "i" in the distillate and bottom
product, respectively. From the material balance at the feed plate the
ratio of the molar withdrawal rates bj/di, for each component, is
obtained and the ratios are corrected by a scaling factor so that they
satisfy the overall material balance, The corrected values for the

withdrawal rates and the results of the recursion formulas are then

uged to derive the normalised vapour and liquid compositions on all the
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plates and by making dew or bubble-~point calculations a new temperature
profile is established. The new flow rate profile can then be calculated
from enthalpy balances and the cycle is repeated until the total

distillate flow matches the specified value,

Various forcing procedures are described by Lyster et. al., which
reduce the number of trials required, by reducing the variations in the

flow and temprature profiles calculated for successive trials.

11l:2:3 Solutions inQolving matrices

Amundson and Pontinenlhave developed a method for use with large
digital computers which are capable of handling more complicated

calculation procedures.

Initially a temperature and flow rate distribution are assumed.

For each component a set of N+2 simultmnocous linear algebraic equations

are then written, where N is the number of plates, representing the
material balances on each nlate. This set of equations may be formally

written as a matrix equation:

=

5 Xi = ‘i - (L{-:ll)

Where ii is a composition column vector,
Fi is a feed column vector,
and the matrix ﬁi is tridiagonal and its non-zero elements are expressed,
in terms of vapour rates, equilibrium 'K~values' and product rates.
Solution of the matrix equation generates values for the liquid

composition of component "i' on every plate. The procedure

is repeated for every component, negative mole fractions are
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set to zero and the liquid compositions on each plate are normalised
by dividing the composition of sach component by the sum of the
compositions on the plate. A further matrix equation for the enthalpy
balance is set up:

=G ~(5:11)

mi
<

where V and G are vapour rate column vectors and product enthalpy
vectors, respsctively, and E is the squars enthalpy matrix of M+l th,
order having only two non-zero elements. From the temperature distribution
and the calculated compositions this matrix may be obtained amd the
equation solved to generate a new set of vapour flow rates. The
normalised liquid compositions are used to develop a new temperature
distribution which satisfies the bubble-point equations

SK .X . =1 - (6:11)

1l nl ni

The calculations are repeated with the new distributions and are
terminated when the desired degree of accuracy in Xni’iixni or giKnani
has been attained.

11:3 Discussion

The plate-to-plate calculation methods deseribed by Shelton and
e Intire,83and BonnerAwere developéd for slow Card Programmed Calculators
having limited storage space. Under these circumstances the complicated
iterative method for the complate solution of each stage deseribed by
Shelton and lvbIntireS?.s preferable to Bonner's methodAin which temperature
and flow rate profiles resulting from one iteration have to be stored
for use in subsequent calculations, Bonner's method, however, is simpler

and more readily translated into machine instructions and it is more
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4
suitable for use with computers of large storage capacity. Bonner

considers that poor initial assumptions do not seriously affect the
convergence of his technique and he obtaing accurate and rapid solutions

for most of the problems tested.

In both of these methods difficulties are encountered in the choice
of successive trial values of the end compositions resulting from a
mis-match at the feed plate., In the case of non-distributed comporents,
minute changes in one product composition eould lead to very large errors
in the temperature and other product compositions, and although ne.ther
Bonner4nor Shelton and NbIntireSgiscuss this bshaviour, it would seen
likely that their product composition modification procedures could lead
to instability in difficult cases. In addibion for the separation of Cp
hydrocarbons acetylene may be present in either large or small amounts
in either the top or bottom products, and as the choise of modification
procedures is dependent upon the expected behaviour of the column and needs
to be completely systematized in advance in the form of programme instruetions,
it seems likely that further difficulties would be encountered in this
case,

1 48
The methods of Amundson and Pontinen and Liyster et. al, are

gimilar in that the composition profiles of each component are generated

independently, the feed plate being treated in aginilar fashion to the
48

other plates, Lyster et. al. then modify the end values of the

compositions, so that they satisfy the overall material balance, - -
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scale and normalize the calculated compositions, and develop
new temperature and flow rate profiles from dew and bubble=point
calculations and enthalpy balances. Amundson and PontinenluSe
more refined matrix methods for their calculations and merely
normalize their calculated compositions without forecing the end
values to satisfy the overall material balance before completing

the calculation cycle.
48 1 4

Lyster et. al., Amundson and Pontinen, and Bonner
commence their calculations with an assumed temperature profile
and express 'K' values as functions of temperature and pressure
only. This assumption of ideality is not seriously in error
for the hydrocarbon separations given as examples by these
authors, but for more difficult separations the stability of the
Amundson and Pontinen, and Lyster technigues is affected by the
sensitivity of the 'K' values to changes in composition, and
forcing procedures have to be introduced. For the separation
under consideration the Amundson and Pontinen method was chosen,
as a large computer was available, and certain modifications
were made in the basic techniques employed to counteract the
serious non-idealities that were obscerved in the Cp-hydrocarbon

system.

11l:4 Development of multi-component distillation programme

The development of a complicated computer programme is a

tedious procedure and faults in formulation and logic have to be
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eliminated before an assessment of the suitability of the
programme can be made., In the following an outline of the
various methods employed is given and the final form of the

programme is recorded in Mercury Autocode in Appendix VII.

The material balance equations given by Amundson were ¢
modified by the introduction of a Murphree plate efficiency5
to take into account the deviations of real stages from
theoretical stages. The Murphree plate efficiency is defined
by:

Miwp = (Fi,p = ¥i,p-1)/Gi,p - ¥i,p-1) =-(7:11)
where yi:p is defined as the mole fraction of component Min
in the vapour in equilibrium with the liquid leaving plate "p",
when this is brought to its boiling point; thus:

yi:p = Ki,p xi,p -(8:11)
where Ki,p is the value of theeguilibrium constant under these
conditions.
From (7:11) yi:p =={:i,p - (1 - qi,p) yi,p-l}/ﬁi,p -(9:11)
Thus if the compositions of the vapour for all components and
stages are known, (9:11) and the equilibrium relationships nay
be used to determine the temperaturcs of each stage and the

compositions of the liguid reflux at all points in the column.

For an ideal stage, p, in a column, the material balance

equation, for component "i"", may bec written:~
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(v. + P_ y. _+ (L P, Jx, =1V . -L . =f,
P v,pVi,p p * “L,p’*i,p p-1 Yi,p-1""p+1 i,p41 i,p

(10:11)

where the plates are numbered upwards from the rcboiler,
fi,p is the guantity of component i in the feed to plate p,
Pv is the wvapour product rate from plate p,
Pl,is the liquid product rate from plate p,
LP is the liquid rate entoering stage p-1

Vp is the vapour ratce entering stage p+l.

For rexzl stages from (6:11), (9:11) and (10:11)

- Y. +(V +P ) L +F. . =(1- .
p-1 yl,p-l ( p+ v,p)yl,p+( p+ L’p)(y19p ( Elp)ylap-l)
: K.
Mip “i,p
- L’]_<3+l

K. . ] - - ) = 11:
l,p+1fq;,p+l (y11p+l (1 Qiyp+l>ylsps fisp ( 11)

Initially the experimentsal cquilibrium data was fitted to
third and fourth ordcr polynomials of the form T=f(y 7 ) and
CZHZ C2H4

x ) etc., as described in chapter 5. Liguid

=f(y 1 J
CZHZ CZHZ C2H4
and vapour c¢nthalpy data werce fitted to simple equations of the form,

hi = a + bT (12:11)
where a is the value of the enthalpy at OOK and b is the specific

heat applicable over the experimental temperature range.

These equations are too simple to represent the true
enthalpy-temperature relationships but owing to the scarcity of
data they were considered adeqguate for the present purposc.
Enthalpy data for ethylenc and cthan¢ were obtained from diagrams

published by the Kamerlingh-Onnes Laboratory, Leiden, that for
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21
gaseous acetylene from Din whilst the values fHor liquid acetylene

were assumed to be the same as those for liquid ecthane. For

the first iteration the vapour compositions throughout the

column were assumed to be the same as the feed composition; the
liquid composition and temperature at equilibrium were calculated
from the polynomials, and enthalpy balances were used to calculate
the flow rates within the column. Simple recurrence relations were
used for thesc cnthalpy balances which were equivalent to the
matrix solution described by Amundson and Pontinen% The

material balances for each component on all stages, (11:11) were
set up in the form of a matrix cquation and the latter was

solved to obtain revised estimates of the vapour compositions,
using a routine written for tri-diagonal matrices by Mr. S.
Michaelson formerly of the Mathematics Department at Imperial
College. The vapour compositions were normalized and used to
derive a new set of liquid compositions. This method proved

to be unstable and subsequent refinements of the initial

estimate of vapour compositions bascd on a linear interpolation
between the experimental values of the end compositions did not

produce any improvement.

It has been shown in Chapter 5 that the phase diagram of
the ternary system is complicated at high acetylene concentrations
by solid formation. In general, although the polynomials used

to correlate the cquilibrium data are satisfactory at low
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acetylene concentrations they cannot be expected to represent
the true situation when solids are present. The initial
estimates of the vapour compositions, described above, were
sufficiently inaccurate to cause the solutions to oscillate
severely in the first few iterations and thus cause the
composition profiles to pass through regions where the
polynomials did not give an adequate representation of the
phase diagram. Subsequently the instabilities were magnified,

thus causing failure of the method.

Several refincments wore introduced to eliminate the
difficulties described above, and to increase the generality
of the programme. The equilibrium data were thercfore
correlated in the form of third order polynomials for the

equilibrium constants e.g. K = (¥

CoHp CgHa?¥C2H4) etc., and

the initial estimate of the vapour compositions in the column
2k

was made by the use of the Fenske equation for total reflux, as

detailed in Appendix VII,

It has been noted that the failure of the first programnme
resulted from the artificial oscill-tions in composition profiles
that occurred during the first few iterations. A considerable
improvement should be obtained if the eguations could be
modified to represent the real dynamic behaviour of the column

as it passus from a given set of initial conditions to the final
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steady~-state. Rose, Sweeny, and Schrodt adopt this technique

by using the transient material balance equations:

-1 yi,p—l,s + L§+I xi,p+l,s

Tiypestl " Tips = 1 (v
E

ts+l - ts P

- (Yp + P ) ¥ —(yb + P

P’ i, p,s Lp ) -(13:11)

) %, + £,
14Py8 1,PyS

where ts and ts+l refer to successive times, and Hp is the total
moles of hold-up on plate p, assumed constant during a transient.
Providing that the beaaviour of the column attime ts is known this
can be used to predict the liquid composition at time ts+l. In
this manner the gradual changes in plate and product composition
that occur in a column from start-up may be developed., The final
steady state solution is independent of starting compositions, but
if the¢ real initial compositions, hold-ups, flow rates and time
lags are used the calculations describe the physical approach

to the stcady state.

If (13:11) is cxpressed as xi, s+1” *i.p,s = ﬁi, (s)
t -t Hp
s+1 s

then it represents the Euler solutionlsof the differential

equation: d Xip = g; - (1h4:11)

dt Hp
To enable us to compare the various forms of the finite difference
solutions for (14:11) that may be used we shall discuss the

equation:
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d x, ) .
__.}.cil’-’.._. - EP. ip - __Axlp (15:11)
dt H
jY
with x, = x, at time t = O
ip ipo

The Buler solution of (15:11), with time interval hy is:

X, - X,
i,p,s+1 LspPsS = -—>\X (16,11)
h i,p.s )
or x, = (1-Ah) x. = (1-nh)° x,
i,pys+l 1,pP,8 1,p,0
Any crror in x. will cause the error in x. to tend
1P,0 F4py8+l

to infinity as s tends to infinity unless:

o< Ah<2 (17:11)
Thus the Buler golution will be unstable unless the time interval
chosen 1s less than twice the natural time for the column. This
result cannot be applied directly to Rose's solution (13:11), but
it indicatcs that the method is liable to be unstable and indeed

5

the examples given by Rose’“show that the number of time-steps
or iterations recquired to achieve the steady state solution may

excced 150, thus indicating that Rose et.al. found it necessary

to use very small intcervals for stability.

L
Rosenbrock, Storey, Tavendale and Challis7 use a mnore
effective method for the development of transient material balances,

they replace (14:11) by:-

Xi,p,s+l B Xi,p,s - (1-0)@p(s) + 6@p(s+1) (18:11)

ts+l - ts Hp

where @ is a constant which cquals zero in Rose's solution.

If @ = % the Crank-Nicholson solution results and (15:11)

becomes:
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X. - X, .

1y,py5+1 LyPysS = ; [(-%xi’p;é) +~(-Axi,p,s+lﬂ (19:11)
2

t

s+1 = ts

ieee ifh=t -t X o_oooo=1-M/2 = (1-)h/2)%,

1 +Ah/2 "i,p,s (TT3n/2) ispy0
The truc solution of (15:11) is
.= At -Mhs
. = X, = X, e 20:11
xl,p,s+l 1!P1°£ 1D, ( )
and as the ftinme interval, h, tends to infinity xi,p,s+l tends

to O. Although the Crank-Nicholson solution is unconditionally

stable, as h tends to infinity the ratio x. tends

1,p,s+l/ii,p,o
to ~1 and the method would therefore be liable to result irn an
inaccurate steady-state solution. In addition, although the
nethod hes e snell truncation érror and is useful for studying

the dynamic behaviour of a colunn, Rosenbrock6§onsiders that it can
become unstable for non-linear distillation problens, It will

also be seen from (19:11) that the use of the Crank-Nicholson
golution implies that two sets of matrix elements, one for each

of the limits of the time interval, have to be stored in the

conputer.

If © = 1 +then (15:11) becones;

Fipysl “Fipes = dwy (21:11)
t g 1Py
s+1 s
i.ee %, = x.i,}_:g,s = (1 +A\h) "%,
1’p’s+l l +7\h l,p,o

This method has a larger truncation error and is therefore

less suiftable than the Crank~Nicholson solution for studying the
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dynamics of the system. However, the solution is
unconditionally stable and as the time interval beconmes very large
it tends to zero. The method has the additional advantage that
only one set of matrix elerients has to be stored for
distillation problems. It would appear that substitution of
© = 1 in (13:11) gives the most satisfactory method for obtaining

a rapid and accurate approach to the steady-state solution.

The time interval chosen for this solution of the
Rosenbrock transient equation is not governed therefore by
either considerations of stability or by the desired accuracy
of the Ilinal steady-state solution, but by its ability to
achieve this solution in as few iterations as possible, whilst
still representing the dynamic solution adequately, so that
the calculated distillation path does not pass into regions
of the phase diagrari where the experimental data cannot be

satisfactorily extrapolated.

In one time step a value of Ah = 4, when substituted in

(20:11), results in a value of X,

= 0,018 x, Thus
i,pys+l i

1P 0.
if no trouble is experienced with convergence a good approach

to the steady-state solution is obtained in one iteration using

a time interval of 4 natural time steps.

The form of the Rosenbrock transient equation when © = 1 is:

*i,p,s+1 fi,pys = Zp (s+1) (22:11)
h Hp
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and the form of equation used in the conputer programme is:

gé(s+l) + u'Ig yi,p,s = u';§ yi,p,s+l (23:11)

where u' is the forcing parameter

Therefore u' = ﬁg/;gh Ki,p (24:11)
As the forecing parameter was to be continuously modified the
equilibrium constant correction was ignored and therefore u' =
1/Ah. The value of Ah = 4 was derived in a somewhat arbitrary
fashion and allowance was nade for this by reducing Ah if an
iteration was not considered satisfactory and vice-versa. The
vapour composition profiles for each conponent were derived
independently by the solution of the matrix equations and the
deviation of their sum from unity on any stage was taken as a

direct measure of the accuracy of the 'K'-values. The following

equations were used to modify the values of the forcing parameter:

1}

(ut)new = 2(u')old if 1 -4yl < 0.1

(25:11)
(u)new = % (ut)old if |1 -4yl > 0.3

Finally two modificantions were introduced into the routine

used for the calculation of equilibrium constants to eliminete

inaccuracies resulting from the form of the polynonials.

Negative and Z'ero equilibrium constants weremade slightly positive

and values greater than three were set equal to three. The

Fenske equations, described in Appendix VII, are liable to give

initial estimates of the vapour composition profile that lie

in regions inadequately described by the polynomials for the
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equilibriun constamts. Under these circumstances severe
oscillations could still occur in the first few iterations and
50 a limit was set on the »ossible composition variation, by

restricting the range of possible equilibrium constants.

11:5 Behaviour of the computer programme

The experimental values of the operating variables for
runs B:12, B:23 and B:53 were fed as data to the conputer.
A constant plate efficiency of 95% was assumed in all cases and

run B:l2 was recalculated using a constant plate efficiency of

85%.

A comparison of the experimental and calculated profiles and
product compositions has been given in Chapter 9. In the following

the general behaviour and stability of the results are considered.

The Fenske equations gave a poor initial estimate of the
vapour conposition profiles. In all cases most of the ethane
was considered to be removed from the ascending vapour in
about six plates and the remainder of the column was used to
separate the resulting ethylene~acetylene mixture. Nevertheless,
for run B:1l2, the forcing paranmeter was reduced to 0.125 after
five iterations and to 0.0078 after ten iterations. In
subsequent iterations, however, the composition profile at the
base of the column oscillated with the result that the forcing

parameter had increased to 0.0312 after thirty iterations. The
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cause of this unstable behaviour was traced to the restrictions
placed upon the values of the equilibrium constants. The.
experinental values of the equilibrium constant for acetylene in
the ethane-acetylene binary mixture frequently exceeded 3, and it
was apparent from the computed results that the polynomials
predicted values in excess of 3 for the ternary equilibriunm
constants in the neighbourhood of the ethane vertex on the
triangular diagram. Insufficient computer time was available
to repeat these sets of calculations and it was considered that
the solutions had becomne sufficiently stable to be able to compare

the experimental and calculated results.

11:6 Conclusions

The agrecment between the experimental and the computed
distillation results provides justification not only for the
experinental data obtahed in this thesis but also for the
computer prograrme with its inplicit assumptions. In particular,
the rate of convergence obtained was good in spite of the poor
initial estimate of the vapour composition profile and the
inaccurate form of the enthalpy equations. It would scem
therefore that these factors are not of prime importance for
rmulti-component distillation calculations. The failures of the
programie to attain complete stability and to reproduce the
experimental results for trials containing a large number of
plates can be attributed to the empirical nature of the

correlations for the equilibrium data 2nd under more favourable
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circunistances it is considered that this prograrme supersedes

2ll others described in the literature.
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CHAPTER 12

Conclusions

The phase equilibria of binary and ternary nixtures
of Ca-hydrocarbons have been nmeasured at atmospheric pressure
using a flow cell. The thermodynamic consistency of the data
for the ethylene-ethane system was established by use of the
Herington test?aand the results for the binary szgtems were
satisfactorily correlated by the Li-Coull method. Attempts were
nade to obtain a theoretical correlation for the ternary data
from the binary Li-Coull equations and also by a modification
of Wohl's equations for isothermal data?u The resultant
correlations did not give an adequate representation of the
experimnental results and it was concluded that no satisfactory
method exists for the correlation of non-ideal isobaric phase
equilibriun data. Several empirical conputed surfaces were

therefore fitted to the data to provide equations for future

UsSee

The solubilities of mixtures of the C_-hydrocarbons in

2
acetone were also neasured, but no attempt was made to correlate
the results. The data was used to design a simple absorption
colunn for the separation of the Ca—hydrocarbons and the design was
tested experimentally with a snall Oldershaw sieve=-plate column.

Good agreement was obtained and the method was shown to be the

most suitable for the complete removal of large quantities of
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acetylene from a Ca—hydrocarbon fecdstock,

The Oldershaw colurns werc calibrated with mixtures of
ethylene andgthane and the resulting plate efficiencies
togefher.with the measured equilibrium data were used to design
distillation columns for the production of pure ethylene from
Cz-hydrocarbon mixdures., A large number of trials with sieve-
plate columns was performed in an attempt to provide the test
solution for the problem and sufficient data was obtained to
establish nmost of the necessary design criteria. In order to
verify these results a nulti-component distillation computer
progranmc was written and the experinmental data from several
runs were used with the programme to determine the values of the
product compositions. For short columns the experimental results
were reproduced but for a 35 plate column the predicted separation
was considerably greater than the observed value. It was
established that the inadequacy of the programme was due to the
inability to obtain a satisfactory theoretical data correlation
or to provide an empirical correlation that reprcesented the
true phase equilibrium behaviour in the regions close to the
pure component points and also to the lack of knowledge regarding
plate efficicncies under t@ese circunstances. Unless arbitrary
decisions ase taken to rusolve these difficulties it is
considered that the experimental results cannot be extended to
predict the number of plates required to produce a top-product of

the desired purity.
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In spite of the conclusions given zbove the computer
progranine gaﬁe satisfactory proof of the validity of the
techniques used and the results obtained in this work and
it would seem that the postulated solutions should also be

valid.

For high acetylene content feedstocks (10 mole%) simple
absorption and simple distillation provide satisfactory results.
When using absorption a column of 10 practical plates operating
at -80°C with an acetone circulation rate to feed rate ratio of
25% on a molar basis gives an ethylene top-product containing
aboﬁt 100 p.p.ris of acetylene at a recovery of about 98.5%.

For simple distillation a column containing about 50 theoretical
plates should give a top-product containing about 10 . acetylene at
reflux ratios in excess of 7.0. The recovery of ethylene should

be greater than 95% and the bottom product should contain about

15 mole % acetylene for the feedstock considered in this work.

The number of plates rcquired at reflux ratios approaching the
minimum value of about 4.0 for this separation were not estinated,

but a value could be obtaincd by use of the computer programme.

For low acetylene content feedstocks (about 1 mole %)
distillation with a sidestream appears to be a valuable method.
A sidestrcam taken from the column at about 5-10 plates below
the feed plate position should contain 25-30 mole % acetylene and

the desired top-product should be obtained with a column of 40
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theorctical plates., Very high recoveries of ethylene should
again be achieved, but for low reflux ratios the acetylene content
of the sidestream would be reduced and greater ethylene losses

would result,

The final decisions regarding the method to be used and
the values of the reflux-ratio etc. to be chosen must ultimately
rest with the designer acting with the econonmics of the
particular situation in mind, but it is considered that the

present work would provide a good basis for such a designer.
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Nemenclaturc

ai tee activity of cowmponent i,

fi ese fugacity of componcnt i.

fi,p «eo nunber of nmoles of component i per unit tine,
entoring ploate p in the feed to this plate.

AGE ... cxcess frec energy on nixing.

h ess length of time intorvel.

HE .o intesral heat of nixing per mole of solution.

Hp o Total nwmber of moles of liquid in hold-up on
plate p, assuned constant during a transient.

equilibriun constant of conponent i for the
conditions on plate p.

Ki,p

-
*
-

Lp cen nunber of noles per unit tine of liquid cntering
stase p-l.

ni se nunber of noles of componont i.
pi ceu pvortinl prossure of comnponecnt i.

Pi voe vapour pressurce of component i ot the given
tenpcerature.

P o total pressure

Pryp weo vapour proiuct-rate taken from the vopour strean
lecaving plate p.

PLD wee liguid proluct-rate taken fronm the liquid strean
leaving plote .

R aoe sas constante.

S eos nolar cntropy

<5 vae no of time steps up to time ts i.e, ts= hs

t s tine variable

T o tenperature in abhsolute units,
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u’ .o foreing roraneter used in multi~cemponent
Gistilliation programmes.

Vp eon nunber of noles per unit time of vapour cntering
stoge p+l.

v cee liclar veolune.

Xi vee nole ratio of component i in thoe liquid phase.
xi oo mole fraction of cemponent i in the ligquid phose.
yi e nole fraction of component i in thce vapour phase,.

o{i ..., Bunsen coefficiont for componcnt i as solute
used in Part 1 only.

dﬁ,p cee relotive velotility of courponent i to o refercnce
couponcent on plate pe Used in port 11 only.

Xi s cetivity coefficient of conponent 1 refermred to
the pure substance as standard stote.

9 o constont in Roscnbrock transient cquotions,

Iurphree plate efficicney for compeonent i on
plate p,

el
.

/Wi cen chenical potential of conponent i.

.0 . . .
/Wl (T).. chenicel potontial of pure component i at the
Siven tenperature,

suffixes
L or Iiqy; Ver Vap ese liguid and wvopour phases rcspectively
B PN excess as in oxcess free enzergy of
nixing AGe
Dyn seoe  plote number, numbecred upwards with

rcboller os stoage 1.

1’1’2’3’02h2,c2,H4,C2H6.. a typiecal component and specifiec

components represented either by
chemiecnl formulze or by the notation
1= acetylene, 2 =ethylenc, 3= cthanc.
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r oo a rcfcrence component.
b coo boiling os in normal boiling point Tb
s 841 eee adjocent times with ts+l -ty = h, the

tine step on interval.

Supcerscripts

cee nolar valuc of function as in nolar excess
free encrgy AGE'

¥ e ideal value as in chonge of free encrzy on
nixing pure liguid constituents fto give
ideal solution OG ¥ (Pazrt 1)

or y.¥ . .
I3 is the mole-~fraction of conmponent
i

i in the vapour in cquilibriun with the
liguid leaving the plate p, in definition
of lMurphree place efficicncy (Part 11)

O wea valuc for purc component usuglly uscd os
standard of reofercnece c.g. £ 1 for fugocity
of purc component i at the given temperaturc,
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Appendix I_

Calibrotion of thermocouples

Single janction copper-constantan thernccouples were used
to neasure temperatures in both series of experinents. They
were connected eithor directly or via o 10 way switch to the

Pye Prccision Potentioneter,

The triple points of n-hcptone, tolucne, hexane and trans
butene -2 were used as reference standards, Sealed glass
tubes, supiplied by the Notional Chemicol ILaboratory, contoining
the pure liquids, werc tield to the thermocouples and imnersed in a
Dewar contoining iso-pentonce at —11000. The both was allowed
to warm up slowly and the e.n.f.s. generated by the thernocouples

ot the triple point of each component werc recorded.

The results were comparced with tables published by Powell
et.al.67 In this work thernocouples of commercially available
alloys were calibrated against o plotinunm resistance thermometer.
Over the range -90 to 10600 all. the experinental results agreed
with Powell's figures towithin + 0.1°%¢ ozt 3Mv,  For higher

tonperatures no nethod of calibration was available and Powell's

tables were usecd.

The thernccouples were nade by one technician from the
sane reels of wire, These considerations obviously contributed

to the unifornity of the results.
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Aprencix iz

Colibration of the chromatosraph

Therc are three stages in the developnent of a
39

chronatographiec technique to porform =2 specific analysis™:

(1) the effective scparation of a sample into its
conponentss

(2) the identificotion of these components;

(3) the esvination of the amount of each of the
couponcnts in the sanmple,

For the analysis of gascs the chromatographic column contains
either an active adsorbing cgent or an inert solid impregnated
with o liquid, Usually the sas sanple is transported through
the column by o slow current of gos that is not adsorbed, The
constituents of the sample are selectively odsorbed in the column
and the process ultinctely results in an actual separation. The
effluent gas contains 'bands! of the constituents separated by zoncs

of pure eluent,

The theory of the interaction of solute and solvent is complex,
nevertheless certain generalisations nay be made.39 For the
separation of sinilar compounds, a stationary liquid of a similar
chenical nature will give o separation according to boiling point.
If it is desired to separate compononts of about equal boiling
points, but of différent chenicel nature, o solvent nust be
chosen that alters the position of one substance relative to

another.
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Initially dinonyl phthalate and polypropyl sebacatc,
supported on G-cel, wero used ito effcet the scparation of the
Cz—hy&rocarbons. These conpounds show no pronounced sclectivity
and should separate solutes according to volatility. In this
instance the volatilities of ethylene and ethone were too similar
to obtain a scparation. Keulcnans suggzests the use of solid
adsorbing azents for the separation of components of low boiling
point. In addition to reversc the order of elution of cthylenc
anl ethane a naterial of a polar nature is required, Patton and

Touey59

used silica gel to analyse nixtures of hydrocarbeons in
cigarettc smoke. A 6 ft., column packed with 40-60 mesh silica
gel gave an excellent separation of the 02 hydrocarhons. The
total analysis tine was reCuced, from about 30 ninutes at roon
tenperature, to 8 minutes, by heating the cclumn to 80°C with
boiling benzene vapour, This procedurc {id not affect the
degrec of serarction of the components, Under these conditions,
however, the passage tine of acectone excecded 1%‘hrs. In a
dinchyl phthalate columm ot 8000 the hydrocarbons were separated
fron acetone but not fronm each other. The only availcble
solution for the analysis of dissolved hydrocarbons in acctone,
therefore, was the Civision of the sample, One part was passed
throush the silica gel column to determinc the relative proportions
of the hydrocarbons prescnt and the scecond through the dinonyl
phthalate coluain to oscertain the relotive proportions of

hyérocarbons to acctone.
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The ilentification of the components involved naking up a
pixture of the hylrocarbons and passing it througkh the colunn.
The time of elution of cach of the peaks was recorded, The
individual hylrocarbons were then passcd ond o conparison of the
tiues idontified the constitucents. This procedure establishcd
that the polar nature of siliceo gel rotarded the elution of

ethylene to such an extent thot cthanc preceded it in the eluent.

The Lydrogen lcaving thé colunn was mixed with oir and
burnt in o flane icmisation detector. A constant dircet
potential of 100V. was applied to the fleone and the resultant signal
was anplified and rccorded. The presence of organic conponcnts
in the effluent altercd the temperature of the flame and thercfore
the iomisation current. The areas of the peaks produced on the

recorder were automatically cvaluated by an intogr ator.:

Initially, the response of the instrunent to the
introduction of o known gquantity of cach of the conponcnts was
required, The szases were injected into the chromatograph by an
accurately made glass syringe capable of delivering O ~1 nl, of
gos to within ¥ 0,002 nl. Sligsht variations in the intcegrator
count, for the injection of o given volune of gas, werce observed.
Thesc varisctions were due to leakaze of gas through the fine
bore hypodernic necdle and between the plunger and barrel. A
large nunber of samples of cach gos were introduced and o

commistent _series of high results was accepted, For the
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introduction of the hydrocarbons into the silica gel and dinonyl
phthalate colunn the results were the sane. However, for the
forner the responsc wos directly proportional to the volune
introduced whilst in the latter cose the response per unit volune
decreased with increase of the volune of the sanple. The recorder
peak in this case was extremely narrow ond this behaviour was

probably due to saturation of the integrator.

The accepted va.ucs weres-

Acetylene 302 i counts per 0.1 nl, of gosg
Ethylene 201 + 1 counts per 0.1 nl, of gosy
Lthene 188 + 1 counts per 0,1 nl., of zas.

Mixtures of the three components were made up by volune in
o2 syringe and injected into the chronmatogsraph. Althouzh tkis
nethod of synthesis is not very accurate by treating a large
nunber of nixtures the accuracy of the analysis could be estinated,
For any given nixture containing between 10 and 90 nolc$% of one
of the componcnts, thc chronatosraph gave (v~ the correct
percentage to within x 2 mole%. At the linidts of the range and

7 . : + 7
below 10 and above 90 mole% the estimoted error was — 0.5 nole%.

Mixtures of hydrccorbons injected into the dinonyl phthalate
column were not separated, The ftotal intezrator count for
the single peak, however, as calculated from the known composition
of the nixture was satisfactory provided that the volume injeeted

was less thon 0.04ni.
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Acetone was injected into the dinonyl phthalate column by
neans of a Honilton microlitre syringe. The results were found
to be proportional to the wvolume injected provided that this
volune was less thon 2,0M1, Acetone was also maintained at
fixed teoperatures in an enclosed space and known volumes of the
vapour injected. Fron the vapour pressure curve for acetone,
the two sets of data were reduced to the same basis. The
response for acetone was recorded as 195 ¥ 5 counts per 0.1 nml
acctone vapour. By using both chromatograph columns for the
analysis of a nixture of hydrocarbons in acetonc, it seemed likely
that an error of the order of = 3 mole % for the acetone concentration

would result.

The sampling of the effluent gas stroans from the flow cell
was sinple, A syringe was inseorted in the line and a2 sanple taken.,
As the relative proportions of the constituents were required the

volune of the soauple was not inportant.

Liquid scnples were taken by nonentarily pressurising the
cell by closing a screw clip in the gas line, A needle wvalve
connected to a glass capillary in the ecll was opened and liguid
was forced out into a syringe. For hydrocarbon liquids
vapo risation occurred imnediately. This process was so rapid
that the possibility of differential loss of the components could
be neglected. Acetone sanples collected in this way would

probably farticlly vaporize, The less soluble constituents could
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4

be lost and during the subsequent analysis acetone would be left

as & thin filn on the walls of the syringe. To overcone these
cifficulties o very snall sample was taken in a large syringe.

The plunger was inucdiately withdrawn, large quantities of air

were suckeG in and vopQ.risation was assisted. A small sample was
used for the hydrocarbon determination and a series of small sanples
were uscd to detcrmine the acetone concentration. If the results
of the second sct of anal®es were not consistent the run was

discarded.,

3 < . .

Keulenans J states that the ionisation current depends upon
a wolecalar parancter coledthe iomrisation cross—scction of the
inolecule, Fron o knowledge of this quantity the peak area
‘ . " — 58
conversion factor could be calculated. Otvos and Stovenson
give values for these quantities. Howover, the preCictions bore
no relation to the rosults obtained using c¢ither a hydrogen flonme
ionisation dotector or an argon ionisation detector. No further

atteupts were nnde to obtain a theoreticol basis for the

experiunental results.,
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Appendix 111

Section 111.,1

TABLE L11.1,1,

Experinental results for systen ethylene-sthane,

RUN No. PRESSURE  CORRECTED  VAPOUR  PHASE  LIQUID  PHASE.
n.o g,  TEMP.OK.  ILF.GE H.F.CoHg H.F.CH, M.F.C

4
1:1 75447 172.3 0.824  0.176  0.685 0,311
1:2 75447 174.1 0.727  0.273  0.532  0.468
1:3 75540 175.1 0.679  0.321  0.476  0.524
1:4 755.0 179.9 0,384  0.616  0.173  0.827
L:5 755.4 178.3 0.475 0,525 0.259 0.741
1:6 75544 181.4 0.270  0.730  0.113  0.887
1:7 754.1 177.2 0.559  0.441  0.328  0.672
1:8 754.1 183.8 0.079  0.921  0.036  0.964
1:9 754 .7 169.3 1.000  0.000  1.000  0.000
1:10 754.1 184.6 0,000  1.000 0,000  1.000

1:11 154.1 171.0 0.894 0.106 0.809 0.191
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————

TABLE 111.1.2,

Experinental results for system acetylene-ethanc,

Run No. PRESSURE  CORRECTED VAPOUR  PHASE LIQUID PHASE

nen.He. TEECK  H.F.C,H, H.F.C,Bg H.F.CoH, M.F.CH,
2:1 761.4 184.6 0.000  1.000 0.000  1.000
232 761.4 183.2 0.171  0.829 0.047  0.953
2:3 161.4 183.9 0.095  0.90 0.021  0.979
234 761.4 183.3 0.159 0.841 0.045 0.955
215 768.5 181.9 0.239  0.761 0.100  0.900
236 768.5 182.7 0.191  0.809 0.076  0.924
2:8 768.5 182,6 0.194 0.806 0.0%51 0.509
2:10 768.5 184.2 0.072  0.928 0.016  0.984
2;12 T71.7 183.6 0.131  0.869 0.038  0.962
2:13 TTL.7 183.6 0.131  0.869 0.033  0.967

TABLE 111.1.3,

Bxperimental results for systen acetylenc—ethylene.

RUN No. PRESSURE CORRECTED VAPOUR PHASE LIQUID FPHASE

nua.Hg. mEep K H.F.CpH, HoF.CpH, H.F.CpH, MeFe G H,
3:1 778.2 169.9 0.041 0.959 0.080  0.920
3:3 778.2 172.0 0.148 0.852 0.325 0.675
3:4 778.2 173.5 0.201 0.799 0.429 0.571
315 778.0 171.5 0.131  0.869 0.267  0.733

s6 778.0 170.9 0.104 0.896 0.204 0.796
327 778.6 170.6 0.092 0.908 0.148 0,852
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TABLE J11,1.4.

Cxperimental Results for System Acetylene-Ethylene-Iithane,

RUN NO. PRESSURE  CORRECTED VAPQUR PHASE LIQUID PHASE

o ‘ Fes. 'dK. H.F.CQHQ M.F.GQH4 M.F.CQHG ;x.F.c2H2 H.F.CQHA' I.z.F.CQHG
4:1 768.6 182,§ 0.054 0.149 0.797 0.017 0.060 04923
4:2 768.7 182,0 0.058 04223 0,719 0,034 0.120 0,846
4:3 964.1 1759 0.076 04527 0.397 0.042 04366 0.592
434 764,1 160,2 0,110 04298 0,592 0.075 0.184 0,741
415 764,1 178,7 0,110 0.352 0538 0.079 0.236 0.685
4:6 7641 181.5 0.114 0.259 0.627 0.085 0,160 0.755
427 764,1 17542 0.132 04497 0.371 0,085 04355 0,560
4:8 7641 171.6 0.064 0.792 0,144 0.088 0.638 0.274
4:9 76441 182.1 0.137 0.206 0,657 6.093 0.112 0.795
4:10 764,1 175.6 0,148 G454 0.398 0,107 0.323 0.570
4:11 764,1 1817 0.160 04232 0,608 0.116 04125 04759
4312 76441 172.1 0.108 6.743 0,149 0.174 0.540 04286
4:13 76441 176.1 0.154 0.457 0.389 0.176 0.266 0,558
4:14 764,1 172,.5 0,137 0.721 0.142 0,252 0.532 0,216

4:15 764.1 172.8 0,165 0.673 0.162 0.321 0.471 0,208
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TABLE 111.1.5

Herington consistency test for systen ethylene-ethaone.

RUN No.  x Cpf, Xb234 szﬁs _}EEE& log, }szﬁé
058, ¥ Coltg
1sl 0.689 1.023 1.168  0.876 ~0.057
1:2 0.532 1.072 1,070  1.002 +0,001
133 0.476 1.042 1.057  0.990 -0.004
1:4 0.173 1.263 0.974  1.300 +0.114
1:5 0.259 1.131 1.013  1.115 +0.048
1:6 0.113 1.259 0.990 1,272 +0.104
147 0.328 1.119 1.003  1.115 +0.048
1:8 0.036 1.023 1.000  1.023 +0.010
1311 0.809 1.020 1.250  0.816 -0.088
J = 150081
T nin
18] = overall range of boiling points = 15.,3°C
Tnin = lowest measured boiling point = 169.3°K.
J = 13.55
D = 1go [l

D = 1046.
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1.6
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Li-Coull correlation for the cthylene—ethane systen.

=05 -0 >
RUN No. TEMP XCZH Y m. (m log ¥o.m ) (‘I’loUYC H xCH =x CH
4 276 274 oFg)
o 24 26
XCH X CH
26 24,
1:1 172.1 1.023 1.168 0.766 0.294 2.215 0.451
12 173.9 1.672 1.070 0.436 0.438 1.137 0.880
1:3 175.0 1,042 1,057 0.566 0.487 0,908 1.101
1l:4 179.7 1.263 0.974 0.234 ) 0.209 4.785
135 178.,2 1,131 1.013 0.324 1.000 0.350 2.857
136 181.,2 1.259 0.990 0.235 =S 0.127 7.874
1:7 177.0 1.119 1.003 0.340 2.085 0.488 2.049
1:8 183.6 1.023 1.000 0.743 ) 0,037 26,800
1:11 170.8 1,020 1.250 0.826 0.246 4.236 0.236
Whenece (T lov% )y 0.5 .
o X + 0.8%
2% CoH, C2H6)
3.9 %,
-0.5 02H6
and (T Logl, )
c.H x .+ 0,63x
276 02H6 02H4)
3.5x
tH,



TABLE TIT,1.7.

Calculated equilibrium data for the ethylene—ethane system.

203

RUN NO, x X ¥y ¥y Tm‘IP6 THiPe Y Y
LR CE CH CE oarc.’x  corrzcTop %k dcom CH
2 4 26 2 4 26 2 4 26
1:1 0,689 04311 04824 0.176 172.1 17242 1,023 1,150
1:2 0.532 0,468 0.725 04275 173.9 174,0 1,055 1,074
1:3 0,476 0,524 0,691 0,309 17445 174.6 1.072 1,056
1:4 0.173 0,827 04365 0.635 179.6 179.7 1,211 1.605
1:5 0,259 0,741 0.480 0.520 178.0 178.1 1,160 1.013
1:6 0,113 0,887 0,267 04733 181,0 181,1 1.252 1,002
1:7 0.328 0,672 0,556 0,444 176.8 17649 1,127 1,022
1:8 0.036 0,964 0,100 0,900 183.3 1834 1.310 1,000
1:11 0,809 04191 0.893 0,107 171,0 171.1 1,007 1,248
TABLD IT1.1.8.
Li-Coull correlation for the acetylene-~gthane system.
X
CI
RUN NO, TENP, x X (T log 22
CH C.H. Y ) 0.5 x

¢ 22 22 ¢y CH

K 22 2.6

2:2 183,2 0,047 4,975 0.088 0.049

2:3 183.9 0.021 5.960 0.084 0,022

2:4 183.3 0.045 4,815 0.090 0.047

2:5 182,1 04100 3.520 0,100 0.111

2:6 182,.9 0,076 3.510 0.100 0,082

2:8 182.8 0.091 3,015 0.107 0.100



TABLE 111,1,8 (Cont'd)
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"'005

RUN,No. THIP. X T Log & x
o CoH, YCQHZ (7 Log Csz) C,H,
* x
Collg
2:10 184.4  0.016 5.790 0.084 0.016
2:12 183,9 0.038 4,600 0.091 0.040
mence (P Log ¥ . . ) T2 = 0.203 x + 0.081
(r 200 Collp CoHp
X
Collg
TABLE 111,1.9
Li-Coull ¢orrelation for the acetylene—~ethylene systen.
RUN To. TP X T log X
OK. 02H2 02H2 - Csz 02H2
X
02H4
3:1 17043 0.080 1,635 0.166 0.087
3:3 172.4 0.325 1.260 0.241 0.481
314 172.9  0.429 1.172 0.288 0.751
3:5 171.9  0.267 1.403 0.199 0.364
3:6 171.3 0.204 1.513 0,180 0.256
37 171.0 0.148 1.633 0.166 0.174
Whence (T loz § ) =0.5 0.224 x + 0.125
( 02H2 02H2
XCZH4




TABLE IT1,1,10,
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Calculated equilibrium data for the acetylene-ephylene system

RUN 1O, =
CH

22
3:1 0,080
3:3 04325
3:4 0,429
3:5 04267
3:6 0.204
3:7 0.148

%o n Yo m o x TP TR Yo Yo
24 22 24 CALC. K  CORRECTED K 22 2 4
04920 0,048 0,952 17044 170,0 1,909 1,009
0.675 0.148 0.852 172,2 171.8 1,279 1,109
0,571 0.192 0.808 17343 172.9 1,167 1,169
0.733 0,127 0.873 171.7 171.3 1,367 1.078
0.796 0.101 0.899 171.2 17048 1,500 1,049
0.852 0.080 0.920 170,.8 17044 1,650 1.028



RUN
NO,
4:1
432

413

4:5
436
4:7
4:8
439
4310
4:11
4:12
4:13

4:14

Li~Coull correlation for ternary data

TABLE TIT,1.11

206

Sy

1%%9;: on o o H Xc H Yc i Yc H or o 24 Yo x

oK 22 2.4 26 22 2 4 26 22 2 4 26

183,31  0.017 04060" 0,923 4,96 1.23 1,00 0,061 0,153 0.849  &,063
182,2  0.034 0.120 0,846 3,88 1,19 1.02 0,090 0,150 04745 0,985
76,0 0.042 0.366 0,592 2,70 1.1 1.07 0.053 0.579 0.388 1,020
18043 0.075 0.184 0, 741 2,80 1,14 1.05 0,129 0,375 0.611 1,115
178.8  0.079 0.236 0,685 2.59 1.12 1,07 0.114 0,438 0,526 1,078
181.6 0.086 0,160 0,755 2,74 1.14 1405 0.154  ¢.349 0,673 1,176
175.3 0.085 0,355  0.560 2,28 1.08 111 0.086 0,528 0.362  0.976
1717 0,088 0.638 0,274 1.95 1.02 122 0,061 0,734 0,155 0,950
182,2 0,093 0.112 0,795 2,80 1,15 1,05 0.179 0,256 0,727  1.162
175.7 04107 0.323  0.570 2,16 1,08 1,12 0.107  0.489 0.380 0,976
181.7 0,116 0.125 0,759 2,47 1,13 1,07 0.191 0,271 0,689 1,151
172,1 0,174 0’54«0 0,286 1.62 1,02 1.28 0,102 0,639 0,176 0,917
176, 1 0.176 0.266 0,558 1,80 1.06 1,18 0,149 0,406 0,401 0,956
172.5 0.2% 0.532 0,216 1.41 1,04 1.38 0,132 0,651 0.147 0,930
172.8  0.321 0,471 0,208 1.29 1,06 1.\45 0.157 0,599 0,151 0,907
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TABLE 111,1,12.

Use of (18:5) in Li-Coull correlation

RUN To. \KCZHZ{, y02H4 Ay
431 1.46 0.181 1.091
422 1.35 0.170 1.005
433 1.14 0.595 1.036
4:4 1,23 0.404 1.144
435 1.19 0.464 1.104
436 1.23 0.376 1.203
437 1.12 0.548 0.996
438 1.03 0.741 0.957
4:9 1.26 0.280 1.186
4310 1.12 0.507 0.994
4111 1.23 0.295 1.175
4312 1.05 0.654 0.932
4313 1.13 0.431 0.981
4:14 1.08 0.676 0.955

4315 1.11 0.627 0.935
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TABLE 111,1,13

1 t
Polynonial of degree 4 for T = £ (yC " 5 Yo H‘) obtained
272 274

using prograone R A B 194/A.

MEAH VALUES

1.04729166, -1

¥y
Coly

4,11812496, -1

i}

¥
CZHﬁ

POLYNOUIAL COEFFICIENTS.
]

POWER of yCzH

\ POVER of Yo 8,
. |
yc234 = yC2H4 - 502H4 y02H4 = Yo m, T §02H2
0 0 1.77778996,
1 - 1.14161791,
2 7.65194226,
3 6.57125060,
4 2.68623644,
1 0 -2 .,24498350,
1 - 3.47428797,
2 2,97786280,
3 3.93114823,
2 0 1.94275792,
1 6.03503015,
2 4.43821333,
3 0 4.15625332,
1 3.13942835,

4 0 - 1.93390044,

n -
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TLBLE 111.1.14.

Polynonial of dezrec 3 for XczHE = f(ybzéz 5 yCZH;) obtained
using programme RAE 194/4
MEAN VALUZES.
302H2 = 1.04729166, ~1
;02H4 = 4,11812496, -1
POLYN?MIAL COEFFICIENT?
POVER of Vo8, POVER of o5,
' _ t -
yb234 = yczﬂ4 - yb234 Y oE, T Yo E, T Yo H,
0 0 8.22498458,
1 1.14272909,
2 3.94751053,
3 5.26519538,
1 0 1.79152920,
1 2.44276461,
> 5, 85807161,
2 0 1.27419405,
1 1.26359608,
3 0 5.21464362,

-2

-2



TABLE 111.1,15,

Polynonial of degree 3 for x
CZH4

obtained using prozramne RAE 194/A.

MEAN VALUES

]

y
CoH,

“")7'

.
CoH,

4.11812496, -1

= (yCZHZ s Tg

1.04729166, -1

POLYNOMIAL COEFFICIENTS
N

1

%

POWER of y02H4 POWER of yCZHz
1 — t -
J Coly = y02H4 - yC2H4 T oH, T Yo,u, T Yo,
0 0
1
2
3
1 0
1
2
2 0
1
3 0

210

]

)
oy

2.59480391,
1.88776342,
- 2,8658718 2,
8.37476393,
7.56377243,
~ 5.95714446,
- 6.43551425,
4.92930607,
- 2.62007499,
4.46432624,
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TABLE 111,1,16.,

i

'
= f(y s I )
02H6 02H2 02H4 ,

Polynonial of degree 3 for x

obtained using progronne RAE 194/A.

MEAW VALUES.

]

y 1.04729166, -1
Cotto ’

4.11812496, -1

fl

y
O 8,

POLYNOMIAL COEFFICIENTS.

POWER of y52H4 POWER of yész
' - ' -
¥ 9 = y02H4 - y02H4 yCZHQ = yCQHZ - yCZHz
0 0 6.58269760,
1 ~-1.33150544,
2 -1.08163864,
3 ~6.10267169,
1 0 ~9.35530143,
1 -1,84705021,
2 5.77442914,
2 0 -6.,20350015,
1 1.35647902,

3 0 ~4.98579038,

~1

-1

-1

-1
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TABLE IHJ.W"EXDQFiantCIl Data—Correlated Data Residuals Obtained From Surface- %ﬂg—P%ﬁr@ﬂﬁm@—R&E -4/ — 0 ——
CORRE RUN ' | ..
LATION NO, | 1:8 | 6 4 | 1.5 | 17 13 12 | 1 L) 210 | 23 2131 212} 26 22 | 26 | 28 | 25 | AZ | 3 37 | 36 | 35 | 33 | 34 :9 | 110 | & 62 | 43 | &4 | 45 | 46 | 47 | 48 | &9 | 410 | 411 | 412 413 | 44 | 415 'é”éé RHB‘ %?:%S
f(‘= ) TK | /833) 1802 [ 1798 {1790 | 177.0 | 1746 | 1740 V1723 | 1712 19%.2 | 183.9 |183.6 | 183.6] 1833 | 1832 {1827 {/82.¢ | /819 | 177.46 | 1699 | 170.6 | 1709 |I7L5 | 1720 [{73.5 }164.3 | [&b 1924 | 182.0 | (759 | If0.2 1787V 1SLs | 175211706 | 182411756 | 1817 | 172.0 | 176.1) 1725 172.8 —_ | —
Yy ¥
172
12GHyY RES, -3.014 ~1.013-113.57072 [708-112. L3l -5.8’4?;2 ~3.42072 ‘254‘!‘—! ’/-422,'1 51617276642 34517 -3451) [.28672| 856672 -9.3!3‘-2 -L4i37l | 48T 2734 7.395-2 15291 [=1.039-1 1= L1831 | =429 ~6.613 7.1732 2.654;2| = 1b4o-1| 615072 17791 —5.65'0,-; =37 | 46021 |=3.5%1 [~4.2142| 19531 | 13361 4.567-1| 2,80)A(-l.049|4.95¢, 2.905-11<73361| 4210 2.1970
X4=
f(y} 5 X{ | 0.000| 0.000 | 0.000] 0.000| 0.000| 6,000 0.000] 0.000 | 0.000 |0.016 | 0.021 | 0.033 | 0.038] 0.045 | 0.047 0.076 | 0.091 | 0.100 | 0.400 | 0.080 | O.148 | 0204 | 0.2¢7| 0325| 0.429} 0,000 | 0.000 | 0.017 | 0.034| C.o42) 0.075| 0.079 | ©.085| 0.085 | C.088| ©.093| 0.167| O.116 | 0174 |0-J76 |0.252| ©.321] — | — | —
2=GHIRES, -LE3TA3 11359 38724 | 1033 191573 R895-312.9493| 248073 14853\ A0 A 2153 |-38IT:3 | 1.183-3| - 585310782 A.U683| (72,72 - L4002 5.23]-4{745T-3|~28052 1123312.606,-4) 1.55472 |2.635-2| ~1425-3-4-623% | Too 3| 9,669 -3 | ~2-495) 6830 3| 1643314662 |-5.372A-1.72531.727-2 [-4.533) 11282\ 9.byb3) 1267,2{2.931-2|4.876U-5.30712| 4-* 7 |[-2552
X7 = X2 {0.036 | 0113 | 0173} 0.259 [0.328 | 0476 05?)2, 0.6% 10809 | 0.00c | 0000 0-000] 0.000 | 0.000| 0.000| p.ooo |0.000 |O.000 | 0.000 (0920 |0.852 |0 T96|0.733 | 0.675|0.57/ | [.ooo | 0.000| 0.060| O-120| O.366 | 0.184| 0.236] O.160| 0.355]| 0.438| O-12|0.323|0.125|0.540| 0.240| 0.632{0.4H) — | — | —
ty. ) |
1'72
RES. |07 |Touh |~ 0t |-3or0 3| hid3 97213 13863 | b2\ Ml 2 |- Bfe| 4okl ~Tboi - =91 6.4k74] 9. 0874 15363 16253 |2.8233| =L l-.733| 3232 [3.5573\2.5873 15272 Do 3|33 | 184373\ ~(617.2) 2.4083| 17632 | 370473 140421 4303 2512|1222 1362|2732 L. By 9252|288 A-Buaga 256331 - 32y el | 76633
f())(/.:’;.) X3 {0964 | 0.887) 0.827| 074 {0670 | 0.524 0468 | 0311 | C.g1 | 0984 | 0979 | 0.967 | 0.962 | 0.955 | 0453 | 0.924 | 0.909 | 0900 | p.600| 0.000| 0.000 | 0.000|0.000 | 0.000| 6.000 | 0.000 fooo | 0923 | 0.846| 0.592 (074 1 | 0.685| 0.755 | 0.560| 0274 0.795 |0.510|0759 |0 280 | 0.558| p.216l0208| — | — | —
172
3= RES. | 7301-4{2.0043 | 1333 2.0¢43| 2.56873 | 6.827-3 4333 |-LuuS 72| =L STS2| 8.Gu o 2.455 3| 3.827-3 | ~Li73:3| 52003 ool L |=6.007:3( ~188721 11172 |-R b4 |~7 Bubite| 46803 | ~4.661:3|-2.8563 1266574 16752 | 5ol -3 |1.38073 6872|1182 7 32,3 |0 9] 206720 -2. 82| 17| Leru 35813 157020713473 2.960:21.61972| 2062246252 4622 415 8.4913
K= K1 - - — — -— - — — —~ [ 4500 452413970 | 3.4y7] 3533 13638 | 2.513 1 2,132 | 2.390| 4000 | 0.513] 0.L22} O.510 | 0.4G1 | 0.455| 0. 46| — — | 3076 | 1706 | 1810 LueT| 1.392 ) 1.341| 1.553] 0727 L.413| 1.383] 1379 | 0.621] 0.875| 0.5uy| O.514 — _ .
txy. %) \
1'% .
RES. | — - - - | — - - — T | 2855 4.4721| 2.1301| 18Ul | 8.10672| 23544 [-2.197 1| -2.88071| 4051 | 2.893:3| 54939 4724:2|-2.5742| 6.083:2| L0671 1 4.9323] — = |-3.3667| =Gl A | 3ot 1| 11 72| 2-6402] 2.00f-1 | 4.30371-3T 75| ~ 16921140531 | 11171 |- 2.26871| Bat92-\ = 15101\ L.23TA|~ T AL 42 124370
Ko= K2 (2778 | 2.363 |2.110 | 1.853 | 1.695 | f452 | 1.363 | [196 | log | — — | — | = S | | _ — | /onz /.bée 1126 | 1186 | 1262) 1399| rovo| — | 2483 | 1858 Laso | 1620 | Lage | h6id | oo | h2ur | 1839 | tuos| roso| 37| 1718|1355 | gagl — | — | —
f(x3,x,) .
7 |Res B.405203.028;21 1040, 2 220720 32072 322 | T 0653|3922 -5zl — | — | — | — | — | — | — | — | — | — [64033-2932|~780734.33173|2.852;2 42772 1340-2 — |5.002:2| 2145 2,153 -4|-8.2631-8.237 A~1.183-1| 2.379-2| 432921, 314;2|8.269-3|8.839 2 8847 2150 11-4.7u320~1. €T 2.4 5¢)| 4+ 1311875
K3= K3 0934 |0.826 | 0768 | 0702 | 0.66! | 0-590 | 0.588 | 0.564 | 0.500 |0-943 | 0924 | 0.894 | 0903 | 0.881 | 0.870 | 0876 | 0887 | O.846| f000 | — —_ —_— —_ _ - — | Looo | 0.8¢3| 0.850| 0.671] 0.799| 0.785| 0.830 0663 | 0.526| 0.826] 0.698| 0.801] 0.521| 0.697| 0457 0779] — _ .
fx,x.)
172 ' , ,
RES. 9.433-3172.251:2|-2.5682| ~2.085-24~1,243:2|-3.083~3 | 1.511-2 | 1. 56372} ~1.072;2-37u0,-3| ~1.7592 2.9662{~2.0062|=3.3052) ~4.2734 ~1.9/7-3| 2.7432|-2.638-§ 392)-4 | — — — — — — | — |372-2{-2.7759 L.7%-2|6.306-3] 2.209-2|3.8872| 4.2472|~1.458,2|5. 304,-3- 756,-2| 2. 835:4] 9.622-3=4.4342|~4.051-2 4.5T72}~1,332:2 4.57) 2| 4+14. |2.3552
f(y:':') K1 — - - — — — — — — 14.50014.52413.970 | 3.447|3.533 | 3.638 | 2.513 | 2./132 {2.390 | t.ooo| 0.513| 0.622] 0.510 | 0.491| 0.455| 0.469] — — |3.176 | L706| .8lo| Lub7| 1392 341 | 1553 0.727| [.473| 1383 | [.379| 0.621| O.875|0.544| 0514 — | — | —
1'
” RES. | — | — | — | — | — | — | —| — | — [-0511|228871| 21263 tok-)| 2. 192-1] 616671 288371\ ~6.228-1) 3.132- 145203 35612 1-68371| 42| G.os32f G2 B2gY  — | — | 3l-]\ =551 5.635-1| =4 392 11.53372 -3.08 ) 503G -3.00442.459 4| 3.856 -4 9033 -3 3157114572 -3.1087| 308 | 229 208 {27890
Ko= K2 12778 [ 2363|2010 | 1.853 | 1.695| ru452) 1363 ) 1196 | Llog | — — — | — | — — | = — | — | = |lo42| toce!| 1126 | 1186 | 1262 | 1395 | looco| — | 2.483| 1.858| l4g0{ l.620| f.492) 1619 | 400 | [.241 | 1.839 | L4ob| /856 | [.376|[.7/8 |[.355 | f.429| — —_ —
) . \ -
"2 Res il 3960721 €337 2) 3.9882| 2-2uy;2 | 29073\~ 0b4) -5 506 4. 580 — I — | — | — - — — | — |-L760A-6.163:2] - 18262565532 a2~ 8.0822 29612 — | 2.TTT- 1129641 5.189-3{~4. 54749739 -2| - 1.0537 49572 8.6043(1.810,-2-t.108;|2.622:2| 1.1381| 1.872:4 4.802;2(2.134-2{2. 7774 41 |2.2067
Kq= K3 10.934 ) 0.826| 0-768] 0.702] 0.661} O.590| 0.588| 0.566| 0.560| 0.943| 0924 | 0.899 | 0.903 | 0.88( | 0.870| 0.876| 0.887| 0.844| {.000| — — | — | — | — | — | — | t.o00| 08¢3| 0.850]| 0.671| 0.799| 0.785| 0.830| 0.6¢3| 0.526| 082¢| 0.698| 080l | 0.521] 0497 0-657|0.779| — — | —
fs1¥5)
172 RES. ‘9-920;3#[.75//-,‘2"1-082;2 '2542‘3 1-2721"3 "5'.533;3 4-433}"3 4..926,‘3 /.929,—3 "/.OZ‘);‘Z "-255;"2 "9.095,‘3 "507&3 "5-799-3 "8.376/'3 1.019/"2 2.289,-2 ‘6.737;—4 "3.076)‘4 - - — —_ -— — — 94@-3 —2./23}-2 /,60.‘3"2 4,037/-2 2523—]_ 4244/—2 335’;—2 -2.56'5_2 2‘742_3 2.022_4 -3'073;2 "'.2.2/8)‘2. -5. 452_2 "4-065;‘7_ /.304}_2 4874;'2“5:457/ ) 4: /2 /.7% -Z
f()(1=’(2) TK | 1833| 18L2] 1198 (78| 1770| 1706l rras| 1123] 1ma| rewz| 1839| 1836 re36| 1833 1832| 1827 1826 1819 r7va| 1699 1704] 1709| 175 1720|1735 | 1693 | 184.6] 1829| 1820) I759| ifo.2| 1787| 1815 752| 1706 | 1821 ) 1756 | 19T} (72,0 1700 | 1725 1728 — | — | —
RES. [-2./65-1|-6.759 ~I|~ 6.40T-1]~2.616,~1} | 8Y8-1 3.915 ~1] 5.73~1} ~ 6.031-2) -5.546;1| /.59),~1| ~9208-2| ~2.4626:4] ~1.676,1}-3.506| ~41.148|-2.8551| F.027-3 | ~41.360 4. 843 3| 15052 2.962:2-2.082-1-7319,-2| 2.457-2|-5.189-3 4.934-2 4. 601 |~ .244412.935,~11-2.3212|2. 1941 | ~3.3032 [ 0F3,0|-T.0441|2.121,1 | §.6.0F-| - B.5831 1.067, O} . F1e - -9.5281\5.972-1|-1.46271) 10930\ 426 [9.0220|
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TABLE 111,1.18

Results of surface fitting prozroime RAE 194/A for ternary

phase cquilibriun data.

Yem, Yo,E, Yom T T 5, Fou, Fom
272 274 276 272 274 276
VAPOUR PHASE °%, LIQUID FHASE.

0.00 0.00  1.00 184.5 0.000  =0.002 1.002
0.00 0.10 0.90 183.6 0.002 0.035 0,963
0.00 0.20  0.80 182,3 0.002 0.079 0.919
0.00 0.30  0.70 180.8 0.001 0.133 0,866
0.00 0.40 0,60 179.2 0.000 0.199 0.801
0.00 0.50  0.50 177 .6 ~0.001 0.280 0.721
0.00 0.60  0.40 176.1 ~0.002 0.378 0.624
0,00 0.70  0.30 174.5 ~0.003 0.497 0.506
0.00 0.80  0.20 172.9 ~0.003 0.639 0.364
0.00 0.90  0.10 171.2 ~0.001 0.807 0.194
0.05 0.00 0.95 184.3 0.011 0.000 0.989
0.05 0.10  0.85 183.6 0.015 0.049 0.936
0.05 0.20  0.75 182,3 0.019 0.102 0.879
0.05 0.30  0.65 180.6 0.024 0.162 0.814
0.05 0.40  0.55 178.7 0.030 0.231 0.739
0.05 0.50  0.45 176.7 0.037 0.314 0.649
0.05 0.60  0.35 174.8 0.045 0.411 0,544
0.05 0.70  0.25 173.2 0.055 0.526 0.419
0.05 0.80  0.15 171.7 0.067 0.661 0.272

0.05 0.90 0.05 170.5 0.081 0.820 0.099



TABLE 111.1.18 conik.
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THEIP

Yo 8, y02H4 Yo, o, 1, X02H4 o
VAPOUR PHASE °K. LIQUID PHLSE

0.10 0.00 0.90 183.9 0.025  0.000 o.975
0.10 0.10 0.80 183.5 0,035 0,057 0.908
0,10 0.20 0.70 182.2 0.046  0.116  0.838
0.10 0.30 0.60 180.3 0.060 0.179 0.761
0.10 0.40 0.50 178.1 0.075  0.250  0.675
0.10 0.50 0.40 175.9 0.093  0.330  0.577
0,10 0.60 0.30 "173.9 0,113 0,422 0.465
0.10 0.70 0.20 172,4 0.137  0.530  0.333
0.10 0.80 0.10 171.3 0.163  0.655 0,182
0.15 0,00 0.85 183.4 0.046  0.000  0.954
0.15 0.10 0.75 183.2 0,065 0,062  0.873
0.15 0.20 0.65 181.9 0.086 0.123 0.791
0.15 0.30 0.55 179.9 0.111  0.186 0,703
0.15 0.40 0.45 177.6 0.139  0.254 0,607
0.15 0.50 0.35 175.3 0.171  0.329  0.500
0.15 0.60 0.25 173.4 0.206  0.413 0,381
0.15 0.70 0.15 172.2 0.246  0.510  0.244
0.15 0.80 0.05 171.9 0.291  0.623  0.086
0.20 0.00 0.80 182.6 0.078 =0.002  0.924
0.20 0,10 0,70 182,17 0.109 0.062 0.829
0.20 0,20 0.60 181.5 0.144 0,123  0.733



TABLE 111,1.18 cont.

215

Yom,  Yom, Yo TP Tom,  Tom,  Togm
VAPOUR PHASE °x. LIQUID PHASE

0.20 0.30 0,50 179.4  0.183  0.183 0.634
0.20 0.40 0.40 177.1  0.226  0.245 0.529
0.20 0.50 0.30 175.0  0.274  0.311 0.415
0.20 0,60 0.20 173.4 0.328 0.384 0.288
0.20 0.70 0.10 172.8 0.387  0.468 0.145
0.25 0.00 0.75 181.6  0.126 ~0.003 0.877
0.25 0.1.0 0.65 182.0  0.171 0,060 0.769
0.25 0.20 0.55 180.9  0.222  0.117 0.661
0.25 0.30 0.45 179.0  0.278  0.171 0.551
0.25 0.40 0.35 176.8  0.340  0.223 0.437
0.25 0.50 0.25 175.1  0.408  0.277 0.315
0.25 0.60 0.15 174.1  0.483  0.336 0.181
0.30 0.00 0.70 180.3  0.193 -0.004 0.811
0.30 0.10 0.60 181.%  0.256  0.055 0.689
0.30 0.20 0.50 180.2  0.325  0.105 0.570
0.30 0.30 0.40 178.6  0.401  0.148 0.451
0.30 0.40 0.30 176.9  0.485  0.189 0.326
0.35 0.00 0.65 178.9  0.283  -0.003 0,720
0.35 0.10 0.55 180.1  0.366  0.048 0.586
0.35 0.20 0445 179.7  0.457  0.088 0.455
0.35 0.30 0.35 178.6 0.557 0.118 0.325



216

TABLE 111.1,18 cont,

Yy N y TEMP X x x

A Opl, A 0 H, 0ot o
VAPOUR PHASE °x. LIQUID PHASE

0.40 0.00 0.60 177 4 0.399  0.000 0.60L

0.40 0.10 0.50 179.2 0.506 0.040 0.454
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TABLE 111.1.19.

t L

Polynonial of degree 3 for K02H2 = f(xcaﬁa ) XCZHLI- )
obtained using progrannc RAE 194/4
HEAN VALUES.
ECZHZ = 1.47393939, -1
X, 5 = 2.73787878, -1
24
POLYNOMTAL COEFFICIENTS.
POVIR of X, x, POVER of x02H4
= = XC2H4 - J_502}14 ’ X'o?_H2 = FoE, T J_‘021-12
0 0 7.15568491,
1 ~6.28801374,
2 2.82857789,
3 -3,33533683,
1 0 -1,25213576,
1 2.12899734,
2 ~8.12600781,
2 0 6.27329353,
1 -2.97138932,

3 0 -1.11911586,
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TABLE 111,1.20,

] 1
Polynonial of degree 3 for K =T (x x )
0,8, Cpfy 5 “CH,
obtained using programne RAEL94/A.
MEAN VALUES.
X = 9.68787872, ~2
CaHy
x = 4,63181823, ~1
02H4
POLYNOMIAL COEFFICIENTS.
¢ 1
POWER of x POVER of x
02H4 02H2
' - ' - -
X = X - X X = T - X
CoF, CpE, C,H, C,H, CoH, C 8,
0 0 1.27059120,
1 ~1.54214606,
2 1.26907657,
3 -2,51871572,
1 0 ~6.14639142,
1 3.49586932,
2 0 1.66370812,
1 —8-54693529’

N Y = =

o o



TABLE 111.1.21.

Polynonial of degrece 3 for K

obtained using progrannc RAE 194/A.

MEAN VALULS,.

Ml
1

= 8.74615380, -2

K1
N

2,02641024, -1

POLYNOMTIAL COEFFICIENTS.

= T (Xt

POWER of x'02H4 POWER of x'02H2
) - ]
* C = x02H4 - X02H4 oM, T TomE
0 0
1
2
3
1 0
1
2
2 0
1
3

C

2

oHo

X
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Cs

)
0,8,

Ho

7.63823816,
-1.79062590,
-6,83395132,

1.61094741,
~5.44911414,

3.24680700,
-1.65102415,
~1.81406299,
~9.38921436,

3.48797553,
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TABLE 111,l.22.

1 3
Polynonial of degree 3 for X =f (y y )

obtained using programne RAE 194/4.

MBAN VALUES.

':»?CZHZ = 1.52333333, -1
3702}14 = 3.59515754, -1
POLYNOMIAL COEFFICIENTS.
POVER of y'02H4 POWER of yﬁCZHZ
' - ' -
v CpH, = y02H4 - y02H4 Vo8, T JoE, T Yom,

0 0 1.07556392,
1 ~6.13636429,
2 1.38240543,
3 1.22686082,
1 0 -1.67157679,
1 1.62533096,
2 1.86129285,
2 0 7.99868275,
1 ~3,08158848,

3 0 -1.52640518,



TABLE 111.1.23,

221

Polynonial of degree 3 for K = £(y' Nad )
CpH, Oply » 7 CH,
obtoined using progroanme RAE 194/A.
MBEAN VALUES,
7 = 7.40606060, -2
Collp ’
v = 5.98999994, -1
02H4
POLYNOMIAL COEFRICIENTS.
POWER of y° POVER of y'
C2H4 02H2
 § -— 1 —
J = ¥ -y 5 = ¥ - ¥
02H4 02H4 02H4 02H2 02H2 CZHZ

0 0 1.38272725,
1 ~1.54498745,
2 2.20699450,
3 4.48093813,
1 0 -8.63499316,
1 6.66735015,
2 ~5.32606540,
2 0 6.65209162,
1 ~4.,00882516,
3 0 -1.90592781,
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TABLE 111,1.24

Polynonial of degree 3 for K = f (y' v )
CoHg Oty 5 7 CH,

obtained using programme RARE 194/A.

MEA VALUES,

Yo w = 1.10512820, -1
Coo ’
v = 2.94461537, -1
CoHy ’
POLYNOMIAL COEFFICIENTS.
POVER of y' POVER of y!
CoH, CH,
] -~ -t —
y =y - Tz ¥ =7 _v
0234 Colt, CoH, CH, CoE, C,H,
1 1.44909631,
2 6.87413512,
3 1.35199388,
1 0 -5.77379116,
1 3.41550768,
2 2.42490873,
2 0 ~2,14031417,
1 7.76024851,

3 0 T.70239207,



TABLE 111,1.25,

Polynoninl of degree 4 for T = f (X'CZH2 ’ X‘CZH4 )
obtaincd using programne RAR 194/A
MEAN VALUES.
= 1,01333332, -1
= 3.21875002, -1
POLYNOMIAL COEFFICIZNTS.
POVER of x'02H4 POVER of X!CZHZ
X'02H4 CpH, ~ EC2H4 X‘Csz T FeH, T ECZHZ
0 0 1.76531114,
1 ~8.16306236,
2 ~-2.32504395,
3 1.71298961,
4 1.42199214,
1 0 ~2.30200750,
1 1.06475679,
2 1.94202200,
3 ~6.36394311,
2 0 8,63120761,
1 -9.98378169,
2 1.44585868,
3 0 5.61827162,
1 2.18029536,

4 0 —-6.18810204,
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SECTION 11l1,2,

TABLE 111.2,1

Solubility of acetylence in acetone.,

RUN No.  TEMP PRESSURE VAPQUR PHASE LIQUID PHASE
EXPT °K. m.n.Hg.  M.F.C,H, M.F.ACETONE H.F.C,H, Ii.F.ACETONE
5:1 208.1 761.6 1.000 0.000 0.560 0,440
5:2 203.1 761 .6 1,000 0.000 0.595 0.405
5:3 198.1 762,0 1,000 0.000 0.675 0.325
534 193.1 762.0 1,000 0.000 0.730 0.270

TABLE 111.2.2,

Solubility of Ethylene in acetonse

RUN No. TEmg PRESSURE VAPQUR PHASE LIQUID PHASE
EXPT. K. fl.n.Hg. M.F.02H4 M.F.ACETONE M.F.02H4 M.F.ACETONE

6:1 203.1 758.5 1.000 0.000 0.135 0.865

632 193.1 758.5 1,000 0.000 0.194 0.806

6:3 183.,1 758.5 1,000 0.000 0.285 0.715

6:4 178.1 758.5 1.000 0.000 0.330 0.670
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ABLE 111.2.3.

Solubility of ethone in acetonc.

RUNW No. TEMg PRESSURE VAPOUR PHLSE LIQUID PHASE
EXPT. K n.n.Hg. M.F.02H6 M.F.ACETONE M.F.C2H6 H.F. ACETONE

Ts1 203.1 764 ,2 1.000 0.000 0.095 0.905

T:2 193.1 764.2 1,000 0,000 0,138 0.862
723 185,9 764 ,2 1.000 0.000 (0.180 0.820
(0.955 0.045

TABLE 111.2.4.

Solubility of ethane and acetylene in acetonc.

RUN No. TEMg PRESSURE VAPOUR PHASE LIQUID PHASE
EAPT. K. De0HZ M.F.02H6 M.F.02H2 M.F.02H6 M.F.gg M.F, ACETONE

8:5 208.1 766.5 0.953 0.047 0.066 0.094 0.840
8:6 208.1 770.3 0.880 0,120 0.052 0.168 0.780
8:8  208.1 770.3 0. 867 0.133 0.052 0.183 0.765
8:9 203,1 770.3 04923 0.077 0.077 0.188 0.735
8:10 203.1 768.1 0.892 0.108 0.068 0.222 0.710
8:11  203.1 768.1 0.880 0.120 0.065 0.240 0.695
8:12  203.1 768.1 0.828  0.172 0.054 0.291 0.655
8.13  203.1 768.1 0.958 0.042 0.078 0.122 0.800
8.15 208,1 7641 0.905 0.095 0,067 0.143 0.790

8,16 208.1 764.1 0.880 0.120 0.059 0.161 0.780



TABLE III.2.4. (Cont)
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RUN No. THNP, PRESSURE VLPOUR PHASE LIQUID PHASE

EXPT. K. n0.0.Eg. M.F.CyHp M.F.CoH, M.F.CoH, M.F.CZH2 N FpAQT-

8:17 208.1 764.1 0.857 0.143 0.050 D.190 0.760
8518 198.1. 762.8 00870 00130 Oc076 05324 0.600
8:19 193.1 762.8 0.859 0.141 0.069 0.391 0.540
8:20 193.1 762.8 0.848 0.152 0.069 0.396 0.535
8:21 198.1 148.8 0.957 0.043 0.096 0.154 0.750
8:22 198.1 748.8 0.924 0.076 0.083 0.208 0.709
8223 198.1 748.8 0.880 0,120 0.074 0.296 0.630
8:24 193.1 763.8 0.972 0.028 0.102 0.148 0.750
8:25 193.1 763.8 0.913 0.087 0.090 0,270 0.640
8326 19301 76308 00936 00064 0.098 05232 0-670
8s27 188.1 15T «4 0.880 0.120 0.095 0.404 0.501
8:28 188.1 757 <4 0.975 0.025 0.180 0.220 0.600
8:29 188.1 757 o4 0.931 0,059 0.124 0.316 0.560
8:31 188.1 757 «4 0.884 0.116 0.104 0.416 0.480
(0.918 0.032 0. 050

8:32 184.9 771 .4 0.934 0.066 (0.185 0,150 0.665
(0.891 0.069 0.040

8:33 183.1 1714 0.823 0.177  (0.179 0.331 0.490
(0.913 0.041 0.046

8:34 183.8 T71.4 0.846 0.154 (0.195 0.275 0.530
(0.792 0.168 0.040

8:35 181.1 T71.4 0.724 0.276  (0.185 04450 0.365
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TABLE ITT 2.5,

Solubility of ethylene and acetylene in acetone.

EUN No. TEMP_ PRESSURE VAPQUR PHASE LIQUID PHASE
EAPT. K. n.o.Hg. MF.Coll, M.F.Cof, T S
TONE.
9:2 188.1 77043 0.863 0.137 0.159  0.476 0.365
9:3 193.1 770.3 0.879 0.121 0,105 0.305 0.590
9:4 198.1 T70.3 0.881 0.119 0.095 0.268 0.637
9:5 183.1 75240 04938 04062 0,240 0,340 0,429
9:6 188.1 752.0 0.915 0.085 0.187 0.346 0.467
9s7 193.1 752.0 0.902 0.098  0.103 0,259 0.638
9:8 198,1 752.0 0.900 0.100 0.096  0.249 0.655
9:9 203.1 752.0 0.899 0.101 0.083  0.237 0.680
9:10 183.1 T75.0 0.961 0,039 0.249 0.255 0.496
9:11 188,1 T75.0 0.939 0.061 0.185 0.279 0.536
9.12 193.1 775.0  0.934 0.066 0.135 0.200  0.665
9:13 198.1 T75.0  0.933 0.067 0.117  0.178 0.705
9:14 203.1 775.0 0.934 0.066 0.102  0.153 0.745
9216 183.1 755.8 0.857 0.143 0.175 0.525 0.300
9:17 188.1 755.8  0.848 0.152 0.165  0.490 0.345
9:18 198.1 755.8  0.815 0.185 0.073  0.352 0.575
9:19 183.1 766 .4 0.908 0.092 0.212  0.436 0.352
9:20 193.1 766 .4 0.838 0.162 0.096  0.340 0.564
9:21 203.1 766 .4 0.821 0.179 0.073  0.299 0.628
9:22 183,1 T61.1 0.770 0.230  0.102 0.678 0.220

9:23 188.1 761.1 0.684 0.316 0.056 0.704 0.240
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T.BLE III 2.6.

Solubility of ethylene and ethane in acctone.

RUN No. _TEiPo,  PRESSURE VLPOUR PHASE LIQUID PHASE
" nunHge MWFLCE, H.FLCB. MGFLCH, M.FCole YoBaoyn

10:1 183.1 75441 0.644  0.356 0.275 0.135 0.590
10:2 185.0 7541 0.634  0.366 0.162  0.080 0.758
10:3 183,1 766.7 0.290  0.710 0.137  0.303 0.560
10:4 185.6 76647 0.310  0.690 0.065 0.135 0.800
10:5 188.1 76647 0.305 0.695 0.065 0.127 0.808
10:6 193.1 76647 0.312  0.688 0.053 0,097 0.850
10:7 198.1 7667 0.297 0.703 0.043 0.082 0.875
10:8 203.1 T66,47 0.309  0.691 0,035 0,067 0.898
1059 183,1 751.5 0.235  0.765 0.109  0.331 0.560
10:10  183,1 75145 0.360  0.640 0.183  0.279 0.538
10s11  183.1 751.5 0.583  0.417 0.254 0,165 0.581
10;12  185.0 751.5 0,275  0.725 0.060  0.146 0.794
10:13  185.6 75145 0.530  0.470 0.124,  0.103 0.773
10:14  188.1 75145 0.528  0.472 0.111  0.089 0. 800
10:15 193.1 763.0 0.516 0.484 0.091 0.071 0.838
10:16  198.1 763.0 0.521 0.479 0.077 0.060 0.863
10:17  203.1 763.0 0.510  0.490 0.061  0.049 0.890
10:19  183.1 T68.7 0.183  0.817 0.085  0.356 0.559
10:20  180,1 761.1 0.730  0.270 0.297 0.103 0.600
(0.048 0.872 0.080

10321 183.1 761,1 0.135 0.865 (0.061 0,389 0.550
(0.086 0,823 0.091

10322 182,3 761.1 0.217 0.783 (0,109  0.556 0.335
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229

RUN NO. TEMP, PRESSURE VAPOUR FiAS: LIQULD DHLSI

o M.F.C H i, i'sC H .F.CH HF.CH M,F, ACETONE
EXPT.K Dyl 2 4 26 2 4 26
%0.166 0.736 0,098
10:23 180.1 761.1 0.366 0.634 0.176 0.624 0.200
TABLE II1,2,7.
Solubility of ethylene, ethane and acetylene in acetone at -8000_L

RUW 10, TDRESSURE VAPOUR PHASE LIQUID PHASZ LIQUID
M.JF.C H MF.C B HP.C.B M.F.CH MP.CE. HnFCDL 0, T,
DeMe 22 2 4 26 22 24 . 2 & . ACETONE
11:1 751.9 0.052 0.609 0339 0.718 0.194 0,088 0.690
1132 7519 0.075 0.478 04447 0.801 0,106 0,093 0,650
11:3 751.9 0.071 0.371 0558 0.707 0,110 0,183 0.690
11:4 751,9 0.084 0,140 0,776 04764 0.038 0.198 0,650
11:5 751.9 0,158 0.526 0,316 0.854 0,101 0.045 0.574
11:6 751.9 0,075 0.661 04264 0.780 0.160 0.060 0,650
11:7 7519 0.049 0,521 0.430 04590 06230 0.180 0,704
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SECTION III.3.

EQUILIBRIUM CORRELATION FOR TERNARY MIXTURES.

Fron (23:4) the excess free cnergy of nixing isi—
AGE = nRT 4, x, log, ¥ i (1:111).

since n, = n x.
1 1

In (25:4) Wohl94 expresses the dependence of the molar
excess free encrgy Z&GE/nRT on the composition of the ligquid

Phose as a power series.

We adopt a sinilar technique by substituting experinental
values of T,x, and.xg in (1.III) and correlating the resulting
values of .AGEVnR with the experimental liquid conpositions

using the surface filting progranme R.A.E. 194/A.

The result is of the forns—

1 1-P ' P 1q
f%%; =T ﬁg x; log, Yi = Pj% qég 2nq XCzHg X62H4 (2:111)
whcre XéZHZ = XC2H2 —ECZHZ
and Xééﬂ - ogH, ’502}1 .
ECZHZ and §C2H4 being the average values

of the experimental liquid compositions fed as date to the computer.

By using o sinilar technigue to Wohl we differcentiate (2.III)
with respect to the nunmber of noles of any constituent i, apply
the Gibbs-Duhen equation, anc obtain the following expression for

the excess partinl molar free energy chonge on mixings—



r P ' q
1 (b.A_Gb\) = T log, B’l_g‘ﬁa . +
R \3ni/ 7,P,njpi =0 4=0 P1 Uy 2 Colly
s 1) at) , .. Y
n x pX X
ol C,H 2H4 ( 02H4 g oo 2H;>
)n )nl
(3:111)
\6 1 l"P 1 t P 'q
e puts T loge i= 4 ﬁ bpq o g ¥om (4.111)
P=0 @=0 272 Y274
and notc that: )gi =8, = Xx.4n )El
wmy ¥nj
. P 5. . X,
i.e. xi= ij - "i
}nj n
Fron (3.III) and(4.III)
i = -
by = 2 (1-p-q) + a 04l q(SC B, - xCZHZ)(L+1) +
% qel ( Sc-aﬁhi_ XCZHZL ) (a+1) (5.1II)
where ajk = 0 for j>1 or K>1 .
The equilibriun constant, K. =y, = ¥, pio (6:111)
X, P
i
If the dependence of vapour pressure on temperature is
expressed as logepio = Ai + Bi +C1i T (7:111)

T+Di
then fron (4:III), (6:III) and (7TsIII)

log PK, = 3§ 1{13 LR P %, o % AL 4BisCiT
p=o dto £ 22=2 g/ T+D (8:IIT)

=

Four iterative methods for the determination of the equilibriun

are now described:-—-
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. s o _ - .
(l) Given liquid compositions EC "7 EC g fo find temperature:
272 274
1D 1q
Let by = d (log Ki) = - 44 By X ¢.5, Yo - A1 , +0i
aT 252 2=4 (.L+D:L)
T2
= - ¥i - Al + C1
T (T+Di)
We put S=24 . Kxi -l

g_s% ;i aKi = 4 3i dlog K
av T

: as
Then Tn+l=Im——Sn/(d-—,l—)n

The initial estimate of temperature is nade by:~
o _.
T,o= 4y T, xi
where Ti is the boiling point of pure component i

Pron this temperature (8:III) and h, nay be evaluated %o

nay be

give Ki and 4 loge Ki . Hence Sl, Gyﬁ and ¥4
T ]

evaluated and a.revised estimate of temperature obtained.

(2) Qiven vapour compositions Y19 o to find teaperature and

liquid conposition.

Puts— Xy =V,

.~ g =457 -
and. S = é‘ l/Ki

Thens - @_g_’) . - - 2 Ti, 319__ = —ﬁ xi )logeKi
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Thens- T+l = Tn - S'n / }__s_')
dp /p

In this case Tl = ﬁ N Tio ys and intially the given
vapour compositions are assuned to be the first estimate for

the liquid conpositions. Hence Ki and 4 logeKi are ovaluated

aT
and revised estimates of tcmperature and liquicd conposition are

obtained,
(3) Given x, and T - %o find x,.

Put f'i = d logeKi = ¢ Vi

clxz dx,,
1 1-p . 1g-1
1 +D
) 5 abpq ¥ X%,
- & T p=0 q=0

Put § = 2, Kixi -1 =Kz, +K%, 4Ky (1) ) -1

_— _
%_gz iim_&u% + K Ky

Thence (xz) nel= (X2)n - Sr/(_i__g_)
ol p

For the first estinmate of x, , We usee—

o o o o
T = iiTi x, =T x5 + T %, + Ty (l—xl—-xz)
Vhence:— X, = (T —Tso) - xl(Tlo - TBO)
o o
(Tg - T3 )

Hence Xi and S may be evaluated and since

dlog Ki =1 dKi we nay obtain d8 and therefore
dx, Ki dx, ax,

a revised estinate of x2.
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RZ 1 e 3 P %Ta!
(4) Given ¥, and T~ to find x, and x,
Put x, = yi/Ki
Thens— vyt Kéxz + KSXS = 1

A y - 3 T O e ™~ — - 0 o
an.. yubttings: x3 1 Xp =Xy 3

= l‘Kj—y1+K§x1
K~Ky

Thens-— x3=l—xl—x2

o

Tp=E%o
and y3=l—yl—yé
For the initial estinate we sct xl=yi and calculate *5
fron the tenperature as lescribed in (3) above.

The equilibrium constants are then calculated from (8.III)

and a revised cstinate of xa_and hence of x2 is obtained,
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T.:.).BLE III.3.1.

RESULTS OF EQUILIBRIUM CORRELATION USING VAPOUR COLPOSITIONS AS DATA,

TEHP LIQUID  COMPOSITIONS VAPOUR COMPOSITIONS
°K. 0,1, x02H4 o, 1, N y02H4 oA
183.18 0.0000 0.0449 0.9551 0.0000 0,1000  0.9000
181.16 0.0000 0.1262 0.8738 0.0000 0.2670  0.7330
179.83  0.0000 0.1806  0.8194 0.0000 0.3650  0.6350
178.10 0.0000 0.2551  0.7449 0.0000  0.4800  0.5200
176.85 0,0000 0.3141  0.6859 0.0000 0.5560  0.4440
174.39  0.0000 0.4523  0.5477 0.0000 0.6910  0.3090
173.74 0.0000 0.4974 0.5026 0.0000 0.7250  0.2750
171.81  0.0000 0.6644  0.3356 0.0000 0.8240  0.1760
170.63  0.0000 0.8078 0.1922 0.0000  0.8930  0.1070
183.67 0.0398 0.0000 0.9602 0.0720 0.0000  0.9280
183.46 0.0515 0.0000 0.9485 0.0950  0.0000  0.9050
183.11 0,0692 0.0000 0.9308 0.1310  0.0000  0.,8690
183.11 0,0692 0,0000 0.9308 0.1310  0.0000  0.8690
182,83  0.0825  0.,0000 o.§175 0.1590  0.0000  0.8410
182,70 0.0882 0,0000 0.9118 0.1710  0.0000  0.8290
182.49  0.0975 0.0000 0.9025 0.1910  0.0000  0.8090
182.45 0.0989  0.0000 0,9011 0.1940 0.0000  0.8060

181.94 0.1197 0.0000 0.8803 0.2390 0.0000 0.7610
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TABLE I1T.3.1. Cont.

TEP  LIQULD COMDPOSITIONS VAPOUR FOMPOSITIONS

Ko ToH,  FoH,  TopE YooH,  Yo,E,  TouE
179.79 0.1952  0.0000 0.8048 0.4000 0,0000 0.,6000
169.64 0.0634  0.9366  0.0000 0.0410 0,9590 0.0000
170.63 0.2287  0.7713  0.0000 0.0920  0.9080 0.0000
170,96 0.2614  0,7386  0.0000 0,1040 0.8960 0,0000
171,72 0.3169 0.6831  0.0000 0.1310 0.8690 0.0000
172,17 0.3433  0,6567  0.0000 0.1480  0.8520 0.0000
173.41 0.4032  0.5968  0.0000 0.2010  0.7990 0.,0000
169.45 0.0000  1,0000  0.0000 0.0000  1.0000 0.0000
184.25 0.0000  0.,0000 1.0000 0.0000  0.0000 1.0000
182,10 0.0311  0.0674 0.9015 0.0540  0.1490 0.7970
161.11 0.0341  0.1038  0.8621 0.0580  0.2230 0.7190
176.20 0.0554 0.3060 0.6386 0,0760  0.5270 0.3970
179.45 0.0669  0.1471  0.7860 0.1100 0.2980 0,5920
178.63 0.0696  0.1801  0.7502 0.1100  0.3520 0.5380
179.96 0.0677  0.1251  0.8072 0.1140  0.2590 0.6270
175.89 0.1010  0.2962 0.6028 0.1320  0.4970 0.3710
171.47 0.0792  0.6630 0.2578 0.0640  0.7920 0.1440
180.43 0.0787  0.0978 0.8236 0.1370  0.2060 0.6570
176.41 0,1084 0.2630 0.6287 0.1480 0.4540 0.3980

179.77 0.0934 0,1133  0.7933 0.1600 0.2320 0,6080



TABLE III., 3,1, cont,
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TEMP LIQUID COLPOSITIONS VAPOUR COMPOSITICNS
°x. O H, T0,H . 0B o Yo 8 . YC2H6
171.94  0.1598  0.6052  0.2350  0.1080  0.7430  0.1490
176.27  0.1143  0.2675  0.6182  0.1540  0.4570 0.3890
172.24  0.2284  0.582  0.1874  0,1370  0.7210 0.1420
172,79  0.2601  0.5366  0.2032  0,1650  0.6730 0.1620
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TABLE IV, 3,

Ezperimental results for sthylene-othane separationa

RUN , PIATES REFLUX REROILER FEED n— BOTTOM PRODUCT TOP PRODUAT
No, BECTIF- RATIO CURRENT PRESS TuHP, FLOW  Comp— PRzSS TEMP. FLOV  COMP— PRESS COMP~

YING cms, w.f.C H ecms, m}/ »f.CHE p.n, mfCH
L BDPS. _ VeE.  _°K min 2 4w.8, °K _ min 2 4 Hg, 24

r—

Azl 5 6.1 0.42 7.5 176,5 3750 0,395 11,5 182,0 2850 0.205 744,3 0,935
A2 5 447 0445 7.5 1749 3800 0,455 13,0 183,1 2350 0,128 744,3 0.933
A3 5 6.9 0.55 ‘ FLOODING IN COLUMN 744.3 -
A4 5 47 0.48 8,0 176,1 3750  0.400 11.0 184,1 2100 0,036 755.4 0,963
Asg 5 6.1 0.42 7.0 176,9 3850 0,360 10.5 182,7 2850 0,152 755.4 0,930
4:6 5 3.8 0.42 7.0 175,4 3800 0,485 11.0 182,3 2250 0,179 #55.,0 0,928
A7 5 3,8 0,42 7.0 175.0 3750 0.490 11,0 183,1 2100  0.124 755,0 0.940
A:8 5 4.7 0.48 7.5 174.3 3800 0,485 11.0 183,2 2150 0.109 755,0 0.951
A:9 5 6.1 0,50 8.0 174.9 3800 0,360 11.5 184.4 2400 0,015 755.0 0,954
A:10 5 6.1 0,48 7.0 174,7 3850 0,425 11,0 182,4 2500 0,175 755.0 0,957
A1l 10 348 0.42 12,0 180,6 3750  0.386 12.0 184,2 2200 0.030 752.2 0,955
A2 10 4.7 0.50 12,0 183,1 3850  0.402 12,0 1845 2050 0,003 752,2 0.872

A3 10 6.1 0.48 12,0 183,1 3600  0.361 12.5 184,5 2300 0,003 757.1 0.943
A1s 10 6.1 0.50 12,0 183.2 3650 0,370 12.5 1845 2200 0,002 757.1 0,950
A:16 10 6.1 0,50 12,0 1828 3840 0,402 12,0 1845 2250 0,003 7614 0.981
Ay 10 4,7 0,45 12,0 1825 3650  0.370 12,0 1845 2250  0.005 76l.4 0,913

A:18 10 3.8 0,42 12,0 179.5 4000 0.415 12,0 184,2 2400 0.030 761.4 0,965
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TABLE TV.2

PIATE-EFFICIENCIES TOR OLDERSHAW COLUMNS.

RUN VAPOUR RATE PLATE REFFICIEZNCIZES %

No, RECTIFYING  SIRIPFING  RUCTIFYING ~STRIPPING RGLCIIFVING SIRIPPING RECTLIFYING STRIPPING
— nl/min 20°C la tm DAVIES HORAM KHARAKHORTY
Azl 7350 2250 100 - 70 33 125 -
As2 8600 3500 95 100 70 50 110 -
A:3 11600 6500 FLOODING IN  COLUMN.

A4 9800 4700 120 100 76 100 160 -
A5 7500 2250 100 - 74 - - -
A:6 8000 2800 98 - 64 40 - -
427 8100 3000 98 - 65 50 - -
A:8 9800 4600 95 - 60 48 - -
4.9 10000 4800 100 100 65 .95 - -
A:10 9400 4300 100 - 62 34 . - -
A1 8000 2900 102 97 - - - -
4:12 10500 5300 97 a8 - 90 - -
4:13 9250 4500 93 &9 - 110 - -
4215 10200 5150 97 88 - 105 - -
A:16 10300 5100 105 ‘89 86 100 - -
A:17 8600 3550 97 90 - 110 - -

A:18 8100 2700 920 98 80 - - -
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TABLE V.1
TERNARY DISTILLATION RUNS WITHOUT SIDESTREAM

RUNNO. |B1 |B:2|B.3|B4 |B5 |B6 |B7 |88 | B9 |[810]|Ba1|B12]B43| B4| BI5| B16| B47 | B18| B19| B20| B2l | B22| B:23| B:24| B.25| B26| B27| B28| B29| BS8 | B:59| B:60| B61 | B.62
STR@’L'E?ES /o | o] to| /o | lo | lo | § 5 5! 5 5 5|10 to}| § 5 5 5 5 5| § 5 5 5 5| o) lo| 10| 10| 5 5 5 5 )
REC,I'_%”E“SG Islis| 15| 5| s | § )| to| 16| 10| to] 10| to] 5| 5| is| 5| /s| 15| 15| 15|30 ]| 30| 3| 3|3/ 15| /5| 15]|3]| 3| 30| 30| 30

Eﬁg?\ﬁ‘ 3o050| 3000| 300o| 3000, 3000 3000' 3000 | 3000| 3000| 3000| 3000| 3000| 3050 | 3050 | 3000 | 3100 | 3000| 3000| 300o| 3000|2950 | 2950 | 2950 | 3000| 3000 | 3000 | 3000 | 3000 | 3000 | 3000 | 3006 | 3000 | 3000 | 3000

?{;_’52’ 8598 | 68 [/03 (703 |/0r | 58|88 |88 |95 (85|98 | 94| 9n |87 | 81| 69|81 |69 | 81 |fio|tho|tto |72 | 7w |tow]|lon]| o |to |30 |68 |61 | 40| 40
E bg;ﬁ: 260 | 3y | 3.7 [ 240 | 247 | 253 | 255 255 | 255 | 24.5 | 266 | 273 [26.0 | 260 |33.5 | 335 | 2500 | 26.0| 25.0| 25.0|30.1 | 3o/ | 3o/ | 30,0238 |29.6 | 296 | 277 | 277 | 3l0 | 332 36.0| 3lo | 3l0

g;lfz (55 | 585 | 585 | (56 | 656 | 646 | €57 ¢57 | 57| 660 | 609 | 62.9 | bk-b | 646|584 | 584 | 681 | 66.F| 68.1 | b6.7| 589 | 589 | 589| 628 ¢8.8 | bo.0| 60.0 | 663 | LC.3| G0 | Go.o|579 | 50| é5T0
g gir#n 2%00| 2150 | 2200 2100 | 2200 | 2300| 2000 | 2100 | 2200| 9200 | 2200| 2 400 ,2000‘ 2700 | 2200 2400 J400| 2400} 2400 | 2400|2150 | 2200| 2200| 2I00 | 220d 2250| 2150| 2/50| 230d 200d /954 1 750| 2o50| /950
2 “r'ffii’“ 59 | Mo | 19 \jor | 93 |30 | 9 |86 {92 | 92 |97 | /2 |85 | 56 | 34| /o5 24 | /L] | Fo | /20|/2.01 | [03) Jok| 7.8 | 41| (0.9 | Il.5 | 7.5 | 86 |<loys 5.3 | 2.0 |<100sp<r008ms
% g‘;:z 630 68|50 | 69|82 |150| S| 8ul 86| 51|87 |12 [ba | 07|97 186| 81 |785|87 122|785 75| 62|32[09|91|56|50|54| 06| 97|81 (57| 50
2 “é;’ﬁ;’ 878 | 812 | 870 | 830| B25| 70| 855 | 830 822 857|824 | 774 | 851 | B3T| 772 | 709 | 845 | B4 | 843|758 |Bos | B23| B34 BT0)| 150| Bo.0| 829 | 875 | 860|994 | B5.0(899 | 743 |95.0
~ E@%% 850 | 850 | Boo | 900 | 8oo | Yoo | 1000 | 900 | Boo| Boo | Boo | oo |/050 | 950 | Bop | 00 | 600 | 600 | boo | boo | Boo | 750 | 750 | Goo |Boo | 750 | 8S0| BSO 70| fp00 | /05 €| 1250| 950 /oS50
:é hCAZ:j.Z/ Bo | 5 | 83 |13 | Y3 | 57 |34 | ol w3 | tos| vy |45 |12 | tSo|oy |16 |40 |24 o) |17 |24 | 05|08 |30 (86| 6830|3704 2294 |18 |125|94
% Eﬁih 87/ | 93| 863 | hu| Bo. | 823 | 728 |vus | 723 | 780|856 | D7 | 633 | 629 | 9o | 973 | 935| 6-t| 986 | 948|969 | 994| 985|955 | 9o | 895 Gsio| 935 | 96| 13 | 795 | 748| 733|800
S g;’f;“ 49| 43| S IT3 | 12| 120 | /38 | B4\ fop | 115 67 | 38 1285\ 20 55 1) (25| 12 |43 |35 |07 |00 | 07| 45 | 04| AT 20 | 28 |<loogm 4.9 |11 {134 | tp2]lo6
reFLux rati 691 6.9 | 81 | 81| 92 | i2t| 64|81 |92 |szr | 92| /27| 69| 81|69 | 81| 92)/27 |92 | 8/ 80 | 9221 69|92 92 | 69181 {2161 (47|37 |6/ |47
REBOLER A 7251 1as 2009 200d 20042495 200.0| 2006|2000\ 249.5| 200.6 | 2000| Jo0.0 | 200.0| Jbo.0 | Jbo0 | /600 [200.0 /éoia /b0.0|200.0 | 200.0| 2495 | 200.0| 2000 | 200.0 | 160.0 | 200.0(249.5| 172.51/35.0| 135.0| l60.0{ f35.0




TABLE V.2
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TERNARY DISTILLATION RUNS WITH SIDESTREAM

RUNNO. |B:30 (B:3 [B:32|B:33|B.34|8:36 [B:38 | B:39 | B40 | B4l |B:42 | B:43 |B:44| B:45|B:46 | B:47| B:50| B:51 | B:52 [ B:53 | B:54| B:55 | B:56| B:57
STRIEPNGs| /0 /o jto | oo |10 | w5 |5 | 5| 5|5 |5 85|8|s5| ||| s 5|5
el s | s | s s|s|s|s| s 851w wlwlm|r |l is|lm|l 5] § 8§10 0]
ReCHENe Y s Lo Vs s Lus | s s sV s s s s sl s s ss| /sl 15| s s | 5] s s
BRABEl Al A A A Al BB BBl AlAlA|Al B|B|B| AlA|B|B| Bl B| B|EB

fgﬁg@?\% 3000 | 3000 | 3000 | 3000 | dood| 3000 | 3oco | 3000 | Bood| 3p00 | 3oce | 3ooo| Jooo| 3ooo| 3000 3000]| 2900\ 2900\ 2800f 2800| 3 boof 3ovo | 3006 {3000
_ EAE’L@Z/ 35| B3| 90| to0| loo} 61 | 97| is| LS| 2] 102] 10.2] r0.2| jo.5| jos7| 19| 2122 b2 | 62| b2 62| 4o 6.2
o %;54/ 294 | 2o4| 250 | 278| 278 | 243 | B2 | 278 | 298 | 26.8| 268| 2e.8| 26.8| 275|275 | 277\ b | 28.6| 29| 277 277| 275| 34.0) 275

bé;lﬁs/ 5701 663) 660) 622 62| bbb | GT1| 6oy | FBY | 630 (30| 630 630| 20| 620| boi| 592 | K42 | 66.1| G6| GL.]| 63| 62,0663
% rgwg%::z\ /500 | 1600 | f600 | 1500 1500 | /500 | /760 | /600 | [boo| 2000 | Novo | ISDo | 1500 | 1500 2000 Jbouw | I§00| [S00 | J550| /550 /5Po | [7S0| 1750 /7@
E?: !\ézo’l_iezl 51128 |03 |2 |21 |24 | 42|85 [Ts | Tu |27 |<opm<iog] Lt | 1.8 | L7 Bu | 6l | 0 [ <loogpl<tvomm<loym|<toan] 0.5
é g;ﬁi/q B.2 | <loogpd <loopm<loopm|<loopgw 4-/ | 63 V40 | TT | 5.6 L7 | L1} 0.9 35 | 1B | 67| 79 T4 |24 | 09| 07,25 | 24|78
2 "égﬁ';“ 8.7 | 772 |997 | 979 | 979 | 935| 895 (905 |84\ §v.0| Iut| Y89 | 991 | I54 | 86y | §6.b| 3.7 | be | 9725 | 99.1 | 993\ 975| T76| 917
s r;f n?vl;:r/t\ Yoo | 700 | 700 | 700 | 800 | Joo | boo | 600 | ool foo| 650 | Yoo | Boo | Voo | 200 | 456 | 400 | 450 | Goo | esO | 500 — | — | —
é 24;[422/ 3py| 312 {34 | 2o0u| 302|238 | 306 | 328|280 282| 330|252 318|293 | 6.8 |30 |322|320| 267 284 02| — | — | —
g G| 20| 1an| 65| 266 |270 | 193] 190 | 169 | 10 | 337| 282| 198| 29.0| 147|153 | /50| 183 |15 |29.3| 226l 0.7| —| —| —
) hé;[ﬁé 4u2 | 494 | 52.1 | 53.0| 42.8| 579| 503| 50.3| 53.0| 38.1 | 38.8| 55.0|39.2 | 560 779 |54.0| 495|524 |+40\49.0) 99./| —| — | -

rzwﬁl n%zr\{ 800 | Yoo | Yoo | Boo | 7oo | boo | oo | Boo |Boo | boo | 7so | Beo | Yoo |Boo | Boo|s0 | Tov | 650|650 | 6oo | [ooo| /250 | /f2s0| 1/00
% hcA;;fZ/ BS | 99 | 36|82 |55 | 15| 6| s | St | 19| 4/ | 4:/|2.5 (20 | BB |BT | 4.0 45|23 06| [lo| /40| T3 |12
2 |, (831 | 80.8| 12| 850|922 | 774| 889 | 896 | %o | 972| %en| 20| 955 771| 93.9| Fe2| 93.3| 92.2| 95.6|901 | 752 | e8] 83| r2.s
S (5N 5y | 93 | g0 |ce |23 |1y |as|ao|as|og| 15| 52] 20| 09| 23|20 | 27| 33| 1.9 03|58 74| 72|09
REFLUXRAIQ 6.9 | 8.1 | /2.1 | 92| 69| 9/ {121 | 92 |69 V27| 92|87 )| 69| 69|87 | 42| 81| 42|80 | 12.] b.d| 38| 47| 47
BEBT(\)/ILE%LVN 160.9| /60.0| 2495 | 200.0| /28.0| /go.0| 2425 | 200.0| /60.0)200.0] 2000\ 200.0| /b0.6) [b0.60| 2000\ Zeoo| l60.0| 14p.0| 160.0| 200.0|164.0| 143.0| /66.0| 1#3.0




APPENDIX VI.

TABLE VI,

I.

ABSORPTION RUNS.

RUN No C:1

ACETONE RATE
gn.nol/min, 0.181

GAS FEED RATE
nl/min 20°C latng400

FEED CULPOSITION

MOL % Co,H, 10,0
62H4 27.7
CHe 623

TOP PRODUCT COMPOSITION

HOL % C2H2 100pon
02H4 31,8
Collg 8.2

Cs2

0.073

4400

10.0

27.7
62.3

100ppn

29.3

70.7

BOTTOM PRODUCT COMPOSITION

HOL % ACETONE 78.5

02H2 8.2
02H4 4.1
02H6 9.2

FLOW TOP PgODUCT
ml./min 20°C 1 atm.

3200
Toop °%¢ —80%2

Tpse®c —7502

72.0
17.0
1.5
945

3700
-80t2

-75%1

C:3
0.036

4400

10.0

27.F
62.3

0.8

27 .6

71.6

62,0
29.6
1.1

T3

3800
~80%2

7541

Cs4
0.181

4Q00

9.1
16.3

74.6

100ppn

16,0

84.0

77.0
8.5

2.5

12.0

2900
~80%2

~75%3

2h2

C:5
0.073
4000

9.1
16.3

T4+6

100ppn

17.5

82.5

14.0
15.5
1.4
9.1

3300
-80%2

~75%3

Cr6
0.036
4000

9.2,
22,7

68,1

300ppn

25.0

75.0

63.5
27.2
2,7
6.6

3500
—got2

~75%3



TABLE VI,2,

REBOILED ABSOLPTION RUNS.

RUN YNo. C:7T
ACETONE RATE gm.mol/min6 0,181
GAS FEED RATE ml/uin 20 C.latn 4000

FEED COMPOSITION

HOL % CH, 9.5
CHy 17.1
H
Cotg 7344
TOP PRODUCT COMPOSITION
MOL% 02H2 100ppn
0o,
Cotlg
BOTTOM FRODUCT CJMPOSITION
MOL%  ACETONE 86.0
- Gy 8.8
CHy 0.5
Colg | 4.7

FLOW TOP PRODUCT ml/nin 20°C latn

Tror°c ~8o%2
Tprs°c ~55

REBOILER HEAT LOAD BTU/Lir. 57.1

Cs:8
0.073
4000

9.5
17.1

1344

2%

VARIABLE

88,0
5.6
0.9
5¢5

NO RECORDED
802
-30

57.1

243

o.o§6
4000

95
17 -l

134

92.0
5.8
0.2
2.0

VALUE.
~8ot2
~10

57.1
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APPENDIX VII

Section VII.1l

Initial estimate of vapour composition profile

From the Fenskezgquation for total reflux

p-1
Y. _ oL v
4P = 71 _I.p (1:VII)
V1,1 Yr,1

where o is the relative volatility of component

i with respect to a reference component r, assumed constant.

Summing (1:VII) for all components we have:=-

-1 = p-1
ziyi,p =l=v, & L5 Yi,1

yr,l
whence: i,p =4{£p—lyi 1 (2:VI1I)
éiocip—lyi,l
Mlso Ky oo=ofy K o=eihy Yy g =°<ifi°(ip-2yi,l (5:VIL)
L1 zf(ip-lyi,l
Division of (2:VII) by (3:VII) gives for theoretical plates:-
e TG T (4:VID)

p-2
éi"‘i Yi,1

An overall material balance for component i gives:-

ﬁ f. = £ Py, + ﬁ P X, (5:VII)
P 1i,p P v,p"i,p p L,p 1i,p

where Pvp and PLp are the flow rates of liquid and vapour

product from plate p, respectively.

If we write S_=4.of . P (6:VII)
b i i

Ji,1
Then from (2:VII), (4:VII) and (5:VII)
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5 = p-1 p-2

b i, ﬁp(_v_,..z.)_"(_i Y hpeCs ) i
S S
p-1 p-2

Orim ﬁ f. _ p-1
E_,b = {j; i (Pv,p + PL,p + 1)}+ PL,l/ (7:VII)

¥ =
i1 S
p-1 <355 V5 4
<1

The equations developed above are used to generate the
initial estimate of the vapour composition profile'in the

following manner.

Initially the mean feed composition is calculated and the
corresponding dew-point and eguilibrium constants are obtained
from the respective polynomials. In the expressions derived
above only the ratios of the relative volatilities are involved
and therefore the relative volatilities in (7:VII) may be
replaced by the calculated equilibrium constants in carrying
out the arithmetic. The mean feed composition is assumed to be
equal to the vapour composition leaving the reboiler and Sp
is computed for all plates from (6:VII). A new estimate of
yi,l is then obtained by evaluating (7:VII) and the calculations
are repeated until the solution converges. The vapour
composition profile for the whole column is then gencrated from:-

Yip 7 o(iyip-]_ -(8:VII)
4345¥5 po1



SECTION VIL.2. 2hé

_MULTT-COMPONENT DISTILLATION COMPUTER PROGRAIME

title
m/c distillation davies chem,eng. icst 26/7/63 u883q

routine i
ternary dewpoint determination

#%(10320)e0, s
m=0
i=0(1)3
1=fint pt(em+0.,1)
x=yl-e (m+1)
y=y2-e (m+2)
m=m+ 3

j=0(1)

r'=1-j
k=0(1)r

ck=em
m=m+1
repeat
bj=gpoly (x)c0, !
repeat

gi=gpoly (y)b0,1
:]UIIIPB ) i=0
Jumpl,gi>0
gi=0,0000000001
1) jump2,3.01l»gi
gi=3.00
2)xi=yi/gi
3)repeat

=g0
x0=x1+x2+x3
i=1(1)3
xi=xi /%0

repeat

return

psa
®%

routine 2

calculation of enthalpies
¢6(10000)e0,
m=0

liquid enthalpy
h=0
i=1Q1)r
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Jumpdownl
h=h+zib (i-1)
repeat

vapour esnthalpy
h'=0
i=1(Q)r
jumpdownl .
h'=h!+yib (i-1)
repeat
return

partial molar enthalpy
1)1=fint pt(em+0.1)
m=m+1
j=0(1)1
¢Jj=em
m=m~+1
repeat
b(i-l):ﬁboly(u)co,l
return
psa
*¥%

routine30O

set first row
1)set((e0,el))_o
set((e2,e3))=bl
set((e4,e5))=cl
set{(eb,e7)) vyl
i=2(1)n

collect next row
set((e8,e9))=al
set((el0,ell) )=bi
set§§e12,el3))=ci
set el4,e15))=yi
jumP53i7£n
set((e12,elS))=O

test need to interchange rows
5)a=@mod (e2)
b=gmod (e8)
jump2, a2b

interchange rows
3=0{(1)71

ej=e (j+8)
e(j+8)=e(j+2)
repeat
((elg,015))=((el2,013))
set((el2,e13))=0
Jump3
shift pivotal row along to left
2)3=0(1)3
ej=e (j+2)
repeat

set((e4,e5))=0



~ 248
(¢ )311???at10n)§orm multiplier.
3 elyel))=1 e0,el
((e8,09))=((c0,e1))*((c8,29))

combine  equations
j=2(2)6

Jump4, e j=0
U(ays))a( (e8,09))%( (o3, 0 (3+1)))
({e(348), 0(J+9)))=(£ J(J+ ?je(a+9))) ((ayb))

4)repeat
plant pivotal row
agi-—l)=eO
b(i~1)=e2
c(i-1)=e4
N i—l)=e6
move reduced equations up one row
j=2(1)7

ej:-.e (J+8
repeat
set((e0,el))=0
repeat

back substitution
((y0,20))=((o14,615))/((c10,611))
v n—l§=-b(n-l)yn+y(n—1)
y{(n-1)=a(n-1)y(n-1)
jwn-2
i=i(~1)1
Vi=—ciy (142)=biy (1+1)+yi
yi=aiyi
repeat
return

psa
*3%

chapterl
118
c=+6
e=320
x~17
17
g-17
u—»9
z—~64
bring down product flow-rates
1) junpdown (rl)
e0=0
p=1(1)n
k=2p-1
#6 (pk'—2r-5)ek, 2
e0= eO+eﬁ+e(f+13
repeat
k=2n-1"
ek=f-e0
across9/0
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) conpute liquid compositions equilibrium and thermal data
4 v=0
¢=0
Fese
6(pk'-k')zl, j*
i=1(1)r ’
J=r+i
Jump5, p=1
Jump5, p=n
yi=@gdivide (eyi-yi+zj,e)
Jump6
5)yi=2]
6)repeat
jumpdown (rl)
i=1(1)r
J=r+i
yi:z,j
repeat
jumpd own (r2)
i=1 (l )I‘
j=2r+i
zi=xi
zj=gi
repeat
z (j+1)=u
z(j+2)=h
z(J+3)=h"
F1(pk' k1) 21, ]
compute flow~rates
z(j+4)=0
jumpT, p=1
a=u=h
b=u2--h
w'=ud+ub
v'=¢divide (av=bw'~hulO+ub+u9,u3~h)
z {j+4)=v* +w! =v-u10
uh=v'~u7
¢7 (Pk"'"?r-go )uj-y 5
v=ubh
C=u3
7)i=1(1)10
J=3r+i
ui-_-z,j
Tepeat
repeat
canpute product-rate and hest-transfer for last stage
u5=0
v!'=v+ulO-u4
3=T-1'
uj=v'-u(l'+6)
w' =ud+ub
ub=w'u2+uTul-ve
¢7(nk"-2r-10)ul,8
jump8,p'=0 -
jump8, dyy
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acrossl/z
8)acrossl/3
psa
close

chapter?
a~100
b=100
c+100
y=100
e~64
double length
11)w=2
1)u'=wu'
y=O
W=O.5
l=2T
p=1(1)n
cp=0
repeat
@7(11000)cl,n
k=1(1)r

compute matrix elements
M=T+kK
q=2r+k+10
p=1(1)n
g6(pk'-k'+r)el, it
w'=e (1+4)+4(1+6)
yp=u'ek+eq
Jump2, p=1
Jjump2, p=n
g=gdivide (1,eem)
Jump3
2)g=l/em
3)jump4, p=1
c(p-1)=—ge(1+4)
jump5, p=n
b (p-1)=ec (p-1)=0 (p-1)+b (p-1)
ap=gew'-gw!+ap
4)a(p+l)=—e(1+5)
5)bp=e (1+5) +e (1+7)+gw' +u’
repeat

compute new vapour compositions and adjust step-length
jumpd ovm (r300)
g6(1100C)el,n
p=1(1)n
jumpb,yp> 0
yp=0,000000001
6)cp=Ccp+yp
jump?,k%r
e'=fmod (cp-1)
jumpllye'>G.3
jumpT7,0.1%e!
w=1
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T)repeat
@7(11000)el,n
scale and store vapour campositions
p=1(1)n
76 (pktak')el, 1
ek=yp
Jump9 k#r
i=1(13r
J=T+i
ei=ei/cp
v'=@divide (ej-ei,ei)
' =fmod (y')
Jump8, y2y!
y=y'
8)ej=ei
repeat
9)@7 (pk'~k')el,1
repeat
repeat
1'1':1’1'+1
p'=p'+l
jumplO,p'%ﬁ'
p'=0
10)across4/1
psa
close

chapter3
1)newline
caption
digtillation column
newline

newline

caption

no, of couponents
t'=x

q'=70
Jumpd own (r804/2)
caption

no, of stages
t'=n
Jumpd own (r604/2)
caption

plate efficiency
7t =e

q'=7

r'=3

s!'=4

jumpdown (r504/1)
jump2,n'=0
caption
iteration no,
t':n'

q'=b2



jumpd own (r804, )
caption

forcing paraneter=
z'=u'

q'=50

jumpdown (r804/1)
caption

maximum eri or=
z'=y

q'=51 ~

Jumpd own (::804/1)
2)acrossl/4

psa

close

chapters
z»100
1)p=1{1)n
newline
caption
stage no,
't':p
q'=62
jumpdown (r504/2)
caption
feed

newline
caption
caonpositions
newline
caption

component no,
@6 (pk' k! )zl k'
i=1(1)r
t'=1
q'=17
r'=2
s!'=0
jumpd own (r804/2)
J=4r+10+1
z'=2]
jumpd own 50
q'=37
z'=7l
jumpd own (rl04/1)
J=rT+i
q'=3¢
z'=2]
jumpdown (r504/1)
caption

repeat
newline
caption

ligquid
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vapour



internal f1lows

J=3r

z'=2(j+4)

q'=33

jumpdovm (r804/1)
' =2 (j+5)

q'=38
Jumpd ovm (rb04/1)

Jump2, z (j+10)£0
Jump?2, z (j+6)£0
jump2, z (5+7)£0
Jjump3
2)caption
feed/product
newline
caption

flow rate
z'=7(j+10)
Jumpdown50
2=z (j+6)
Jumpd own50
2'=2(3+7)
Jumpdown50
newline
caption

heat content
' =2(j+10)
z2'=2(3+9)
Jumpdown4 9
y'=2(3+6)
7' =2 (3+6)z (j+2)
jumpdownd 9
y'=2(3+7)
z'=2(j+7) 2 (5+3)
Jjumpdown4 9
newline
3)newline
jump4, z (j+6)=0
caption
stage heat input
z'=z(j+8)
q'=38
Jumpdown (r8024/1)
4)caption
stage temperature
z'=z(j+1)
q'=39
Jumpd ovm (r804/1)
repeat
Jumpb, d3y
Jump5,n'> 30
acrossl/2
5) o=0~1
jumpb, 0=0
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6)end
routine for skipping zeroc values
49) jump51,y' =0
50) jump5l, z' =0
q'=37
Jumpd owm (804/1)
Jump52
51)caption

52)return
psa
close

chapterO
variablesl
read (o)
1)read(r)
read equilibrium data into store
s=0
i=0(1)r
read (1)
es=1
S=S+l
k=1+3
k=@int pt(0.5k1+3.1)
j=1{1)k
read(es)
S=S+1
repeat
repeat
#7(10320)e0, s
read enthalpy data into store
=0
k=2r
i=1{(1)k
read (1)
et=1
t=t+ 1
j=0(1)1
read{et)
t=t+1
repeat
repeadb
@7(10000)e0, 1
read column specifications
read (m')
read(d)
readgn)
read(e)
i'=2r+10
j toit +r
k'=5r+10
i=0(1)r
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xi=0
repeat
k=1
2)read(p)
jump3, p=k

sel unspecified plate data to zero
i=1(1)i"
21=0
repeat
l=p-1
i=k(1)1
@7(ik'-k'+37) 71,4t
repeat

read specified plate data
3) jump4, p=n
read(z8§
read (z6)
read(z7)
Jjump5
4)26=0
Z7=O
read(1')
read(z(1'+6))
5)read (t')
jump6,t'=1
jumpT,t'=2

set unspecified feed to zero
Z9=O
z10=0
i=1(1)r
z (i+10)=0
l=i+r+10
z1=0
repeat
jump8

read feed in partial guantities
6)z10=0
i=1(1)r
read(z(i+10))
Xi=xi+z (i+10)
210=310+z(i+10)
repeat
x0=x0+210
i=1(1)r
1=i4r+10
z1=2(i+10)/210
repeat
read(z9)
jumpd

read feed in mole-fractions
T)read(z10)
x ®=x0+2z10
i= Kl)r

1=i4r410
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read(zl)
z (1+10)=21210
xi=xi+z(i+10)
repead
read(z9)
29=29z10
87 (pk! k' +3r)zl,i"
k=P+1
jump2,p%n )

compute mean vapour composition
yi=x1i/x0
Zi=Xx1
repeat
f=x0
acrossl/1

conpute initial wvapour compositions
9)b=0
i=1(1)r
b=b+yi/gi
repeat
b0=0
i=lél)r
xi=Pdivide (elybgi)
Xi=xi+el+el
bO=bO+biyi
repeat
p=3(1)n
k=2p-2
eO=ek+e (k+1)
b=b0
b0=0
i=1(1)r
¥i=eO0bi/b+xi
bi=bigi
bO=bO+biyi
repeat
repeat
x=0
i=1(1)r
xi=zi/xi
X=X+x1
repeat
y=O
i=1 (l)l‘
Xi:Xi/X
check (xi,yi,0.01,10)
y=1
repeat
cump9, y=1
g1(x)yl,z
i=1(1)y
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J=y+£81y1
repeat
p=2(1)n
x=0
i=1(1r
yi=giyi/y
X=X+g1y1
repeat
y=X
¢7(Pk'—k'+r)yl,r
repeat
y=1
n'=0
p'=0
w=1
u!? =0, 25
across4/l
psa
close

-

PROGRANLE FOLLOWED BY DATA TAPE DESCRIBED OVERLEAT

e -
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Section VII.Z.
The data tape for the above programme is prepared

by inserting numerical values against the items in the same

sequence as given below.

1. 0o ¢ DNumber of sets of data to be computed. If this
value excceds 1 then o-1 ete. should be omitted
from subsequent sections of the data tape.

2. r : DNumber of components maximum No. 18.

3. Equilibrium data, fitted to polynomials by library

programme R.A.E.194/A, and read in the following

order:
_ 1 '
(a) T = f(yl, Y, )
1 1
(b) K, = f(yl, Y, )

(¢) K= 2(ys v,")
(d) K= £(yyy ¥, )

For each polynomial the order of the terms is:
(a) Degree of polynomial, 1.
(b) 51 mean value of data used for correlation.
(c) ;é mean value of data uscd for correlation,.
(d) Coefficients of polynomials in order of the

. Print-out of R.A.E.194/A.

4,  FEnthalpy data. The polynomials for the liquid enthalpies

are read in the following order:



9.

10.

1l.

12,

13.
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(a) Degree of polynomial (maximum 4).

(b) Coefficients a etc. for component 1.

100 %110 %12
When the polynomials for ¢ach component in the liquid

phase have been rcad the procedure is repeated for the
enthalpies of each component in the vapour phase.

Print-out indicator m': If m' = 5, say, then the results
are only printed out for the 5th, 10th, 15th etc. iterations.
Allowable fractional error in vapour composition d: After
each calculation cycle the maximum difference in vapour
composition for all components and stages between the
present and preceding iterations is calculated and compared
with the specification value, d. If the difference is
greater than the allowable value the calculations are
continued, if not they are stopped.

Total number of stages (maxinum 100)n.

Plate efficiency e.

Then for each stage with non-zero feeds or products:-

Stage number - numbering commences at reboiler, value 1.
Heat input (indircct usually only concerned with reboiler
heat duty).

Liquid product-rate.

Vapour product-rate.

Feed indicator:- O no feced.
' 1 given as partial quantities fi

2 given as total feed, F : then mole
fractions 7. ..
i,f

If there is a feed:-
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14, FEither partial quantities or feed-rate then nole fractions.

15. Either feced total enthalpy or feed specific enthalpy.

For final stage (even if specified product is zero).

16. Stage nunmber n.
17. Product specification indicator O if liquid product is
specified.
1 if vapour product is
specified.
18. Specified prodact-rate (even if zero).

19. 20. 21. as 13. 14. 15. for other stages.

If o> 1 leave blank tape and restart with No. 2 i.e. number of

components.

if o = 1 data tape finishes after 21 with -—>
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