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SUMMARY

Detailed experimental and thermodynamic studies of the isothermal phase equilibria for the
volatile / non-volatile carbon dioxide / toluene and propane / 1 - propanol systems are presented.

Measurements were made in a 350 cm3 static equilibrium cell capable of operating up to 200
bar and 180 °C. The equilibrium cell was mounted in an air bath which provided the isothermal
environment. Considerable precautions were taken in the design of the bath to remove vertical
temperature gradients induced by conduction and heater element radiation.

The sampling procedures were designed to cause minimal distrubance to the equilibrium
condition. The vapour phase was sampled by releasing it into a 0,9 cm3 evacuated manifold.
A liquid phase sample was obtained via a piston-driven sampling rod which removed a 8,8
mm3 sample, and released it into a previously evacuated jet mixer. Homogeneity of the vapour
and particularly the liquid samples, an especially acute problem due to the great volatility
difference between the components, was ensured by the use of novel jet mixers. Analysis was
by gas chromatography.

The measured carbon dioxide / toluene data at 79 °C agree well with published data. Data
are presented for the previously unmeasured propane / 1-propanol system at 81,6, 105,2 and
120,1 °C, the volatile component being supercritical at each of the above temperatures, with
the exception of propane for the 81,6 °C isotherm.

The isothermal phase behaviour of the propane / water system, which shows extremely limited
mi;cibility between the two components, was experimentally examined at 100,7 and 119,5 °C.
This limited miscibility provided a severe test of the functioning of the experimental equipment
and operating procedures. The vapour data agreed well with published data. The liquid data
showed an incorrect bias towards the volatile component. The probable source of error was
identified and a modification to the equilibrium cell is proposed.

Excellent modelling of the carbon dioxide / toluene system was achieved with the combined
method, based on the UNIQUAC equation for the excess Gibbs free energy and the
Peng-Robinson EOS for the fugacity coefficient. Satisfactory modelling of the propane /
I-propanol system was achieved with the combined method using the the UNIQUAC equation
with either one of the following EOS : the Group Contribution EOS of Skjold-Jorgenson (1986),
Peng-Robinson EOS or two parameter Virial EOS. Since Tcomponent / Te < 1,8 for the avaliable
data sets, the carbon dioxide and propane components were considered condensable gases
(Prausnitz, et al 1980). The symmetric convention for normalizing the activity coefficients
was therefore used for all components. The "liquid phase" properties of the non-condensable
components were evaluated by extrapolation. The standard state reference pressure was zero.

UNIQUAC parameters a,, , hitherto unavailable, with fairly strong temperature dependence in
the 38 to 120 °C and 81.6 to 120 °C range are proposed for the two systems respectively.
Analysis of the co-variance matrix indicated a high degree of correlation between the parameters.
Temperature independent classical mixing rule interaction parameters, &,, , as used in the

original Peng-Robinson EOS, are presented for the propane/1-propanol system.



The measured data was tested for thermodynamic consistency by two equal area tests : The
Chueh, et al (1965) and a newly derived equal area test. The new variation derived from the
Gibbs-Duhem equation requires only vapour phase properties and has the following form :

* Tv v P v 5 ' v srvq°2
[ A ay + [T (5] ap - mn b 2oy, b

Useful features of this test are :
1. It can be applied if only P-T-y data are available,

2. The liquid molar volumes required in the Chueh, et al (1965) test and which are difficult
to calculate are not required,

3. The vapour molar volumes and fugacity coefficients required can both be obtained from
a single appropriate EOS. |

The consistency tests indicated the measured data to be not inconsistent, except at very low
vapour phase concentrations. In this region small changes in total pressure, due to sampling,
produce large changes in the relative amounts of vapour and liquid in equilibrium.

A novel static equilibrium cell design for measuring multicomponent multiphase data based on
experience gained in this project, has been developed in principle. The cell design incorporates
see-through windows and can conveniently be housed in an air, oil or water bath. Liquid
sampling is based on a single sampling valve with a double piston construction allowing for
sampling at any desired level. The advantages of the proposed cell lie in the ability to detect
multiple phase formation and to subsequently sample each liquid phase with a single sampling

valve, without disturbing equilibrium. The cell with minor additions can be used to determine
volumetric data.
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INTRODUCTION

As the known reserves of raw materials diminish; the chemical industry has to design new
plants which make more efficient and economical use of the available reserves. Hydrocarbon
processing plants involve many separating units which require accurate phase equilibrium data
in their design. As products become more complex, both physically and chemically, more
economical separation methods and conditions are continuously being sought and high pressure
data is of increasing interest. For example, the rapidly developing technology of supercritical
extraction in the food and petrochemical industries has led to considerable interest in high
pressure vapour-liquid equilibrium data for systems containing carbon dioxide and light
hydrocarbons such as propane. Carbon dioxide is especially valued for its non-toxicity,
availability and low cost.

Initially most of the high pressure high temperature data required was supplied from experimental
studies. The theoretical treatment of experimental data, which at high pressures is a very
severe test for the theoretical concepts involved, was before the advent of electronic computers
rudimentary. The number of iterations and complexity of the mathematical algorithms required
deterred the researcher from performing the rigorous and time-consuming calculations. Today
with the help of computers, data can be correlated and sometimes predicted by complex
theoretical and / or empirically derived equations. The only limitation on the accuracy of the
results is the validity of the equations employed and reliability of the thermodynamic information.
Accurate phase equilibrium data, especially for complex systems, is therefore of fuhdamenfal
importance and interest to the theoretician to aid in the development of new computatioﬁal
techniques. To date however, no adequate method has yet been found to predict high pressure
vapour-liquid equilibrium without some form of experimental data input.

Thermodynamic interpretation and modelling of high pressure equilibrium data is a much more
difficult proposition than for the low-pressure case. Modelling by either direct methods (which
involve the use of equations of state to describe both the liquid and vapour phase) or by the
combined methods (which involves the description of the liquid phase non-ideality via an
activity coefficient) presents many problems not encountered in low pressure analysis. These
include finding an appropriate model for the Gibbs free energy, iterative methods for estimating
the vapour phase fugacity coefficients which are composition dependent, evaluation of liquid
molar volumes as a function of pressure and temperature and the vexing problem of defining
appropriate reference states for the fugacity when one component is non-condensable. In
selecting an equation of state to model either the vapour phase (combined method) or both
phases (direct method) difficulties arise in choosing appropriate mixing rules for the mixture
for equations other than the Viral equation of state. Such mixing rules are empirical and tend
to become system specific. Relatively few researchers attempt thermodynamic consistency
testing of high pressure VLE data probably because the procedures are complex and tedious
and involve estimates of several quantities such as liquid and vapour phase fugacities and liquid
molar volumes, all of which may be subject to greater or lesser error.
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The accurate measurement of high pressure vapour liquid equilibrium data is an extraordinarily
demanding, intriguing and fascinating task both from an equipment design and operational
point of view. Some of the problems encountered in static, circulation or flow-through methods
include :

1. The attainment of true equilibrium which can be adversely affected by even the smallest
temperature or pféssure gradients.

2. Sampling from a high pressure region without disturbing the equilibrium.

3. Proper homogenization of the sample where the relative volatilities of the components may
differ greatly and conveyance of the samples without chénge in composition to a gas
chromatograph.

4. In high pressure and temperature work the attainment of leak-free seals in moving parts
due to the attrition or deformation of the sealing materials are perennial problems.

The main objective of this project was to perfect the high pressure static equilibrium cell,

whose initial development was described by Bradshaw (1985). The measured data would

consequently be analysed within an appropriate theoretical framework. The theoretical analysis
would involve the fitting of the data onto a suitable liquid phase model (UNIQUAC) to determine
the model’s binary interaction parameters and to check the validity of these parameters using

a correlation procedure. Thermodynamic consistency tests performed on the measured data

gave an important indication of the quality of the measured data. A secondary aim of this

project was to become familiar with the latest experimental and theoretical developments in
the field of high pressure and temperature vapour-liquid equilibrium.

This project forms part of the on-going study of thermodynamic properties in the Department
of Chemical Engineering at the University of Natal (Durban). This particular project, the
design of a VLE measuring device capable of obtaining high temperature (500 °C) and pressure
(200 bar) equilibrium data, was initiated at the request of SASOL in the early 1980’s to obtain
data for complex coal-derived mixtures that would be present in their proposed coal liquification
process. The preliminary design and construction work was performed by Harel in 1982.
During this period the operational method (static) was chosen and initial purchases of pressure
and temperature measuring devices were made. Bradshaw between 1983 and 1985 was responsible
for the selection and initial construction of the liquid and vapour sampling devices. During
this period the SASOL requirements fell away and the first experimental data for the carbon
dioxide/toluene system were measured. Bradshaw experienced difficulties with cell temperature
uniformity and the liquid phase mole fractions measured were rich in the volatile component
compared to the literature values. The vapour phase mole fractions however compared
favourably with those in the literature.

In the present project (1987-1990) the liquid and vapour phase sampling devices were perfected,
the air bath completely redesigned and certain auxiliary equipment constructed to measure the
carbon dioxide/toluene, propane/water and propane/l-propanol binaries.



CHAPTER 2

CLASSIFICATION AND DESCRIPTION OF HIGH TEMPERATURE AND PRESSURE

VAPOUR-LIQUID EXPERIMENTAL EQUIPMENT

2:1

2.2

PRESENTATION OF HIGH PRESSURE HIGH TEMPERATURE
VYAPOUR-LIQUID EQUILIBRIUM DATA

Experimentally determined two phase, two component vapour-liquid equilibrium data
can be presented in one of the following forms of phas;e diagrams depending on how
the data was measured :

- isothermal P-x -y

- isobaric T-x-y

- isopleth P-T data.

Before discussing the different experimental methods used to measure the above data
it is essential to understand the underlying principles involved in the construction
of two component, two phase equilibrium diagrams, a summary of which is given
in Appendix A.l. For a more detailed review of this subject the reader is referred
to Schneider (1978) and Street (1983).

CLASSIFICATION OF EXPERIMENTAL EQUIPMENT

Depending on :

the kind of data required,

operating conditions (temperature, pressure) of interest,
properties of the substance (volatility, thermal stability,

corrosive properties, explosive tendencies) being investigated, and
the investigator (his experience, location and financial means),

there are a variety of experimental methods from which he can choose.

Accurate experimental measurements of the field variables usually presents fewer
difficulties than the density variables. For this reason Dieters and Schneider (1986)
in their review of high-pressure, high-temperature phase equilibria experimental
methods classify the methods according to the densities which are primarily observed.
Dieters and Schneider (1986) distinguished between the so called synthetic method
and analytic method.

In the synthetic method a mixture of known composition is prepared and its behaviour
observed as a function of pressure or temperature. The problems associated with
analysing the equilibrium mixture’s composition are thus replaced by the problem
of synthesizing the equilibrium mixture and effectively observing it’s behaviour.
In contrast to the synthetic method, the analytic method does not have to rely on a
precise knowledge of the overall composition. Here temperature or pressure are
adjusted to bring about phase separation (preferably with large quantities of both



the vapour and liquid). Samples are then withdrawn from the phases and analysed
by appropriate methods. Attempts have been made at combining the features of
the synthetic and analytic methods into one equilibrium cell.

DYNAMIC
o | -~

SINGLE VAPOUR PASS PHASE RECIRCULATION SINGLE VAPOUR & LIQUID PASS
SINGLE PHASE TWO PHASE
OPTIC NON OPTIC

STATIC
' l :

STATIC NON—-ANALYTICAL STATIC COMBINED STATIC ANALYTICAL

]
1 1

OPTIC NON QPTIC

Figure 2.1 : Classification of Experimental High Pressure Vapour Liquid
Equilibrium Equipment ‘

A simpler classification of equilibrium cells was adopted in this project and is shown
in Figure 2.1.. Classification depends on whether either liquid, vapour or both are
circulated through the equilibrium cell. If circulation takes place it is known as a
dynamic or flow method and if not a static method. Further sub-division of the
dynamic category depends on the circulating phase. Sub-division of the static
category depends on whether the phases are sampled or not.

The experimental difficulties common to the dynamic and static analytical methods
will now be outlined in detail with particular reference to those associated with the
static method. The unique and interesting features as well as some of the inherent
advantages and disadvantages of the various types of flow and static methods will
consequently be described with the aid of examples from the literature. It would
not be feasible to cover all the various apparatus reported in the literature; only the
more recent apparatus will be covered. Excellent reviews by Tsiklis (1968) and
Young (1978) cover the earlier period.
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DYNAMIC AND STATIC ANALYTICAL METHODS

Main Features Of The Analytical Method

PRESSURE AND TEMPERATURE
MEASURING DEVICE

- VAPOUR SAMPLING SYSTEM

o lal e
& l SAMPLING SYSTEM
— o uoum suspuwe sysrew 8

AGITATION DBVICE

EQUILIBRIUM CELL

CONTROLLED ENVIROMENT

Figure 2.2 : Features of a Typical Analytical Method

A typical analytic apparatus (schematically shown in Figure 2.2) consists of the
following :

i,

5.
6.

An equilibrium cell in which the vapour and liquid of the mixture are at
equilibrium.

An environment that controls the temperature of the equilibrium cell : air, oil,
water bath or aluminium (Ng and Robinson 1978), copper (Konrad, et al 1983)
jacket.

Some method of agitating the mixture in the equilibrium cell in order to speed
up the attainment of equilibrium. Static methods use an internal stirrer, in
dynamic methods the circulation of one or more phases fulfils this role. Some
vapour recirculation methods do however have an .additional internal stirrer.
Rocking of the equilibrium cell assembly to attain equilibrium has also been
reported Haung, et e/ (1985)

Some method of sampling the vapour and liquid phases. In the two phase
recirculation and single vapour and liquid pass methods sampling presents few
problems. The circulating and effluent streams are diverted through external
loops to remove a sample. The vapour recirculation method requires some form
of liquid sampling device. Static methods require both a vapour and liquid
sampling device.

Some means to analyse the withdrawn samples.

Pressure and temperature measurement devices.

Difficulties Encountered In Analvtical Experimentation

Problems encountered in the measurement of accurate isothermal vapour-liquid
equilibria common to all analytic methods, and those which received particular
attention in this project are :



2:3:2.1

2.3.2.2

1. Obtaining truly isothermal equilibrium conditions between the lx;hases.
2. Establishing when equilibrium has been reached.

3. VWithdrawal of samples from the equilibrium phases without disturbing
equilibrium.

4. Avoiding :

4.1 partial condensation of the heavier component in the sample lines for
volitile/non-volitile systems.

4.2 the flashing phenomenon (condensation of heavier components and
vapourisation of lighter components) when withdrawing samples from a
volatile/non-volatile system at high pressure.

5. Accurate analysis of the withdrawn samples.
6. Accurate measurement of temperature and pressure.

7. Degassing of components on entry into the equilibrium cell at the start of the
experimentation. The degassing and purging of the sample lines during repetitive
samples during experimentation.

Obtaining true isothermal conditions

The equilibrium cell must be devoid of any thermal gradients for the analysed vapour
and liquid compositions to reflect the true equilibrium conditions, at the temperature
under investigation. Obtaining isothermal cell conditions is an especially acute
problem when measuring volatile/non-volatile components. Special precautions,
usually thermal, are employed when measuring these systems to avoid the potential
problems discussed in section 2.3.2.4 ‘

Measurement of bath temperature profiles have been reported by various authors in
the literature, mainly those using static equipment (among others Rogers and Prausnitz
1970, Figuiere, et al. 1980, Legret, et al 1981). Measurement of equilibrium cell
temperature profiles, although widely reported by various authors, again mainly those
using static cells (Toedheide and Franke 1963, Rogers and Prausnitz 1970, Figuiere,
et al 1980, Legret, et al 1981 and Guillevic, et al 1983), have seldom been quantitatively
given (0.2 K Konrad, et al 1983).

Establishing attainment of equilibrium

Equilibrium implies a situation in which there is no macroscopic change with respect
to time. In thermodynamics, where attention is focussed upon a particular quantity
of material, equilibrium is defined as there being no change in the properties of the
material with respect to time.
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As equilibrium requires a balance of all potentials that may cause change, the rate
of approach to equilibrium is proportional to the difference in the potential between
the actual state and the equilibrium state. The rate of change becomes slow as
equilibrium is approached. In phase equilibrium studies therefore, high stirring
rates are desirable as the resulting greater contact between the phases decreases the
time taken to reach equilibrium. A true state of equilibrium is probably never
reached, owing to the continual variations in the surroundings and to retarding
resistances.  Therefore equilibrium is assumed when changes can no longer be
detected with the available measuring devices. =

Temperature, pressure, vapour and liquid composition and in some cases stability of
the refractive index (Besserer and Robinson 1971) are important indicators in
determining whether the equilibrium condition has been reached.

Temperature and pressure indications

The fluctuations in the measured temperature and pressure readings, when less than
a predetermined percentage of the measured value for a specific time, have been
used by various authors in the literature as an indication of equilibrium. Fredenslund,
et al (1973) stated that a change in pressure of less than 0,05 % in half an hour was
generally taken as an indication of equilibrium.

Compositional analysis

Repeated vapour and liquid sample composition analysis must give reproducible
results within the limits of the compositional analysis method. Two samples are
usually taken at each equilibrium condition with three consecutive flushings of each
sample, Fredenslund, et al (1973).

Disturbance of equilibrium during sampling

Sampling of either the liquid or vapour phase can entail a change in the volume of
the equilibrium cell. The larger the volume change associated with sampling the
greater the disturbance to the equilibrium condition. The change in volume can be
quantitatively analysed by the pressure change in the cell. Pressure fluctuations of
0,1 and 0,01 bar have been reported by Besserer and Robinson (1971) and Wagner
and Wichterle (1989) respectively.

Two volume changes associated with sampling in the static method disturb the
equilibrium condition :

the volume change associated with the withdrawn sample volume change, and
the volume change associated with the sampling method employed.

The ideal sampling method is to remove the smallest sample volume possible particular
to the method of sampling employed. The size of the sample is however dictated
by the requirements of the analytical and sampling methods. The method of sample
withdrawal should cause the least possible volume change in the equilibrium cell.



2.3.2.4

Various methods have been developed to overcome this specific problem :

1

A large equilibrium cell volume in comparison to the withdrawn sample volume
and sampling method volume change. A large cell volume dampens the two
volumetric disturbances as the percentage cell volume change for large cells is
smaller. Sagara, et al (1972), Klink, et al (1975), Aschroft, et al (1983) and
Reiff, et al (1987) all report the use of large equilibrium cells to counteract the
volume changes of sampling.

A very fast sampling method to minimise the change in equilibrium Figuiere,
et al (1980). A fast sampling method is however is not as important as having
a small sample size.

A sampling method were the only volume change the cell experiences is that of
the withdrawn sample volume. Rogers and Prausnitz (1970) and Nakayama, et
al (1987) use a sampling rod which traverses the entire cell. The cell therefore
does not experience any sampling method volume change but only the sample
volume change.

Compensating for the volume change by pressure adjustment Nakayama, et al
(1987).

Analysing the phase compositions in situ by optical methods, Konrad, et al
(1983).

Sampling and analysis of volatile/non volatile mixtures

When the liquid phase of a volatile/non-volatile mixture is sampled it has been
observed that there is a tendency for the volatile component to flash preferentially
(Kalra, et al 1978 and Ng and Robinson 1979). Unless there are some methods of
homogenizing “the withdrawn sample and the consequent prevention of partial
condensation of the non-volitile component, the quantitative analysis of the sample
will be in error.

Some solutions to these problems are :

L

Employing some sort of stirred homogenization vessel in the sample line, Wagner
and Wichterle (1987).

Heating and keeping the carrier gas pressure in the sampling lines low to avoid
non-volatile condensation. The temperatures required are usually 50 to 100 K
higher than the equilibrium temperature. This causes, without adequate
precautions, a thermal disturbance in the equilibrium cell, which is undesirable.
This solution does not however address the problem of sample rehomogenization.

Keeping the sampling lines at a lower temperature than (2) and employing a
circulation system to homogenize the volatile/non-volatile components (Kalra,
et al 1978, Ng and Robinson 1979, Nakayama, et al 1987).
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4. Analysing the volatile and non-volatile components separately. The sampling
methods of Kobayashi and Katz (1953), Rogers and Prausnitz (1970), Simnick,
et al (1977) and Inomata, et al (1986) basically entailed the separation of the
volatile and non-volatile components in the sample by expanding the sample
into an evacuated vessel. The amount of supercritical component could be
calculated from the total pressure. The condensed non-volatile components
were flushed out of the vessel with an organic solvent. A calibration standard
was added and the resulting mixture analysed by gas chromatography. A
correction was usually made for the amount of supercritical component in the
non-volatile component from low pressure phase equilibrium data if such data
was available.

In the present study, as discussed in section 4.2.4, this particular problem was solved
by use of a novel jet mixer.

Accurate analysis of the withdrawn sample

The two most commonly used methods of phase analysis are gas chrématography and
spectroscopy.

Gas Chromatographyv

By far the most common form of analysis in recent years has been by gas
chromatography. Refractive index measurements in conjunction with gas
chromatograph analysis have also been reported ( Besserer and Robinson 1971 and
Kalra, et al 1978 ).

The two main types of gas chromatograph detectors used are :

1. Thermal conductivity detectors (TCD) which can be used to detect hydrocarbons
and non-hydrocarbons.

2. Flame ionisation detectors (FID) which can be used to detect organics only.

The main disadvantage of this method is that the high-pressure high-temperature
equilibrium state is quite different from the input to the chromatograph. Dieters
and Schneider (1985) make the observation that the quantitative determination of
the compositions does not usually present a problem but the handling and preparation
of the sample for analysis does.

Spectroscopic Methods

In situ phase composition analysis by spectroscopy or photometric methods (Beer’s
Law states that absorbance is proportional to concentration), to overcome the sample
preparation difficulties associated with gas chromatographic analysis, have been
reported. Konrad, et al (1983) and Swaid, et al (1986) report the use of infrared
spectra (where the absorption bands are often well separated) to determine phase
concentrations.
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There are however difficulties associated with the use of infrared, visual and
ultraviolet spectroscopy or Raman scattering methods these being :

1. The extensive calibration procedures required compared to gas chromatography.

2. The application of visual or ultraviolet spectroscopy is largely restricted to
aromatic or coloured compounds.

3. When using infrared spectroscopy there is a strong possibility that absorption
bands of different compounds may overlap. There are however methods avaliable
to overcome this difficulty. -

Temperature and Pressure Measurement

Temperature measurement

Thermocouples, platinum resistance thermometers (Pt - 100 2), thermistors and quartz
thermometers may be used. The relative use of each of the different types may be
gauged from Tables 2.1 to 2.4. For work between 0 - 100 °C Platinum (Pt - 100
1) thermometers seem to be the preferred device. For temperatures > 150 °C
thermocouples seem to be preferred (Table 2.3). The higher sensitivities to
temperature change available from thermistors and quartz thermometers are generally
not required for the primary measuring device. They are however used as standards
against which the primary device is calibrated.

Pressure measurement

Bourdon pressure gauges and in recent years pressure transducers are used as primary
measuring devices. Dead weight piston gauges, the most accurate, are seldom used
as the primary measuring device. They are however, used as a standard against
which the bourdon and pressure transducers are calibrated.

Degassing

Degassing the non-volatile component is necessary to remove gases that may compete
with the volatile component at low liquid phase mole fractions. Degassing is especially
important in systems if the two components are slightly soluble in one another, i.e.
the propane-water system. Figuiere, et al (1980), Legret, et a/ (1980) and Legret,
et al (1981) all place great emphasis, more so than many other authors, on their
degassing systems and procedures.
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DYNAMIC VAPOUR-LIQUID EQUILIBRIUM METHODS

There are three types of flow apparatus : the single vapour pass method, the phase
recirculation method and the single vapour and liquid pass method. The variations
will now be discussed.

Single Vapour Pass Method

The features of a typical single vapour pass method are shown in Figure 2.3

Description of the method

A stream of pure gaseous component at
a specific pressure is passed through a
stationary liquid phase in the equilibrium i
cell. In well designed equipment more

&
gaseous component progressively 3

dissolves into the liquid phase until §

equilibrium is finally reached. The ;| ™ s

claimed equilibrium time is § THASE

approximately 15 minutes, Young (1978). A

After equilibrium has been reached the o e —

vapour may be analysed by diverting a
small sample from the effluent stream.
A sample of the liquid phase may be
withdrawn from the equilibrium cell.

Figure 2.3 : Features of a Typical
Analytical Method

The pressure of the gaseous component and the temperature of the liquid phase are
regulated to generate the required isobaric or isothermal vapour liquid equilibrium
phase diagram.

The original dynamic method, it is the simplest and easiest to operate; it does however,
have a number of inherent disadvantages which have led to its replacement by the
recirculation methods.

Difficulties encountered in the single vapour pass method are :

1. Ensuring establishing whether the vapour phase is saturated with liquid in the
short contact time available. Ensuring equilibrium is obtained in one pass is
therefore problematical.
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Liquid component is constantly being removed. This immediately places
constraints on the amount of data obtainable from one experimental run.

Large quantities of gaseous components are used. Although this is not an
important factor to consider for common gases it does become important for
rare, high purity and expensive gases such as the noble gases (xenon).

It is difficult to ensure that there is no droplet entrainment in the effluent
vapour stream.

The partial pressures of the liquids that may be studied by this method are
usually low, below 0,01 MPa, Young (1978). A consequence of this is that the
method is not suitable for critical region studies.

Accurate control of the gas flow rate is vital. The higher the gas flow rate the
shorter the time required for the liquid to be saturated with the gas. The liquid
component however, requires a longer time to dissolve into the gas phase. It
is therefore unlikely that the gas phase will reach saturation if too high a gas
flowrate is used. - Conversely if the gas flow rate is decreased the conditions
for the saturation of the gas phase improve. The conditions for the saturation
of the liquid phase however worsen. Therefore if one of the coexisting phases
is not at equilibrium errors in the measured data are unavoidable. These errors
are particularly pronounced when either the gas is highly soluble in the liquid
or the liquid highly soluble in the gas.

Some form of mechanical agitation is necessary if the gas is poorly soluble in
the liquid or the liquid poorly soluble in the gas.
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Phase Recirculation Methods

Two different variations in this equipment have been reported : single phase and
two phase recirculation.

The features of a typical phase recirculation method are shown in Figure 2.4

Description of the method

The components are charged into the

are maintained at the required values
while either one or both the phases are
continuously withdrawn from the cell
and recirculated. In two phase
recirculation apparatus both phases are
circulated counter-currently through

equilibrium  cell. Experience
determines the quantities that need to e :
be added to give the desired liquid level, g 1 ¢ T 3
. o § 1 ] )
Freitag and Robinson (1986).  The §§ : §
temperature and pressure of the mixture g § G 5
| :
8 3
g L

the equilibrium cell.

Figure 2.4 : Features of the Phase
Recirculation Method

The liquid phase enters the cell at the top and pours through the vapour phase.
Conversely the vapour enters at the bottom of the cell and bubbles up through the
liquid. Equilibrium between the phases in a well designed equilibrium cell should
be achieved fairly rapidly due to good contacting between the two phases.

This method removes some of the problematic factors associated with the single
vapour pass method : ensuring equilibrium is reached, the liquid component is not
continuously removed from the system, large quantities of the gaseous component
are not wasted and liquids of high partial pressures may be studied.

A brief review of single and two phase recirculation methods in the literature is
given in Appendix A.2, Table 2.1 and Appendix A.3, Table 2.3 respectively.

The single vapour phase recirculation method, like the single vapour pass method,
requires some form of liquid sampling device to remove a sample of liquid from the
cell. In the liquid phase and two phase recirculation methods the liquid phase can
be sampled by trapping a quantity of the circulating phase in the circulation loop.
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For example, the circulating liquid and vapour phases can temporarily be diverted
through the external loops of commercially available liquid and or vapour
chromatography valves. The use of Rheodyne or Valco valves were reported by
D’Souza and Teja (1988), D’Souza, et al (1988), Adams, et al (1988), Jenning and
Teja (1989), Kim, et al (1989) and Fink and Herskey (1990). This feature makes
liquid sampling relatively easy and straight forward when compared to the static
method for example.

The simplicity of sampling in the two phase recirculation method is however somewhat
negated by the added complexity of a liquid recirculation loop.

Another reason for the popularity of these methods is the increasing availability of
commercially manufactured (usually magnetically driven) pumps. Muirbrook and
Prausnitz (1965) and Fleck and Prausnitz (1968) had to design and construct their
own pumps which they describe in detail in the abovementioned articles.

Fredenslund’s, et al (1973) vapour recirculation apparatus had a unique liquid
sampling device the principle of which subsequently formed the basis of the liquid
sampling devices of Meister (1985) and those developed for the static equilibrium
cells of Bae, et al (1981), Ng and Robinson (1978) and this project. The device is
shown in Figure 2.5. It had a 5 mm diameter rod with a 3,5 W/ hole drilled near
its tip. The latter being situated such that it was totally immersed in the liquid
phase upon insertion of the rod into the equilibrium cell. When the sampling rod
was withdrawn into the cell wall the sample hole came into alignment with sample
ports drilled into the cell wall. Carrier gas then flushed the sample to a gas
chromatograph for composition analysis.

For recirculation methods in general, vapourisation and condensation of the circulating
liquid and vapour streams must be avoided. This has been overcome in a number

of ways :

1. Having three separately controlled temperature zones. One for the equilibrium
cell. Another for the vapour recirculation loop in which the temperature was
slightly greater than the equilibrium temperature. The third for the liquid
recirculation loop was maintained at a temperature slightly lower than the
equilibrium temperature. A good example of this is the equipment of Takishima,
et al (1986) and Inomata, et al/ (1988). Both have similar circulation loops and
sampling systems housed in three different temperature zones, Figure 2.6.

2. Sampling the phases directly from the equilibrium cell which somewhat negates
the advantages of a recirculation method.



Figure 2.5 Fredenslund, ¢t a/ (1973) liquid sampling device
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. Schematic diagram of experimental apparatus: (1) equi-
librium cell; (2) window; (3) sample charging pump; (4) liquid sample;
(5) pressure transducer; (6) sampler; (7) magnetic pump; (8) magnetic
stirrer; (9) flash tank; (10) temperature controller; (11) vacuum pump;
(12) NH,; sample cylinder; (13) N, gas cylinder; (14) NH, gas cylinder;
(15) He gas cylinder; (16) air bath; (17) gas chromatograph.

Figure 2.6 Experimental apparatus of Inomata, ¢t al (1988)
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Removing samples from the equilibrium cell by some device and transferring
these to an analysis device ( Dorou, et al/ 1983, Shibata and Sandler 1989 a and
Chou, et al 1990 ).

It is interesting to note that Kubota, et al/ (1983), King, et al (1983), Takishima, et
al (1986), Inomata, et al (1988) and Suzuki and Sue (1990) all report the use of
internal stirrers to aid in the equilibration process.

Difficulties encountered in the recirculation methods are :

1.

Maintaining an adequate liquid level in the equilibrium cell. The only authors
who mentioned the use of a liquid level measuring device were Muirbrook and
Prausnitz (1965). All the other authors appear to rely on visual observations
to maintain the desired liquid level.

Ensuring no droplet entrainment in the effluent vapour stream. The only specific
reference to a demisting device was by Muirbrook and Prausnitz (1965).

Ensuring that the pumps used do not contaminate the equilibrium mixture (this
problem has largely been overcome by the use of magnetically coupled pumps),
or create stagnant spaces.

Avoiding the possibility of partial condensation and vapourisation of the
circulating vapour and liquid streams respectively.

Avoiding undesirable pressure gradients across the equilibrium cell caused by
the circulating pump if it is not pulsation free.
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The Single Vapour and Liquid Pass Method

A relatively recent development of the dynamic method. The method was specifically
developed for high temperature and pressure vapour-liquid equilibrium measurements
where thermal degradation of a hydrocarbon could occur.

The features of a typical single vapour-liquid pass method is shown in Figure 2.7

Description of the Method

Separate streams of vapour and liquid
components are contacted co-currently
at a controlled temperature and pressure
in a mixing unit. The combined stream

passes into an equilibrium cell where T

the mixture separates into the vapour
and liquid phases. The two phases exit
from the equilibrium cell separately and
sampling is achieved by the diversion
of the effluent streams. A summary
of some of the apparatus mentioned in
the literature is given in Table 2.3 and
Appendix A.4.

IAAAAAA

EQUILIBRIUM CELL

VAPOUR FEED

:
:
)
:E-

Figure 2.7 : Features of the Single
Vapour and Liquid Pass Method

Difficulties encountered in this method are :

1. Ensuring that equilibrium has been reached in one pass.

2. Ensuring complete phase separation in the equilibrium cell.

3. Achieving a steady liquid level in the equilibrium cell.

4. Ensuring no droplet entrainment in the effluent stream.

5. Ensuring the pumps do not contaminate the equilibrium mixture.

6. Avoiding undesirable pressure gradients across the equilibrium cell.

In addition the designer faces material problems due to the very reason these apparatus
were designed, namely high temperatures.
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STATIC VAPOUR-LIQUID EQUIBLIBRIUM METHODS
Static Analytic Method

Description of the method

The features of a typical static apparatus is shown in Figure 2.8.

The components under investigation are
charged into the equilibrium cell. The [Fresswe o e
liquid components may be flushed into
the cell by the volatile component or
pumped in. The volatile component is FOUBIM CELL _ wusoun sun STSTEM
usually supplied directly from its storage N __w Yy gy
cylinder. High boiling volatile ’
components such as propane and butane

may have to be heated and pumped in
by some compressor type device.

| SAMPLING SYSTEM

Figure 2.8 : Features of the Static
Analytic Method

The contents of the cell are agitated to promote contact between the phases thereby
shortening the time taken to reach equilibrium. After equilibrium has been reached
the temperature and pressure are noted and samples of the liquid or vapour or both
are withdrawn and their compositions analysed. @ The temperature and pressure of
the mixture are regulated to generate the required vapour-liquid equilibrium
isothermal phase diagram.

A summary of a few of the important features of a selected number of static apparatus
reported in the literature is given in Table 2.4. In the review of static analytic
apparatus particular emphasis is placed on :

1. Equipment which displayed similar features to the one used in this project. The
liquid and vapour sampling methods of (Ng and Robinson 1979 and Bae, et al
1981 and Nakayama, et al 1987), equilibrium cell agitation method of (Kalra
and Robinson 1973 and Ng and Robinson 1979) and air bath design (Rogers
and Prausnitz 1970).

2. The early difficulties experienced in the sampling of a liquid phase whose
components displayed large differences in relative volitility. The methods used
by Kalra, et a/ (1978), Ng and Robinson (1979) and Wagner and Wichterle
(1987) to rehomogenize a withdrawn volatile / non-volatile sample are described.
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3. The apparatus of Figuiere, et al (1980), Legret, et al (1981) and Guillevic, et
al (1983) which although not directly relevant to this project, are included in
Appendix A.5 due to the unique methods employed to sample the liquid phase.
The solution of sampling the liquid phase without disturbing equilibrium
presented the most challenging and difficult problem to be surmounted for a
successful cell design.

4. The equilibrium cell design of Aschcroft, et al/ (1983) and the modified version
of the Bessserer and Robinson (1977) cell of Kalra, et al (1978) are described.
The method of sampling the liquid phase formed the kernel of the idea on which
the new cell design proposed in Chapter 10 was based.

5. The equipment of Swaid as described in Konrad, et a/ (1983) is included in
Appendix A.5 as an example of the spectographical method of phase analysis.

Description of selected static analytic apparatus in the literature

Experimental apparatus of Rogers and Prausnitz (1970).

The equilibrium cell of Rogers and Prausnitz, (1970) is shown in Figure 2.9. Vapour
and liquid samples were removed from the equilibrium cell via two sets of moving
pistons. Between each set of two pistons was a small variable volume. During
sampling this volume was extruded from the equilibrium cell into a cylinder and
moved down the cylinder until the sample ports were reached. The sample then
expanded through capillary tubes into a low pressure zone. This sampling technique
had the primary advantage that the equilibrium cell pressure was not disturbed during
withdrawal of the samples since the piston movement did not alter the interior cell
volume. A hydraulic drive was used to move the sampling pistons back and forth.

The contents of the cell were agitated with a magnetic stirrer. The stirrer paddle
made a 120 degree sweep of the cell and was designed to stir both phases without
splashing liquid into the region near the vapour sampling pistons and to dislodge any
vapour bubbles near the liquid sampling space. The only areas not reached by the
stirring action were the short lengths of tubing leading to the pressure measurement
and cell loading systems.

The authors found it necessary to know the position of the vapour liquid interface
in order to avoid the withdrawal of a two phase-sample and to aid in the loading of
the cell. The interface was located by a movable thermistor whose response depended
on whether it was in the vapour or liquid phase.
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Great care was taken in the design of the heating and cooling system in order to
achieve isothermal bath conditions. The inside of the bath was constructed of copper
plates to promote temperature uniformity and stability. A similar idea for promoting
bath temperature uniformity was used in the present project. The equilibrium cell
was mounted on steel supports with additional copper plates between them to minimize
heat conduction out of the nitrogen bath. Heat transfer lines were hard soldered
to the copper walls of the interior to speed up the transfer of energy between the
bath and the heating/cooling system.

Experimental apparatus of Kalra and Robinson (1975')

In the equilibrium cell described by Kalra and Robinson (1975) the vapour and liquid
phase were sampled through specially designed needle valves which were mounted
directly into the wall of the cell. The main features of the valve design were :

1. a sample could be completely removed in a stream of helium from an external
supply, and

2. a separate sealing system for the needle and the seat.

The sealing arrangement made it possible to provide the relatively high packing load
required to seal off the seat without interfering with the lower load required to seal
the delicate sampling needle. The needle was made from a hard chromium plated
sewing needle, and the other parts from 316 stainless steel.

To analyse a sample the valves were opened by rotation of an external wheel. The
sample was flushed into an evacuated manifold connected directly to the discharge
side of the sample valve and to the inlet of the chromatograph. The valve was
closed and the residual sample in the valve flushed into the manifold with helium.
The manifold pressure was continuously monitored such that it was always maintained
below the vapoflr pressure of the heaviest component in the mixture at the temperature
under investigation.

Mixing of the phases was achieved by a teflon coated magnetic stirrer. The driving
force for the stirrer was provided by a magnetic pile mounted externally to the cell.
The pile consisted of three magnets mounted in mild steel shoes and encased in an
aluminium housing. The pile was mounted on a variable speed d.c. motor. The
magnetic stirrer remained coupled to the rotating pile at speeds in excess of 500 rpm
through 19 mm of 316 stainless steel and a 15 mm air gap. If the cell was half full
of liquid the stirrer generated a deep vortex in the liquid phase causing vapour
bubbles to be continuously drawn into the underlying liquid phase. According to
the authors equilibrium was rapidly attained between the phases, one half to two
hours depending on the conditions and the mixture composition being investigated.
A similar agitational method was adopted for this project.



Sampling components that showed great difference in relative volitility

At this time more interest was being shown in the field of supercritical extraction.
Equilibrium data for volatile/non-volatile systems, especially those containing carbon
dioxide, were in great demand. Kalra, et al (1978) used an equilibrium cell similar
to that described by Besserer and Robinson (1971) to study the carbon
dioxide/n-heptane system. Certain major modifications were however made to the
equipment to overcome the difficulties associated with the analysis of a
volatile/non-volatile system which were now becoming apparent.

In a volatile/non-volatile system, during the process of liquid phase sampling, the
flashing phenomenon occurs. A liquid mixture containing a relatively light and
heavy component undergoes a distillation process when it is throttled across a valve
from a high pressure region to a low pressure region or to an evacuated space. As
a result, the concentration of the light component in the throttled liquid passing
through the valve has a higher concentration of light component than the liquid
upstream of the valve. Thus the sample obtained for analysis is not representative
of the equilibrium liquid phase. Previous methods of sampling the liquid phase,
namely those based on opening a valve and releasing liquid phase into an evacuated
space (Kalra and Robinson 1975) were not suitable nor applicable to
volatile/non-volatile systems. A sampling method similar to that of Rogers and
Prausnitz (1970) was required, namely the removal of a representative liquid sample
out of the equilibrium cell.

Sample analysis problems similar to these described by Kalra, et a/ (1978) and Ng
and Robinson (1978) were encountered in this project.

Modified experimental equipment of Besserer and Robinson (1978).

To overcome the abovementioned flashing difficulty, Kalra, et al/ (1978) modified
the equilibrium cell of Besserer and Robinson (1977), described in Appendix A.5 by
developing a new liquid phase sampling method. The modification consisted of
inserting a four-port ball valve in the line connecting the vapour to the liquid space.
The liquid level in the cell at equilibrium conditions was raised using a double acting
Ruska pump until the liquid flooded one through-port in the ball valve. The valve
was rotated 90", whereupon the filled port came in line with hot circulating helium.
The helium and sample were circulated until all the liquid sample was vaporised.
The flow was switched to the chromatographic sample valve for analysis. The Ruska
pump moved the upper and lower pistons simultaneously thus maintaining a constant
cell pressure and temperature. The equilibrium condition between the phases was
therefore not disturbed.

An additional problem discovered during experimentation was related to the low
volatility of the heavy component, n-heptane. During their previous experimental
studies the authors had investigated systems in which the components had higher
relative volatilities. The high volatility of the components ensured that the vaporised
liquid phase sample could be maintained in the gaseous state in a simple electrical,

22
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tape-heated manifold. During these investigations more elaborate precautions had
to be taken to prevent partial condensation of the n-heptane during sampling and
sample transportation. This was achieved by using an electrically heated and
thermostated manifold enclosed in an insulated housing. The manifold was part of
a circulation line equipped with a stainless steel bellows type diaphragm pump. The
pump circulated the vapourized liquid sample and helium carrier gas. The circulation
process ensured homogenization of the liquid sample if any flashing occurred during
the sampling process and prevented partial condensation of the heavier component
prior to injection into the gas chromatograph. 5

Experimental apparatus of Ng and Robinson (1978).

Figure 2.10 shows the equilibrium cell Ng and Robinson (1978) used to measure
carbon dioxide/toluene vapour-liquid equilibrium data. This is the data against
which the carbon dioxide/toluene data measured in this project was compared.

The equilibrium cell was equipped with a Pyrex glass bulls-eye window to observe
the interface between the two phases. The vapour and liquid phases were sampled
by two specially designed valves mounted directly into the cell body. The vapour
sampling system had been developed and described earlier in the literature by Kalra
and Robinson (1975) and the liquid sampling system by Fredenslund, et a/ (1973).
Both sampling valves permitted the removal of micro samples of the particular phase
so that the equilibrium conditions between the phases was not disturbed greatly. The
liquid sampling device, Figure 2.11, consisted of a 1/4" diameter steel rod which was
mounted through packing along a radius near the bottom of the equilibrium cell.
A sample of the liquid phase filled a 1/16" diameter hole drilled horizontally along
the diameter of the rod near the tip. The nonrotating piston rod and the trapped
sample were withdrawn through the cell wall. The withdrawn sample subsequently
flashed into an evacuated manifold.

The method of sample homogenization, manifold and stainless steel bellows type
diagram pump, to circulate the sample and helium carrier gas was similar to that of
Kalra, et al (1978).

The equilibrium cell temperature was maintained by a 1" thick aluminium shroud
containing eight vertically mounted uniformly spaced pencil-type 250-W electrical
heaters.

Equilibrium between the phases could be obtained within 3 hours by using a rotating
magnetic stirrer coupled to an externally mounted rotating permanent ceramic magnet
as described in the equipment of Kalra, et al (1975). The stirring action was allowed
to continue overnight however, before the phases were sampled.
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Experimental apparatus of Bae, et al (1981)

The windowed equilibrium cell of Bae, et al (1981) sports a unique magnetically
driven impeller and a specially designed liquid sampling device.

The visibility afforded by the glass window of the cell allowed for the detection of
liquid and vapour phases, dew, bubble and critical points.

Mixing in the equilibrium cell was achieved by an internally vaned metallic impeller
mounted on a hollow shaft. Vapour entered small holes on the upper part of the
shaft, descended down the hollow shaft and dispersed into the underlying liquid
phase.

The liquid in the equilibrium cell was sampled through a specially designed device,
Figure 2.12, mounted directly into the wall of the cell. The design of the device
was based on the methods of Fredenslund, et a/ (1973) and Ng, et al (1978). The
5 mm diameter stainless steel sampling rod withdrew an 8 / liquid sample. The
trapped sample was flashed directly into the carrier gas stream of the gas
chromatograph. The same device was initially used for vapour phase sampling. It
was however found to be unsuitable for sampling the vapour phase as a thin film of
liquid was found to have adhered to the equilibrium cell wall in the vapour space.
The vapour sampling technique was changed. A small portion of the vapour was
released into an evacuated collection device and flushed via a carrier gas stream to
the gas chromatograph.

Experimental apparatus of Ashcroft, et al (1983)

Ashcroft, et al (1983) have described a variable volume equilibrium cell design with
provision for sampling of multicomponent, multiphase systems, visual phase
observations and volume measurements. This was achieved by means of a unique
sampling valve: optical system and an accurate method of determining the cell volume.
The equilibrium cell shown in Figure 2.13 consisted of upper and lower cylinders
connected to each other by a glass capillary tube which formed part of the window
assembly used for optical observations. The lower cylinder was pressurized with
mercury and the upper hydraulically. The lower cell contents could be raised or
lowered to allow visual observations of the liquid phase, phase boundary and vapour
phase by dual action pumping of the mercury and hydraulic oil. Once it was
established that the liquid or the vapour phase occupied the space surrounding the
sampling valve a sample of the phase could be taken by the valve in Figure 2.14.
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The 6 mm diameter stainless steel sampling rod (A) had a bored hole (B) of 2 mm
diameter into which a sample of approximately 0,06 / was trapped. As the sampling
rod was withdrawn the sample in the bored hole was brought into line with the
helium flowing around the teflon gland. Although the teflon gland was held tightly
on the steel rod by gland nut (D) there was some leakage of helium into the cell.
The authors however claim that this was negligible : during one hundred sampling
operations the mole fraction of helium in the cell would rise to 2 x 10-5. The
vapourised sample in the helium carrier gas passed through a heated line via a sample
splitter into the gas chromatograph. -

Swivel lines were inserted into the mercury and hydraulic oil lines to enable rotation
of the cell allowing equilibrium to be reached in about 3 hours by mechanically
rocking the cell.

Experimental apparatus of Wagner and Wichterle (1987)

Wagner and Wichterle (1987) used a capillary sampling method to measure binary
and ternary data for carbon dioxide, n-hexene and 1-hexene. The authors reported
separation of the withdrawn samples for the volatile/non volatile systems due to the
pressure drop along the capillary. A 0,8 m/ intensively stirred glass homogenizing
vessel was inserted in the sampling line to rehomogenize the withdrawn samples.
The vessel was kept at approximately 100 K higher than the equilibrium temperature.

Experimental apparatus of Nakayama, et al/ (1987)

Nakayama, et al (1987) found an interesting way to compensate for the pressure
change that occurs during sampling. The equilibrium cell was connected via a
stainless steel diaphram to a buffer tank kept at the equilibrium pressure. The
volume of the buffer tank was approximately 5 times greater than that of the cell.
The volume and pressure changes that occurred during sampling were automatically
compensated for by the action of the diaphragm. Great care had to be taken on
filling the cell to avoid rupture of the diaphragm that would have occurred with
large pressure differences.

Two sampling devices, Figure 2.15 were used : a capillary and a sliding rod sampler.
The latter appears a cross pollination of the ideas of Rogers and Prausnitz (1970)
and Fredenslund, et al (1973). The sliding rod was brought completely through the
equilibrium cell so the only change in volume the cell experienced was that of the
sample volume of approximately 0,1 cm3.

The authors report the capillary tube sampler was simpler to design, operate and
maintain. The cell did however experience a larger volume change during sampling
0,25 cm3. To ensure analysis of equilibrium phase instead of stagnant material,
which could be trapped in the thin capillary lines, the first few withdrawals were
discarded.
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The heavy components that could not be vapourised immediately upon sampling were
collected in a cold trap. These components were returned to the air bath to be
gasified. The light and heavy components were then homogenized by the magnetic
pump in a circulation loop before being injected into the gas chromatograph for
composition analysis. '

Equilibrium between the phases was obtained by using a stirrer coupled to an externally
rotating permanent magnet.

The Static Non-Analytical Method =

Description of the Method

In this method a mixture of known composition is prepared and placed into the
equilibrium cell. The temperature or pressure of the mixture inside the equilibrium
cell is adjusted until phase separation of the homogeneous phase occurs. The moment
the homogeneous phase separation starts the pressure and temperature are noted.
The mole fractions of substances making up the mixture can be precisely calculated,
as the quantities of each substance initially loaded into the equilibrium cell are known.
After the appearance of the second phase the temperature and pressure should be
readjusted into the homogeneous region in order to avoid demixing and layering of
the phases. The temperature or pressure is again adjusted until the formation of a
new phase is observed. The pressure, temperature and mole fractions at which these
phase separations start define points on the phase envelope.

The initial results of these experiments are sets of isopleths (phase boundaries at
constant composition). The method whereby the temperature is varied at constant
pressure until a second phase appears is known as the method of temperature variation.
Repeating these experiments under different constant pressures defines more points
on the p(T) - isopleth. Conversely the method whereby the pressure is varied at
constant temperature is known as the method of pressure variation and a
T(p) - isopleth is generated. The final results of the synthetic experiments,
pressure-mole fraction and temperature-mole fraction phase diagrams must be
obtained by cross plotting from the two sets of isopleths.

The equilibrium cell of Meskel-Leasavre, et al (1981) an example of this type of
apparatus is described in Appendix A.6.

Advantages and Disadvantages of the Synthetic Method :
Advantages :

1. No sampling is necessary and therefore no complicated and expensive analytical
devices are required.

2. The experimental method is simple and since there is no need to wait for
equilibration between the phases equilibrium data can be generated quickly and
efficiently. '
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3. P,V and T and even orthobaric densities may be obtained if the motion of
the pressure transferring element can be recorded with sufficient precision,
Meskel-Lesavre, et al (1981).

4. Critical states measurements can be carried out on this equipment.
5. A p(T) isopleth can be obtained from one filling of the equilibrium cell.
Disadvantages :

1. Visual observation of iso-optic systems, i.e. where the coexisting phases have
approximately the same refractive index is extremely difficult if not impossible.

2. For mixtures with more than two components the information obtained from
experimentation is limited.

3. The method is not suitable for measurements away from the critical states i.e.
where (0T /0C)p and (9P/dC)t is large or infinite.

4. Great care must be taken not to overlook a dew point which can easily happen
if the liquid phase condenses not as a mist but as a thin film on the wall of the
pressure cell.

The Static Combined Method

In analysing the isobars and isotherms of phase diagrams they are seen to have large
gradients far away from the critical states and small gradients near the critical states,
(Dieters and Schneider 1986).

Where the isobars and isotherms have small gradients slight disturbances in the
temperature and pressure of the mixture in the equilibrium cell can lead to large
fluctuations of the phase compositions. Therefore the application of the analytic
method for the study of phase behaviour near the critical state should not be
considered. @ As the non-analytic method does not require sampling the above
fluctuations are not experienced. Consequently this method is the more accurate
near the critical state.

Where the isobars and isotherms have large gradients the non-analytic method is the
least accurate of the two methods. An error in the overall composition leads to a
large deviation of the temperature in the generated data.

Attempts have therefore been made at combining the features of the analytic and
non-analytical static methods into a single equilibrium cell. Provision is made for
viewing of the contents, to allow for sampling of the vapour and liquid phase and
in recent years some method of accurately determining the volume of the equilibrium
cell. The equilibrium cell of Wisotzki (Appendix A.7) is a typical example of this
type of apparatus.



TABLE 2.1

Ssingle Phase Recirculation Apparatus Reported in the Literature

Author Cell Operating range Cell Measurement Device Claimed Sample size
Equilibration
Volume Temp Press Temp Press time Vap Liq

(§D) cm3 K bar (2) (3) (4) min pul pul
Vapour Recirculation ’
Fredens lund 1973 15 350 373 |304 Stainless steel RT DWP 1207180 3.5 3:5
Dorau 1983 168 70/100 1/200 [Austenitic steel RT B S 60 000 -
Weber 1984 230 223/300 3/180 |Chromium-nickel steel RT B - - -
Meister 1985 50 70/290 0,1/350 |Stainless steel RT DWP - - -
Meister 1985 56 70/470 2/400 |[Stainless steel RT DWP - - -
Freitag 1986 100 256/405 1/365 |Hastelloy C-276 TC B 30 50/200 -
Chou 1990 - - 2 TC B 60 - -
Shah 1990 - 325/500 83 |Saphire RT PT 5/10 - -
Liquid Recirculation
Kim 1986 | 100 l 137 | 423 |316 Stainless steel TC PT 10 25 0,5
(1) Due to space limitations only first author mentioned.
(2) Material of construction of equilibrium cell.
(3) TC = thermocouple; RT = Platinum Resistance Thermometer (Pt - 100 Q).
(4) B = Bourdon pressure gauge; PT = Pressure transducer; DWP = Dead weight piston gauge.




TABLE 2.2
Two Phase Recirculation Apparatus Reported in the Literature

Author Cell Operating range Cell Measurement Device Equilibration Sample size
Volume Temp Press Temp Press time Vap Liq
(1) cm3 K bar (2) (3) (4) min ul ul
Muirbrook 1965 200 233-303 1 250 |403 Stainless steel TC B - - -
King 1983 300 773 500 |[Stainless steel TS B - 11 500 |/34 700
Kubota 1983 106 283-353 800 |304 Stainless steel = B 120 - -
Radosz 1984 60 533 350 |- RT PT 15 100 100
Moris 1985 100 311-588 146-109 |- TC PT 10/15 20/250 0,5
Yorizane 1985 150 298 90 |304 Stainless steel = B - - -
Takishima 1986 700 5 = 1= QT B - - -
Inomata 1988 750 4 130 60 |316 Stainless steel TC PT - - -
D'Souza a,b 1988 100 353 161 |Stainless steel RT PT 60 3 001 1 000
Adams 1988 = 313 80 |[Sapphire ] - - - -
Kim 1989 150 430 250 |316 Stainless steel RT PT 10 100 1
Shibata 1989 100 345 422 |- RT DWP 30745 - -
Jennings 1989 40 335 100 |Stainless steel RT PT - 1 0,2
Weber 1989 65 300/670 190/103 |300 Stainless steel RT B 480 20 1
Suzuki 1990 - 453 250 |- RT B - 10 000 750
Fink 1990 60 - - |Hastelloy C TE PT - - -

(1) Due to space limitations only first author mentioned.
(2) Material of construction of equilibrium cell.
(3) TC = thermocouple; RT = Platinum Resistance Thermometer Pt - 100 Q.
TS = thermistor; QT = Quartz thermometer.
(4) B = Bourdon pressure gauge; PT = Pressure transducer; DWP = Dead weight piston gauge.




TABLE 2.3

Single Vapour and Liquid Pass Apparatus Reported in the Literature

Author Cell Operating range Cell Measurement Device Hold up Sample size

Volume Temp Press Temp Press time Vap

(4D cm3 K bar (2) (3) (4) sec ul
Simnick 1977 90 703 250 |316 Stainless steel TC type K B ® 500/2 000
Sebastian 1980 - = - |- TC type K B - 1 320/1 860
Lin 1985 10 710 250 |316 Stainless steel TC type K B 18-36 500/1 000
Inomata 1986 30 710 230 |316 stainless steel TC type K B - 300/1 140
Niesen 1986 250 623 100 |[316 Stainless steel RT B - -
Roebers 1990 10-50 673 350 |450 Stainless steel NA NA NA NA

(1) Due to space limitations only first author mentioned.
(2) Material of construction of equilibrium cell.

(3) TC = thermocouple; RT = Platinum Resistance Thermometer Pt - 100 Q.

(4) B = Bourdon pressure gauge.




TABLE 2.4

Static Equilibrium Apparatus Reported in the Literature
Author Cell Operating range Cell Measurement Device Equilibration Sample size
Volume Temp Press Temp Press time Vap Liq
4D cm3 K bar (3) (4) (5) min pl wl
(2) (2) (2)
Rigas 1958 v 423 14 13047416 SS TC B 0,2 0,75
Todheide 1963 150 623 3500 |- TC B 60 200-300 mg 200-300 mg
Rogers 1970 150 423 1 000 |ss TC PT/DWP 2 w w
Besserer 1971 107115 310 80 |316 ss TC PT 5/10 cycles 10-3 gmoles 10°3 gmoles
Sagara 1972 500 103 100 |ss TC B 60 - -
Klink 1975 800 316 sS - DWP 300/1 500 - -
Kalra 1975 250 338 - 345 |316 SS TC PT - -
Ng 1978 150 315 175 |316 ss TC B 180 12 -
Figuiere 1980 50 673 400 |SsS Te PT - 1 1
Legret 1981 100 673 1 000 |[SS TC PT 10 15 15
Bae 1981 300 323 100 |304 RT B 120 8 8
King 1983 500 TS DWP 310 -
Konrad = = s - -
(Swaid) 1983 - | 300/450 2000 |N 90 TC B - N.A N.A
Konrad = e - - -
(Konrad) 1983 100 | 293/473 2000 |N 90 TC “ = 50 50
Ashcroft 1983 883 333 690 |Ms RT PT 180 0,06 0,06
Guillevic 1983 50 558 70 1316 TC PT - - -
Haung 1985 vV | 310/477 185 |Saphire TC PT = - -
Nakayama 1987 270 450 200 |- TC B 720 100 250
Wagner 1987 65 323 90 |SS QT PT - -
Reiff 1987 2 000 473 300 |- RT - - - -

(1) Due to space limitations only first author mentioned.
(2) VV = Variable volume.

(3) Material of construction of equilibrium cell, SS = Stainless steel ; MS = Manganese steel,

(4) TC=
1§ =

(5) B = Bourdon pressure gauge; PT = Pressure transducer; DWP = Dead weight piston gauge.

thermocouple; RT = Platinum Resistance Thermometer Pt - 100 Q.
thermistor; QT = Quartz thermometer.

N 90 = Ninomic 90 SS

€€
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CHAPTER 3

REVIEW OF THEORETICAL ASPECTS OF HIGH PRESSURE
VAPOUR-LIQUID EQUILIBRIUM

3.1

The measurement of vapour-liquid equilibrium is both expensive and complex,
especially for high pressures where acquisition of data is not easy and requires
considerable experimental skill, experience and patience. Knap (1986) provides
some rough estimates of the financial and experimental time requirements to measure
VLE datasets. Theoretical interpretation of experimental data is therefore necessary
for interpolating and extrapolating the data to new conditions and for correlating
phase behaviour from the minimum amount of experimental data.

Thermodynamics provides the tool for interpreting phase-equilibrium data. While
thermodynamic analysis of low pressure phase equilibrium data is common such
analysis for mixtures at high pressures, i.e., approaching critical conditions, is much
more difficult and far less common.

In this general review on the theoretical aspects of high temperature and pressure
vapour-liquid equilibrium the more commonly used methods of data analysis will be
discussed

Particular emphasis will be placed on the direct and combined methods (Wichterle
1978 a and b). These two methods were employed in the theoretical analysis of the
VLE data measured in this project.

The direct method requires the computation of the liquid and vapour phase fugacity
coefficients through a single appropriate EOS. The combined method requires the
computation of liquid phase activity coefficients using an appropriate liquid phase
model and the vapour phase fugacity coefficients using an EOS.

The various relationships that have been proposed to calculate the fugacity and
activity coefficients (with particular attention to those specifically used in this project)
will be discussed :

Equations of state for the fugacity coefficient : Virial, cubic Peng-Robinson and a
Group Contribution EOS proposed by Skjold Jorgenson (1986).

Liquid phase models for activity coefficients : UNIQUAC and NRTL equations.

A Dbrief review of consistency testing of high pressure vapour-liquid equilibrium
data is also given. The derivation of the proposed new vapour phase test is shown
in this section.

CRITERION FOR EQUILIBRIUM

Elementary thermodynamic treatment of phase and chemical reaction equilibrium,
will not be covered here. The various relationships from which equations (3.6) and
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(3.8) have been generated may be found in Smith and van Ness (1975) and Walas
(1985). The symbol notation and phraseology for the various thermodynamic
properties used here are similar to those of Smith and van Ness (1975).

The criterion for phase equilibrium (Appendix B.1) is :

For multiple phases at the same T and P the equilibrium condition is satisfied when
the chemical potential or fugacity of each component in the system is the same in all
phases.

it = B = aea = fi (= Ly N) (3.1)

THERMODYNAMIC RELATIONSHIPS TO DESCRIBE THE HIGH PRESSURE
VAPOUR-LIQUID EQUILIBRIUM CONDITION

Prausnitz (1986) designates high pressure as any pressure sufficiently large to have
an appreciable effect on the thermodynamic properties of all the phases under
consideration. Pressures above approximately 20 bar may be considered as high,
although this will depend on the nature of the system.

The fugacity of any component i in a system containing 7z components is a function
of temperature, pressure and composition. A description of the fugacity based on
first principles may be found from the total differential of the logarithm of the
fugacity as given by :

oln f, a1 i (m-1(3Iln #,
diln }, = ( ]) dT+( - }) dP + % ( f) dx, (3.2)
(P.x) (T.x) (P Tuixi)

oT oP G=1) ox;

There is some difficulty in calculating the terms on the right hand side of Eq. (3.2)

The first term may be related to partial molar enthalpy, the second to partial molar
volume and the third to the excess Gibbs free energy.

Alternatively a thermodynamic description of phase behaviour may be based on the
equality of the fugacities throughout the phases, Eq. (3.1). The criterion which
must be satisfied for equilibrium between a liquid and vapour phase at the same
temperature and pressure according to Eq (3.1) is given by :

P (3.3)

The fugacities in Eq (3.3) are of little practical value unless they can be related to
some measurable values such as temperature, pressure and phase compositions. This
is achieved in practice by using auxillary functions.

For example, in the combined method the vapour phase fugacity of a component may
be written as,

o=y & P ; (3.4)
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and the liquid phase fugacity of a component as :
fo = x v fi (3.5)

Consequently Eq. (3.3) becomes :

v & P = x, v, f{ (3.6)

Alternatively in the direct method the liquid phase fugacity is given by :
PE- o b P @7

The vapour phase fugacity is given by Eq.(3.4) resulting in the equilibrium condition
being described by :

b0 =y b (3.8)

The effect of temperature, pressure and composition on the fugacity in the liquid
and vapour phases are therefore essentially determined by the effect of these variables
on the activity and/or fugacity coefficients. The following functional relationships
are therefore present :

= ®(T.P.y....¥n)
B = BT P ren®y)
Yo = VT Po%s.uit,)
fi = HT.F}

Another useful quantity in vapour-liquid equilibrium is the equilibrium ratio X
defined as :

K = Yi _ Yi fi _ i
i x— rV P 7
i 0, LH

(3.9)

The value of K gives an indication as to whether the component will concentrate in

the vapour (i.e. the light component, K,> 1 or whether it will concentrate in the
liquid phase (i.e. for the heavy component, K, < 1).

The above rigorous description of phase equilibrium applies equally to low and high
pressure. The extension of Eqgs. (3.6) and (3.8) to high pressures is however not
trivial for the following reasons :

I. One of the components is usually supercritical at the equilibrium temperature.
In the combined method there is some difficulty in defining an appropriate
standard state fugacity f{* for the supercritical component since the component
cannot exist as a pure liquid at the system temperature.
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2. Vapour-phase non-idealities become more pronounced i.e. ¢/ # 1

3. The isothermal Gibbs-Duhem Eq. (B.1) includes a total pressure differential
term. This term, though negligibly small at low to moderate pressures, becomes
significant at high pressures especially near the critical region.

ANALYTICAL METHODS IN HIGH PRESSURE VAPOUR-LIQUID
EQUILIBRIUM : THE DIRECT AND COMBINED METHODS

The two analytical methods developed for high pressure vapour-liquid equilibrium
work namely, the direct and combined methods were reviewed in detail by Wichterle
(1978 a and b). Only the isothermal forms of these methods, the bubble pressure
calculation, will be considered here.

Direct Method

The fugacity coefficients in Eq. (3.8) are calculated from,

-y 1 ) /‘w (3P) RT PVY
= [ = - v | dav - 1 3.10
In ¢, (RT v an‘, Tov.n,0 VV n nTRT ( )

and

v 1 ) f"’ (81’) RT PVt
= [ — 3 = = | a¥ = 1 3.11
In 4)] (RT i anl TVon0 VL n n-,RT ( )

A suitable pressure-explicit EOS, p = f(V,T) applicable to all components and
their mixtures over the entire density range (vapour to liquid) is required for the
solution of Egs. (3.10) and (3.11).

There are literally hundreds of equations of state described in the literature. Selection
of the most appropriate one for the particular application in hand is the first problem
associated with the application of this method. The main criterion in the selection
of the EOS is that it must be flexible enough to fully describe the system PVT
behaviour for both phases in the temperature, pressure and concentration ranges
under study.

Another important factor affecting accuracy in the direct methods arises when the
description of phase behaviour is extended to mixtures. Most EOS require a mixing
or interaction parameter to extend the pure component EOS form to mixtures. Most
mixing rules although derived using theoretical assumptions, are somewhat empirical
and may be system specific.

A schmetiq diagram showing the computational procedure for the direct method is
shown in Figure 3.1.
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Figure 3.1 : Schematic Diagram for the Bubble-Pressure Program using the Direct
Method
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Combined Methods

The application of an activity coefficient to describe high pressure phase behaviour
(Eq.(3.6)) is a logical extrapolation of the excellent low pressure correlation techniques.
The main feature of this method is the use of separate auxillary functions to describe
the non-ideality of each phase.

A suitable EOS is used for expressing the vapour phase behaviour through the fugacity
coefficient as shown in Eq. (3.10). A semi-empirical equation is used for the activity
coefficient, which is only completely defined once thé standard state fugacity, #*
is specified. The definition of #2*is arbitrary and is dictated only by the necessity
that 7 be the fugacity of pure liquid component i at the system temperature at some

chosen pressure. The choice of the reference pressure is arbitrary.

The splitting of the K value as seen in Eq. (3.9) into three different quantities should
make the thermodynamic description of phase behaviour simpler. Each of the
quantities depends on a smaller number of variables. This is in contrast to the direct
method where a single EOS must describe the behaviour of both phases.

One of the main difficulties in the application of this method lies in the selection
of a suitable standard state to best describe a supercritical component. The various
standard states available for the combined methods will now be discussed.

Standard states

For component i in solution the purpose of the activity coefficient v, is to relate the
fugacity #I at mole fraction x, , temperature 7 and pressure P to some other condition
where its value is known accurately. This other condition is known as the standard
state and represents the known and defined thermodynamic conditions of a component,
at which its activity coefficient equals 1.

The standard state is a/ways established at the temperature of the system. The
conditions of pressure and composition should be chosen such that the numerical
values of the activity coefficients are close to unity, i.e., the real conditions should
not be very different from the standard ones.

At high pressures the system temperature often exceeds the critical temperature of
one of the components. This implies that under these conditions the components
liquid phase cannot exist. The component’s standard liquid state must then by
definition be a hypothetical quantity. Any uncertainties in the hypothetical
extrapolation from the subcritical region must affect the evaluated activity coefficients
and hence, the fugacities. The condensable and non-condensable components may
therefore require different standard states (Appendix B.2).

The most commonly used standard states for condensable and non-condensable
components are given in Tables 3.1 and 3.2.
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Table 3.1
Standard States Available for Condensable Components
State Temperature | Pressure Composition Note
T P x,
1 T system P system 1 pure liquid component
2 " Pr l ”
3 " l ) "
4 " % 1 "
5 - P 1 "
Table 3.2
Standard States Available for Non-Condensable Components
State Temperature Pressure Composition Note
T P x,
6 T system P system 0 component
7 " Pr 0 infinitely diluted in
8 " 0 0 component j

Activity coefficients

The effects of each of the independent variables : temperature, pressure and
composition on the liquid phase fugacity is achieved by studying their effects on the
activity coefficient. The activity coefficient’s dependence on these variables can be
determined from the Gibbs-Duhem equation by relating the activity coefficient to
the molar excess Gibbs free energy for component i :

G? ( AH ) (AV)
T oxd|l == = |- a7l + —_— dP
‘ (RT) RT? RT
For isothermal conditions the variable pressure activity coefficients of the components
in a mixture may be summed using the Gibbs-Duhem equation :

Z xdln vy, = (3.12)

AV
—— dP

2 x; dln y; = T (3:13)

(Constant T)

The use of a constant pressure activity coefficient is advantageous since a much
simpler relation is obtained :

2 x;, dln vy, = O (Constant T & P) (3.14)
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Eq. (3.14) applies equally to activity coefficients normalized by the symmetric or
unsymmetric convention (Appendix B.2). The well known semi-empirical mixture
models for example : van Laar, Margules, Scatchard Hildebrand, NRTL and the
UNIQUAC with it s derivative UNIFAC are particular mathematical solutions of the
integrated form of Eq. (3.14).

At low to moderate pressures the liquid phase activity coefficients are weakly
dependent on pressure and for all practical purposes they depend only on temperature
and composition. At high pressures however, the pressure dependence must be
taken into account. At a constant temperature and composition and where the
pressure is specified to be some fixed pressure P (standard state 1), the dependence
is given as follows :

] ; V.
(ﬂ) - ( L) (3.15)
EV RT
Eq (3.15) when integrating between limits p, and p, yields :

) (75 P2 (7 )
: = vy, ex —L 1 dP 3.16
Yi Y. P b, o ( )

Condensable Component Activity Coefficients

For a component where T .ucai > 7 system the constant pressure activity coefficient

at constant temperature and composition can be determined by the rigorous
thermodynamic relation obtained from intergrating Eq. (3.16) with respect to a
standard state at reference pressure p" :

P } p" V.
B = (p) i
y = ex = dP 3.17
Y ¥ ¥ fp (RT) ( )

v?" being the activity coefficient at the arbitrary reference pressure p".

Liquid phase fugacity 7’

Liquid phase fugacity 7! Eq (3.5) for a condensable component may therefore be
described by :

vt

P
Fi = %, £ y"7 exp f — dP (3.18)
! A g .- RT

This form of describing isothermal systems, where the total pressures usually vary
widely with the liquid composition, by the incorporation of y{*"’; permits the use
of the integrated forms of this isobaric, isothermal Gibbs-Duhem equation such as

UNIQUAC equation without any approximations.
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Standard state reference fugacity 72*

For a condensable component in order that y*? - 1 as x, - 1 the standard

state reference fugacity must be that of pure liquid component i at the system
temperature and chosen reference pressure :

o= gt

At equilibrium conditions the fugacity of a pure liquid component equals the fugacity
of the pure gaseous component; the latter is a readily available quantity. It is
therefore advantageous to express f+ by means of the fugacity at the saturated vapour
pressure P; . Therefore :

R R (3.19)

If the reference pressure is set equal to zero the integrated form of Eq. (3.18) yields
the standard state fugacity as follows,

I/l. Ps
oL s s i i
oy d’ P ex = 3.20
f! i i p ( RT ) ( )

If the volume V| is assumed to be independent of pressure (which is not a entirely

valid assumption near the critical pressure) Eq. (3.18) may be easily integrated.

Non-Condensable Component Activity Coefficients

The liquid phase fugacity for a non-condensable component may be described
analogously to the condensable component’s fugacity as shown in Appendix B.3.

In summary : at constant temperature, the constant pressure activity coefficients for
the condensable and non-condensable components are functions of composition only
and satisfy the two component isothermal isobaric Gibbs-Duhem equation,

Sx, dln y¥" = o (3.21)
where, for condensable components,

Y 5 1 as x, o 1

and for non-condensable components

")
Y 2+ 1 as =, = 0O
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Fugacity coefficients

The mechanical state of a substance is known when its temperature pressure and
volume are fixed. These three properties are related by an equation of state (EOS)
in the form, EOS (P,V,T) = 0 . Two of the properties are independent. By
itself a suitable EOS can be used to evaluate the : vapour pressures, critical properties,
vapour-liquid equilibrium relations, through equations (3.8), (3.10) and (3.11), and
the densities of the vapour and liquid phases of pure substances and mixtures.

Combined methods in the literature

Chao and Seader Method

The Chao and Seader method was the turning point in high pressure temperature
vapour-liquid phase equilibrium calculational procedures as it presented the first
easy-to-use general analytical description of high pressure vapour-liquid equilibrium.
This method did not require any ad justable parameters making it suitable for predictive
calcuations rather than the correlation of experimental data. The method provided
reasonable results combining simple generalized relations with commonly available
data. A brief description of the method may be found in Appendix B.4 as well as
a block diagram outlining the calculational scheme in Figure B.2.

Prausnitz and Chueh Method (1968)

The Chao and Seader Method, although reasonably simple by present standards,
represented a new qualitative approach in the development of computational methods.
A more exact approach was developed by Prausnitz and Chueh (1968) to yield more
accurate results for supercritical components. Prausnitz and Chueh (1968) developed
a combined method based on the symmetric / unsymmetric convention for
normalization of activity coefficients using standard states 3 and 8 (Tables (3.1) and
(3.2)) for the liquid condensable and non-condensable components respectively. The
equilibrium condition for component i could therefore be expressed as per Eq (3.6) :

yi'stVP = x:‘Y(f?

A schematic diagram outlining the calculational scheme is shown in Figure 3.2.
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Figure 3.2 : Schematic Diagram for the Bubble-Pressure Program using the Combined

Method
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The standard state fugacity 7? for a condensable component using standard state 3

could be written from, Eq. (3.18), as :
p {2 |7
79 - P f:'( ) exp j; ('E%—')dP (3.22)

A similar expression could be written in terms of Henry’s Constant for the
non-condensable component using standard state 8. The standard state fugacities
were evaluated from polynomial expansions of temperature. Each component
required 5 or 6 parameters. The activity coefficients vy, were derived from Eq.
(3.16)

. [/<L
(p) _ (0) i 2
Y; = Y ex —— dP 3 3

The unsymmetrically normalized activity coefficients at zero pressure y{?’ were

expressed by means of a modified van Laar equation. For a binary mixture the
temperature dependence of v{°’, required seven interaction parémeters and one
parameter of the pure component. The partial molar volume V', was generalised
by means of an 18 parameter relation. The vapour-phase fugacity coefficient was
described by the Redlich-Kwong equation of state. Two pure component parameters
and three interaction parameters were required.

The complexity of the Prausnitz and Chueh method was reflected in the number of
parameters required as seen from Table 3.3.

B, Table 3.3
Parameters required as function of number of components
for the Prausnitz and Chueh (1967) method.

Components Pure Component | Adjustable Pure Total
Data Binary
2 10 20 34 64
3 15 30 51 96
4 20 40 102 102

Modifications of the Prausnitz & Chueh method have focussed mainly on the use
of :

1. Different standard states to describe the non-condensable component.
2. More appropriate liquid phase models to describe complex and polar mixtures.

3. Different EOS to calculate the vapour fugacity coefficient.
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An example of modification 2, was developed by Prausnitz, et al (1980) for low to
moderate pressures (max 20 bar). This method and update of Prausnitz, et al (1967)
was used mainly as a parameter fitting program for various liquid phase models using
experimental data. The method used theoretically more advanced liquid phase
models for liquid phase description, among others, the NRTL and UNIQUAC
equation. The truncated two parameter Virial EOS was found sufficient for the
vapour phase description in the pressure range of interest.

The non-condensable component can be normalised by the symmetric convention.
This introduces the hypothetical notion of a pure liquid for the supercritical component
at the system temperature, whose properties are evaluated by extrapolation. If the
system temperature is not excessively above the non-condensable’s critical
temperature accurate results can still be obtained by this extrapolation process as
shown in this project. If (T.uwm / T. < 1.8) for the non-condensable, the
component can be considered a condensable component as suggested by Prausnitz,
et al (1980).

Two variations of the combined method were used in this project :

1. A modification of the Prausnitz, et al (1980) parameter fitting program. The
modification consisted of the inclusion of the Peng-Robinson and the Group
Contribution EOS to extend the combined method to high pressures.

2. A modification of the Prausnitz and Chueh (1968) combined method correlation
program Figure 3.2. The correlation program used the UNIQUAC liquid phase
model in conjunction with either one of the following EOS : the two parameter
Virial, Peng-Robinson or Group Contribution. The symmetric convention of
normalising activity coefficients was used.

The programs used in this project are fully described in Chapter 8.

REVIEW OF EQUATIONS OF STATE IN THE LITERATURE

Historical Perspective

Hundreds of equations of state representing the P,V,T behaviour of pure and mixtures
of gasses have been proposed to date.

The first EOS for a gas was proposed by Boyle in 1662, PV = Constant. The

effect of temperature was included by Clapeyron in 1834 in the ideal gas law
PV = R(T + 267)

It was realized that the ideal gas law was only a rough approximation of the true
behaviour of gasses as the inherent assumptions made in its derivation cannot be met
by real gases. Real gases have size, shape and structure and as a result molecules
occupy space and attract or repel each other physically and/or electrically. These
deviations from the ideal gas structure determine the forces between them and
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An example of modification 2, was developed by Prausnitz, et al (1980) for low to
moderate pressures (max 20 bar). This method and update of Prausnitz, et al (1967)
was used mainly as a parameter fitting program for various liquid phase models using
experimental data. The method used theoretically more advanced liquid phase
models for liquid phase description, among others, the NRTL and UNIQUAC
equation. The truncated two parameter Virial EOS was found sufficient for the
vapour phase description in the pressure range of interest.

The non-condensable component can be normalised by the symmetric convention.
This introduces the hypothetical notion of a pure liquid for the supercritical component
at the system temperature, whose properties are evaluated by extrapolation. If the
system temperature is not excessively above the non-condensable’s critical
temperature accurate results can still be obtained by this extrapolation process as
shown in this project. If (T.uwm / T. < 1.8) for the non-condensable, the
component can be considered a condensable component as suggested by Prausnitz,
et al (1980).

Two variations of the combined method were used in this project :

1. A modification of the Prausnitz, et al (1980) parameter fitting program. The
modification consisted of the inclusion of the Peng-Robinson and the Group
Contribution EOS to extend the combined method to high pressures.

2. A modification of the Prausnitz and Chueh (1968) combined method correlation
program Figure 3.2. The correlation program used the UNIQUAC liquid phase
model in conjunction with either one of the following EOS : the two parameter
Virial, Peng-Robinson or Group Contribution. The symmetric convention of
normalising activity coefficients was used.

The programs used in this project are fully described in Chapter 8.

REVIEW OF EQUATIONS OF STATE IN THE LITERATURE

Historical Perspective

Hundreds of equations of state representing the P,V,T behaviour of pure and mixtures
of gasses have been proposed to date.

The first EOS for a gas was proposed by Boyle in 1662, PV = Constant. The

effect of temperature was included by Clapeyron in 1834 in the ideal gas law
PV = R(T + 267)

It was realized that the ideal gas law was only a rough approximation of the true
behaviour of gasses as the inherent assumptions made in its derivation cannot be met
by real gases. Real gases have size, shape and structure and as a result molecules
occupy space and attract or repel each other physically and/or electrically. These
deviations from the ideal gas structure determine the forces between them and
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their p, v, T behaviour. The physical forces due to molecular size and mass
are important at small molecular separations. As a result of their structure molecules
exhibit electrical properties, they are either :

1. Non-polar symmetrical molecules which are usually electrically neutral.

2. Molecules having residual valences that usually result in association and hydrogen
bonding.

3. Polar unsymmetrical molecules usually possess dipole moments.

While forces of repulsion and attraction are present in all molecules they are more
pronounced in associating and polar molecules. Consequently the P,V,T correlations
proposed to date have been more successful in modeling non-polar substances than
polar.

The Cubic Equations of State

The first attempt to quantitatively take the above mentioned factors into account
was made by van der Waals in 1873; in his dissertation on the continuity of gas and
liquid states :

(P + a/V®HV - b) = RT (3.24)

The proposed EOS still forms the basis for many of the currently widely used cubic
as well as the more modern PHCT and UNIWAALS EOS.

The most successful developments and modifications of the van der Waals equation
were those made by Redlich-Kwong in 1949, Soave-Redlich-Kwong in 1972 and
the Peng and Robinson in 1976. These cubic equations contain modifications in
the form of adjustable parameters, These parameters have either been empirically
or arbitrarily . derived to fit certain kinds of experimental data such as vapour
pressures, densities or enthalpies. The main reason for their popularity and widespread
use is that these parameters can be expressed in terms of the critical properties of
the pure components with further modifications for temperature and acentric factors.
All the pure component properties required are readily available.

The cubic EOS require mixing rules, the values of which are non-trivial, to extend
the equations to mixtures. The main disadvantage of this group of EOS is therefore
that none of them can be used in VLE predicition methods. Experimental data are
always necessary to generate the interaction parameters without which no accurate
predictions are possible. They can therefore be classified as purely correlational
equations.

The Virial Equation of State

Continuing studies relating to the forces between molecules led to the statistically
mechanically derived Virial EOS by Ursell in 1927. One of the outstanding features
of this EOS is that it provides a rational basis for relating the behaviour of mixtures
to the composition and properties of pure componenfs.
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An EOS similar to the Virial EOS was developed by Benedict, Webb and Rubin in
1940. Due to its complexity this EOS has not found wide spread use other than
for the light hydrocarbons and inorganic gas for which the 30 odd constants needed
are avaliable.

Recent developments

Recently proposed predictive and correlative models have been aimed at modifying
and developing EOS for better representation of the liquid phase and polar mixtures.

One area of developement has been aimed at determining more accurate mixing rules
and more appropriate attractive pressure terms (Eq.(B.20)) for the family of cubic
EOS.

Example are the three parameter Harmens and Knap (1980) and four parameter
Trebble and Bishnoi (1987) EOS. These modified cubic EOS are however not
predictive.

The other area of developement that has received particular attention has been directed
at the development of truely predictive methods such as the UNIWAALS EOS, the
Group Contribution EOS and to a lesser extent the Perturbation Theory family of
EOS.

Development of predictive equation of states

The Perturbation Theory was developed on a statistical thermodynamic approach as
opposed to the classical thermodynamic approach which yielded the common cubic
EOS. This approach was intended to help avoid the, as Prausnitz (1979) so aptly
stated, "bureaucratic run-around" involved in classical thermodynamics. In the
classical thermodynamic approach one property is related to the next until the last
is related back to the first but in most cases one link in the chain is missing.
Perturbation theory, although relatively simple, ultimately results in EOS which
have complex forms. This computational complexity has resulted in their not being
widely used by the production engineer.

Efforts have however been made in recent years to simplify the equations and to
develop specific EOS for groups of molecules exhibiting similar behaviour due to
their molecular structure. These equations, even if approached with some trepidation
due to their complexity, should become widely used in future.

The EOS in the Perturbation Theory family still require some form of interaction
parameter. They are however capable of accurate predictions with the neglect of
this parameter (i.e. k;; = 0). Only elementary, readily available or calculable pure
component data are required. A summary of the underlying theory and some of
the EOS derived for specific applications is given in Appendix B.6.

EOS derived from the Huron-Vidal mixing rule



49

Relating the mixing parameters to the excess Gibbs energy (g*) by using a expression
of gf as a function of fugacity coefficients was first proposed by Huron and Vidal
(1979). These models are sometimes referred to as the density dependent local
composition (DDLC) models, Danner and Gupte (1986). The underlying theory of
some of the EOS associated with this family are shown in Appendix B.7.

The primary objective of the DDLC models was to extend the traditional cubic EOS,
that have been used to model the vapour phase of hydrocarbons and non-polar
compounds over a large temperature and pressure range to systems containing polar
compounds which have traditionally been described by activity coefficient models
over a small temperature and pressure range. The underlying principle, the
combination of the two methods would complement each other in the others area of
deficiency. This combination of a g model and EOS can be viewed as the modern
combined method.

Of particular interest to the process engineer is when a group contribution g* liquid
phase model is used in conjunction with a cubic EOS. For example the van der
Waals EOS when combined with the UNIFAC of Larsen, et al/ (1986) resulted in the
UNIWAALS EOS of Gupte, et al (1986 a and b) (Appendix B.7.2). This EOS avoids
the preliminary interaction parameter fitting step and can therefore be used as a
predictive method. The prediction capability of methods such as UNIWAALS come
at the expense of simplicity and sometimes of thermodynamic consistency.

Schwartzentruber, et al (1989) point out that UNIFAC is valid only for liquid phase
descriptions. The group contribution parameters were determined for use in
conjunction with a particular EOS such as the ideal gas law in Larsens modified
UNIFAC. Larsens modified UNIFAC was used by Gupte in conjunction with the
van der Waals EOS. Since the van der Waals EOS is forced to match the UNIFAC
(ideal gas law) in the liquid phase the ¢! calculated by the cubic EOS will not be
consistent.

Schwartzentruber, et al/ (1989) avoided the above inconsistency and other shortcomings
by proposing a very general rule for mixing parameter determination described briefly
in Appendix B.7.3. The interaction parameters were determined directly from a g*
model. The method is entirely general and can be applied to a wide variety of cubic
EOSs and gf models. The resulting EOS can be used as a predictive or correlative
consistency test.

Equations of States can therefore be classified as belonging to one of five categories :
1. The n parameter Virial EOS,

2 The traditional cubic EOS with or without modified mixing rules,

3. The complex EOS such as BWR,

4 The Statistical Perturbation Theory EOSs,
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5. The DDLC EOS based on the Huron and Vidal (1979) method of incorporating
an excess Gibbs energy model ( gf ) into the fugacity coefficient.

The EOS relevant to this project will now be reviewed in slightly more detail.

Viral Equation of State

The Viral equation has a sound theoretical foundation for representing the properties
of pure gases and mixtures, is free of arbitrary assumptions, and is most commonly
used in the power series expansion in volume for the compressibility factor :

PV B C
Z=E=I+V+F+ ..... (3.25)
Since very little is known about the third virial coefficients and beyond, this EOS
is applied mainly in its two parameter form :

~ Bp
Z 1 + BT ‘ (3.26)
Smith and Van Ness (1975) recommend the use of the two parameter Virial EOS up
to pressures of 15 bar and the three parameter form up to 50 bar.

Extension of the Virial EOS to mixtures (Mixing Rules)

The behaviour of a mixture is affected by the interactions between the molecules
making up the mixture. To apply a pure-component EOS to mixtures some indication
of the interaction between the molecules needs to be known. One of the most
popular and widely used methods of indicating these interactions is provided in the
form of interaction parameters.

For an n -component mixture there are : n, n(n-1)/2, n(n-1)(n-2)/6, etc.,
possible single, binary, tertiary, etc., interaction parameters. Each interaction is
described by a particular virial coefficient. = The mixture virial coefficient is a
summation of the individual virial coefficients appropriately weighted with respect
to the composition of the mixture.

At low to moderate pressures the effects of interactions between dissimilar molecules
is usually small (depending ofcourse on whether the molecules are nonpolar or not),
and the higher-order interactions (> 2) are usually masked by the imperfections of
the EOS being used. The higher order interactions are difficult to measure and
therefore usually not available for computational purposes.

Extension of the Virial EOS to gas mixtures is accomplished in a rigourous way
which stems from the very nature of the equation itself and is based on theoretical
rather than empirical grounds. The interaction parameters follow rigorously from
statistical mechanics and are not subject to any assumptions other than those upon
which the Virial equation itself is based. The interactions between gases are
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incorporated in the 2 parameter Virial EOS as the mixture second virial coefficient
which is related to the pure component and cross second virial coefficient for a
binary system by the exact expression :

2

2
DX El Yy, By (3.27)

i=1

B

mix

Fugacity Coefficient form of the Virial EOS

The integrated form of Eq.(3.10) for the the truncated two parameter Virial EOS
Eq (3.26) is : 2

£ ; 3.28
In d’i - ﬁ ':2[?1:)/‘-3” = Bm‘x:l ( @ )

Inclusion of the third virial coefficient and the integration of the EOS with respect
to volume instead of pressure yields :

In $, = é,-g.y"B" + g-v_zig”%y,y,c,, - Inz,, 4 (3.29)
Prausnitz (1986) regards Eq. (3.29) as one of the most useful equations developed
for phase equilibrium thermodynamics as it may be applied to any component in a
gaseous mixture regardless of whether that component can exist as a pure vapour at
the temperature and pressure of the mixture, i.e. no hypothetical states. In addition
it is equally valid for polar and non-polar molecules.

Hayden and O’Connell (1975) provide expressions for predicting pure component
and second virial cross coefficients for simple and complex systems requiring only
the components’ critical temperature and pressure, mean radius of gyration, dipole
moment and if appropriate a parameter to describe chemical associations. No such
general method has yet been developed for the third virial coefficient in Eq. (3.29).

Cubic Equations of State

The theory behind the formulation of the empirical cubic equation of states and
some of the initial EOS associated with this family are described in Appendix B.5.1.
The various methods employed in extending cubic EOS to mixtures, i.e. mixing rules
are described in Appendix B.5.2.

Peng and Robinson equation of state

The P-R EOS is closely related to the S-R-K equation and was specifically meant
to address the latter’s weakness in the area of critical region instabilities and inaccurate
liquid density prediction.

To provide accurate prediction of liquid volumetric behaviour, vapour pressure and
equilibrium ratios of coexisting phases in VLE calculations; Peng and Robinson
proposed an EOS of the form : '
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(P + (V(Vw)a(f)b(y_b))) (V-b) = RT (3.30)
where :
a(T) = aa(T,,w) (3.31)

a = Q, R*T? 7 P, (3.32)
b = Q, RT, / P, (3.28)

o(T, w) = [1 + x(l—T,)%:l _ (3.34)
x = 0.3746 + 1.5422w - 0.26992w? (3.85)

Q, = 0.45724

Q, = 0.07780

The polynomial form of the P-R EOS is :

Z® + (1-B) Z®* + (A-3B*-2B) Z - (AB-B?*-B°) = 0 (3.36)

where :

A = a(T)P/R?*T? (3.37)

B = bP/RT (3.38)

Fugacity Coefficients

The partial fugacity coefficient of component i in a mixture for the P-R EOS (Eq.
(3.10)) is :

A b 2 Z+2.414B
e ey i TSN 3.39
2\[53[ b+azy‘a":| n[z—o.uw} (3.39

The Peng-Robinson EOS in the form of Eq. (3.30) and Eq. (3.39) was used in the
analysis of experimental data obtained in this project (Chapter 8).

In $, = %(2-1)-1n(Z-B)—

Modifications of the original Peng and Robinson EOS and Mixing Rules

The "classical mixing rules" adopted by Peng and Robinson (1986) and used in this
project are :

& = I vy, (1-8,) a”a]" (3.40)
b = I yb, (3.41)
Eq. (3.40) and (3.41) are usually sufficient to enable the P-R EOS to be accurately
applied to non-polar and weakly polar system correlations. To describe the strongly

polar systems more complex mixing rules usually need to be developed, increasing
both the complexity of the EOS and computational times required.
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One of the simplest modifications is the temperature dependent form of the P-R
EOS as proposed by Lin (1984) and Melhelm, et al (1989). They incorporated a
dimensionless factor a , which was a function of temperature, into the attraction
pressure term, Eq. (B.2). The resulting EOS had the form

RT An
(V-B) V(V+B) + B(V-B)

where :

An = ZZyiyy (l_kl/)(aia]al'aj)o‘s

m

A more complex modification to the "classical mixing rules" is the incorporation of
an interaction parameter m,;, in the van der Waals covolume (b) as described by
McHugh and Krukorus (1986) and Tsonopoulos and Heidman (1986).

b, +by
b = 22 yuy; (1-m) (T’) (3.42)

This modification results in the following expression of ¢, , for component i in a

binary mixture,

) BN A o5 . bN Z+2.414B
In §, = (b—)(z_l) i (2.8288)[( :;,a,)_( b )} In[m]

2 2 1 2
BN = 23 y3by = L yby - 25 3 wyiby

k i Jj=1j+1

When 1,; is set to zero in Eq. (3.42) the fugacity coefficient equation reduces to the

original expression of the fugacity coefficient as proposed by Peng and Robinson
(1975) and shown in Eq. (3.39).

Dieters and Schneider (1976) apply an interaction parameter in the co-volume b to
describe high pressure vapour-liquid equilibrium near the critical point using the
R-K EOS. For binaries differing in structure, molecular size and/or polarity
reasonably good agreement with experimental data was achieved.

Another modification to the "classical mixing rules" was suggested by Mohamed and
Holder (1987). They incorporated correction factors C,&C, in Egs. (3.35) and
(3.33) as follows :

x = C, (0.37464 + 1.54426w - 0.2699w?)

a

b = C, (0.0778(RT./P,))
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The values of C, & C,were determined by regression of vapour pressure and molar
volume data. In addition they proposed a density dependent ad justable interaction
parameter (5,,) which was allowed to vary linearly with the phase density of the
mixture :

5, = a, + p By, (3.43)
This modification resulted in a very complex expression for the fugacity coefficient,

for component i as shown below, Eq. (3.44). Eq. (3.44) was also briefly used in
this project (Chapter 8), l

sl 5 Doz A_[2Exi[aail-a,=Busb) o [mZ*“'@B}
n i = = - — - - = _
b 2J2B a -c-2d/b b z+(1+V2)B
1 d b, Z# d
+ Ja, b= g IR | B e
RTbZ[Ex" @Bt 575 ][ 22+ZZB-B2J 2J2b2RT
Z+(1-{2)B
ln—i (3.44)
Z+(1+{2)B
where
a” = zzyiyj(aiaj)o.s
e = Zz:yiyj(aiaj)o.s a,;
d = IZyy(a,a)” B,
a’-c—-2d/b
T TR
bP -
B = —_
RT
dP
D = —
R2T?b

Mohamed and Holder (1987) used Egs. (3.39) amd (3.44) to model several carbon
dioxide / aromatic binaries by the direct method. A significant improvement in
correlations in the critical region was achieved using the density dependent EOS, Eq.
(3.44) as against the original Peng and Robinson EOS Eq. (3.39).

When R, is set to zero in Eq. (3.43) the fugacity coefficient given by Eq. (3.44)

reduces to the original P-R fugacity coefficient form, Eq. (3.39).

Group Contribution Equation of State (GC EOS)

The GC EOS was developed by Skjold-Jorgenson (1984) to describe polar and non
polar components in the temperature range 100 to 700 K and 30 MPa. The error in



55

the predicted K values is usually less than 5 %. The GC EOS is suitable for the
vapour phase description of the propane / l-propanol binary for the following
reasons :

1. The EOS can be used to predict VLE for systems for which information on the
groups making up the components, (Skjold-Jorgensen 1988), is available. Only
readily accessible pure component data, such as critical pressure and temperature
and group make up of the component molecules is necessary. No binary
information such as mixing rule interaction parameters is necessary.

2. The EOS was developed to describe non-ideal components. The non-idealities
introduced in the phase behaviour for the propane / l1-propanol binary by the
polar 1-propanol could hopefully be described accurately.

A brief review of some of the theory involved in the derivation of this van der Waals
type EOS is given in Appendix B.7.2.

The GC EOS expression for the compressibility factor is :

L = Zy t Lg * 1 (3.45)

Z,, 1is the free volume contribution and is given by :

na
Z, = =v [B(AA/hg) + (AJ/AD(R2Y -1-1/Y) + n/Y] (—Yzévz) (3.46)
Z e is the attractive contribution and is given by :
Z NC ,
Zauw = _(2_,,) ;_Zl v,9; (Hs;+Hy;—HyHy)/Hy, (3.47)

where H; are-auxillary functions as given in Skjold-Jorgensen (1984).

The fugacity coefficient is derived from the expression for the residual Helmholtz
function at constant volume Eq. (B.43)

Iné, = Iné,,, + Ind,, - InZ (3.48)

The free volume contribution to the fugacity coefficient is given by,

Ind B(Y-1)(AA,/A;) [N/, + N, /A, = Ng/A, + Y /(Y -1)]

i, fu

+

(AJ/A2D(Y2-Y -1nY)(3N",/N,—2N"3/N,)

+

(A/AH2Y-1-1/Y) Y + InY + (n/Y) Y~ (3.49)

The attractive contribution to the fugacity coefficient is given by,

NG NG
In ¢,att = - (2/2) [XPS,H,/H, + X0, (Hy, + MSH)/H,,
7 - 2 j
NG ) )
- 30,H,, (H,, - H,MS, + HgMS)/H,] (3.50)
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Application of GC EOS

The components of the binary are broken down into the relevant groups as shown
in Table 8.2 for the propane / 1-propanal system. The required group information
is given in Skjold-Jorgensen (1984) and revised in Skjold-Jorgensen (1988). The
pure component temperatures and pressures are found in the literature for example
Reid, et al (1987).

The compressibility factor, Eq. (3.45) is solved iteratively for the liquid and/or the
vapour phase. The compressibility factor is required to calculate the fugacity
coefficients Eq. (3.48). Knowing the fugacity coefficients the K values Eq. (3.9)
can be calculated.

An advantage of the GC EOS is that it can easily be incorporated in the direct or
combined method flow diagrams, (Figures 3.1 and 3.2), in contrast to the UNIWAAL
EOS which requires a completely different computational procedure (Appendix B.7.3).

The computer time requirements are however longer than for most other cubic EOS
as a large number of complex auxilary functions need to be calculated. In addition
the equations of the compressibility and fugacity coefficients are complex making
programming difficult.

The GC EOS equation forms appearing in Eq. (3.45) to Eq. (3.48) and as originally
appearing in Skjold Jorgenson (1984) are written in terms of the total volume and
number of moles. The auxilary functions (H), not shown here, also appear in the
form of total volume and number of moles. All these equations had to be re-written
in terms of mole fractions and molar volumes before programming could take place.

ACTIVITY COEFFICIENT LIQUID PHASE MODELS

Activity coefficients are derived from excess Gibbs energies as follows :
G!/RT = %I x, Iny,

In practice the process is reversed and excess Gibbs energies are evaluated from
knowledge of activity coefficients :

k# 0X

0GE/RT
Iny, = Gf/RT - % x,‘(—))
TPx)uk
Many equations have been proposed for correlating activity coefficients with either
composition mole fraction or volume fraction or molecular surface fraction (when
the molecules differ widely in size or chemical nature). Some equations were derived

on more or less rational grounds while others are purely empirically based on intuition.

There are eight well known correlations of activity coefficients in use today : the
Margules, van Laar, Wilson, NRTL, UNIQUAC, the regular solution method of
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Scatchard-Hildebrand and the group contribution methods UNIFAC and ASOG. The
most comprehensive comparison of the first five methods to date appears in the
Dechema Vapour-Liquid Data Collection of Gmehling and Onken (1977).

One of the oldest of the formulas which is still in common use today, and capable
of producing highly accurate results, is that proposed by Margules in 1895. The
form is equivalent to a power expansion in composition. van Laar in 1910 proposed
an equation based on the van der Waals EOS. Wilson in 1964 based his equation
on more advanced theory. Wilson proposed that the interactions between molecules
depend primarily on local concentrations which can be expressed as volume fractions.

The NRTL (Non Random Two Liquid) Equation

The three parameter NRTL equation proposed by Renon and Prausnitz (1986) was
based on two-cell theory and has found a particular niche for itself due to its excellent
representation of aqueous binary solutions.

In the derivation for a binary mixture it was assumed that the liquid had a structure
made up of a cell of molecules of types 1 and 2 each surrounded by assortments of
the same molecules which in turn were surrounded in a similar manner, and so on.

The NRTL equation for the activity coefficients for a binary component system is
given as follows,

z G
Iny, = x} [rz,(—c“ ) = (8.51)
X1+ x,Gy X2+ x,G 2
z TG
Iny, =~ xi [r.z(———c‘z ) -t (3.52)
X2+ x,G12 X1+ X262
where : -
G, = exp (-at,;) G, = exp (-at,)

]
[

T2 (912 = 922)/RT T2 (912 = gn)/RT

T, and T, are adjustable parameters and a is an empirical parameter related to
the non-randomness of the mixture.
A disadvantage of this equation is the necessity for fitting three parameters.

The third parameter was vaguely related by Prausnitz and Renon (1968) to the inverse
of the cordination number. The co-ordination number being a function of the
number of molecules just touching a reference molecule. a was however found to
be a strictly empirical factor not related to any mechanism in general.

Marina & Tassios (1973) found that @ = -1 gave excellent representation of both
miscible and partially immiscible binaries. In the Dechema VLE data collection the
authors present recommended values for certain groups of hydrocarbons.
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The UNIQUAC (Universal Quasi-Chemical) Equation

Advantages and disadvantages of UNIQUAC

The major characteristics of the UNIQUAC equation are : its applicability to
multicomponent mixtures in terms of binary parameters only, applicability to
liquid-liquid equilibria, built in temperature dependence valid over at least a
moderate range, superior representation of molecules of widely different molecular
sizes and its basis for the group contribution method such as UNIFAC. Its only real
disadvantage is its greater algebraic complexity than ‘the simpler equations of van
Laar, Margules, etc.

UNIQUAC equation form
This semi-theoretical equation was based on the two-liquid model and the concept
of local compositions. The excess Gibbs energy was made up of two parts :

E

gf = gfte)y + gf()

where g £ (c)is the contribution due to differences in sizes and shapes of the molecules
(configurational or combinational part), and g#(r)is the contribution due to energetic
interactions between them (residual part). The main steps in the UNIQUAC derivation
are shown in Appendix B.8.

The modified UNIQUAC equation of Abrams and Prausnitz (1975) as proposed by
Anderson and Prausnitz (1978) was used in this project,

1 | ?, z 9, ’ (l & )
ny = n— + Zqln— + iRt
i x,-‘ 2 ? ~ 'y '
C q’|-1n(0",+86" 9T 8 rry 3.53
. | = 2 T.) + - )
q,; n(o”, j Il) 9",4-9']-’[?“ e’j“’e’lri/ ( :

For a binary,
component 1 : i = 1, j = 2, and
component 2 : i = 2, j = 1.

C is an adjustable binary parameter usually set equal to unity, = is the cordination
number usually set equal to ten. r, q, q° are the structural size, area, and
modified area parameters respectively which are used in the determination of

parameters [, ¢, 6, 6" and <, as follows :
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Z
I, = 2 (ri=qy) = (r=1) (3.52)
P A (3.53)

b Xy X T

Xiq;

0, = ———— (3.54)
Xiq;+Xx;q,
xq’,
e, = -'—_q—T (3:35)
X qi*+x;q s
T,, = exp —AUU) = exp (&) (3.56)
H C RT T

The parameters AU ; or a,, must be found from binary experimental data. One

possible source includes vapour-liquid equilibrium data (P, vy, x) at contant 7.

If (C = 1)and (g° = gq) for both components, the original UNIQUAC equation
of Abrams and Prausnutz (1975) is recovered. '

The modified structural area parameter (g°) was introduced by Anderson and
Prausnitz (1978) to obtain better agreement between mixtures containing water or
alcohol. For alcohols the surface of interaction g~ was found to be smaller than the
geometric external surface g indicating that intermolecular attractions are determined
primarily by the alcohol OH group.

The two-parameter form of the UNIQUAC equation is sometimes not necessary; if
the parameters are highly correlated for example. The UNIQUAC may then be
written in its one parameter form as per Abrams and Prausnitz (1975),

!
AU, = Uy - Uy = AU, = (UU,)° (1 - ¢)
where
-AUYer
Uy = ——
qi

AU?* is the internal energy change of vaporization of component i .

Temperature dependent co-ordination number

To improve the temperature dependence of the UNIQUAC equation the coordination
number (z) can be described as a function of temperature as proposed by
Skjold-Jorgensen, et al (1980) :

z = 35.2 - 0.1272T + 0.00014T?2 (3.57)

Or as an exponential temperature dependence, Raal and Naidoo (1990) ,
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B
T-T,
exP(—n—)

where T, = 273,15 and constants A, B were evaluated from A® data

z = A +

Group Contribution Liquid Phase Models

The activity coefficient equations mentioned all require experimental data to obtain
binary interactions parameters to extend their applicability to mixtures.

Parameters characterising interactions between pairs of structural groups by the
suitable reduction of experimentally obtained activity coefficients and the subsequent
use of these parameters to predict activity coefficients for other systems have been
attempted. The most notable of which are :

1. The Regular Solution Theory and it’s modifications as developed by Scatchard
Hildebrand. The developed relationships for excess Gibbs energy and hence
the activity coefficient were based on solubility parameters. -

2. The ASOG model was based on the principle of independent action as proposed
by Langmuir. The properties of complex molecules can be evaluated on the
basis that smaller groups of atoms within the molecule contribute in a fixed
way to the molecules property, independent of the other groups within the
molecule.

3. The UNIFAC (Functional Group) method as developed by Fredenslund, et al/
(1977) and its subsequent developments, i.e., Superfac, Fredenslund and
Rasmussen (1985) was based on the UNIQUAC theory. The activity coefficients
are assumed to be made up of two contributions

Iny, = Iny‘ + Inyf

vE being a configuration term and v*® a residual term.

THERMODYNAMIC CONSISTENCY TESTING FOR BINARY HIGH
PRESSURE VAPOUR-LIQUID EQUILIBRIUM DATA

Vapour-liquid equilibrium data are said to be thermodynamically consistent when
they satisfy the Gibbs-Duhem equation which can be written :

=H d1l (—i dP ; x 1 3.58
+ = ) »
212 = ) ZI , din}?, ( )

All terms are non-trivial for high pressures.

Relatively few thermodynamic consistency tests for high pressure data have been
reported in the literature. This may be due in part to the tedious nature of the test,
and the uncertainties inherent in the modelling equations for the Gibbs excess free
energy.
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A consistency test developed specifically for isothermal high pressure data was
proposed by Chueh, et al (1965) based on the integral (area) test. The proposed
test was a development of the earlier work of Adler, et al/ (1960) and Ibl and Dodge
(1953). This test for vapour and liquid data as well as a new area test based only
on vapour phase data were used in this project.

There are essentially two methods of testing vapour-liquid equilibrium data at low
pressures. Van Ness, et al (1973) proposed a method whereby the experimental data
were tested for consistency by calculating the vapour-mole fractions y from
isothermal (P - x) data using the Gibbs-Duhem equation. The calculated y's
were compared to the experimentally measured y’s ( the difference is referred to as
a residual ) and this comparison of the predicted and observed data provides the
basis for consistency. For thermodynamically consistent data this comparison should
yield negligible differences, i.e., smaller than some predetermined value usually based
on experimental uncertainties. The residuals for thermodynamically consistent data
should be randomly spread around the zero mean. The second method makes use
of an analytical expression for the excess Gibbs free energy. Barker (1953) developed
this technique in which the unknown constants of an assumed algebraic function for
the activity coefficient are found through iteration by fitting isothermal (P - x)
data.

Christiansen and Fredenslund (1975) and Won and Prausnitz (1973) extended these
methods to high-pressure systems respectively. The methods are briefly discussed
in Appendix B.9.2. and B.9.3 respectively. The conclusions drawn from the two
methods can be misleading as the residuals reflect not only the measurement errors
but also any deficiencies of models used.

Equal Area Consistency Test : Chueh, et al (1965)

The area test of Chueh, et al (1965) is a necessary but not sufficient test of
thermodynamic consistency since the areas may contain compensating errors (Van
Ness, et al 1973). The test is formulated as follows :

x p=p,

*2 2 R ~ 1
RHS = f In(K,/K)dx, + f In($y/6%)dx, + —= Vitdp (3.59)
x,=0 x,=0 RT p=p,

b o 8 AV K

LHS = I:m K, + ln¢,lp, - xz[ln?—j - ln—2:|:| (3.60)
$ipi M K, x=x,

For consistency LHS = RHS (3.61)

where :
&,V = fugacitycoef ficientofvapour phase
K, = y/x,

The derivation of the above test is shown in Appendix B.9.1
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The above three areas are found by graphical integration of equilibrium data for the
composition range x,=0 to x,=x, The LHS of Eq. (3.61) depends on equilibrium
data at the upper limit x, = x, only. The thermodynamic consistency of the data
should be tested for several values of x,up to and including the critical composition.

Integration of the first term in Eq. (3.59) from x, = y, = O is problematical as
it is indeterminate at x, = vy, = 0. For graphical integration, i.e., for plots of
the three terms and the manual measurement of the corresponding areas this is not
a serious limitation. The limit of the first term may be found by extrapolation of
the curve. For integration by computer this indeterminate point is problematical.
Application of L’Hopital’s rule however yields (Appendix B.9.1) :

Kz gl H21
1 — = — —_— 3.62
n (K,-) 7 or P (@ )
where :

H, = Henry’s Constant

This allows the use of a computer for area calculation.

Equal Area Consistency Test : New Vapour Phase Test

A similar yet new consistency based only on vapour-phase compositions was derived
during the course of this project. This removed the necessity for the determination
of the limiting values of K,/X,. The liquid phase molar volumes which are difficult
to determine are not required.

The test is formulated as follows :

Yop~ - Py vY
RHS = f In ($578)) dy + f — |dp (3.63)
Yau Py RT
LHS = [In$'p + yzlnit;/&‘l']zz' (3.64)
2t
For thermodynamic consistency LHS = RHS (3.65)

Useful features of this test are :
(i) It can be applied if only P-T -y data are available,
(ii) Liquid molar volumes need not be evaluated,

(iif)  Vapour-molar volumes and fugacity coefficients can both be obtained from
a single EOS.

A full derivation of the test is shown below.

Derivation of Vapour Phase Consistency Test

The Gibbs-Duhem equation for constant temperature is :
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4

v
Iydinf, = =dp (3.66)

Since Xy, = 1,

dy‘

Yydlny, = 0 = Zy‘-y—l (3.67)
Thus, for a binary mixture, from Egs. (3.66) and (3.67)
(et .
v dinf, +y,dinf,-y,dlny, - y,dlny, = R_po (3.68)
Rewriting Eq. (3.68) :
Fa }2 744
dinZt+y,dln = —dp (3.69)
B4 | v Y2 Vs RT
Expand the first term of Eq. (3.69) using vy, = 1-vy,:
fi ()?2/1) 144
dinZ++vy,dln = —d (3.70)
T T RT P
Since,
fzyl) (;z‘yl) (fz}h)
d In = dln +1n d V-, (3.71)
(yz ]13/2 ‘. }13/2 }13/2 z
Eq (3.70) becomes :
Fa ( (fzyl)) 144 (}z)ﬁ)
dln—+d In = —d In d (3.72)
¥ & )?1)/2 RT . }13/2 o
Introducing,
H
YiP :
into Eq. (3.72) and rearranging the terms :
H VY a Y
In| — |dy —d = d|1 . In— Sl 3
n((ﬁ'{ Y2 * prdpP ng, p+y, n¢‘f ( )
Integrating between y, = O and y, = vy,; (or 10 any other intermedijate vapour
composition) at constant temperature :
Y2y ¢2 Y2y q)g) =1 pf o
In—d —f In + y,In—=| = — v'd (3.74)
/;2-0 ¢y yZ o ( 4) p YZ ¢;1/ RT 5 p
2 X24
Area 1 —[m&‘{p + yzln.—ﬁ] = -Area2 (3.75)
1 8

¥,=0
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or

v Y24
Area 1+ Area 2 = [1nq‘>‘,’p]y - [1nq’>‘{p]y o * [yzln.—ﬁ] (3.76)
2¢ 2

1 ¥,=0
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CHAPTER 4

DESIGN, CONSTRUCTION AND DEVELOPMENT OF HIGH PRESSURE
VAPOUR-LIQUID EQUILIBRIUM EXPERIMENTAL EQUIPMENT

4.1

INTRODUCTION

The successful high pressure and temperature static equilibrium cell and associated
apparatus, (Photographs 1 and 2), described here are the result of several years of
experimentation.

Initial Development

The project was initiated in the early 1980’s at the request of SASOL who required
vapour-liquid equilibrium data for certain components in their coal liquification
process at temperatures and pressures of up to 500 °C and 200 bar. The temperature
and pressure requirements however fell away during the initial period of Bradshaw’s
project as circumstances changed and SASOL no longer required high temperature
and pressure data. A more modest operating criterion of 250 °C and 200 bar was
then set. The initial development done by Bradshaw is described in his thesis,
Bradshaw (1985). Due to numerous difficulties experienced in the sealing of the
liquid sampling system and due to time constraints the experimental data measured
by Bradshaw was limited. Difficulties he encountered during experimentation were :

1. The non-uniformity of the air bath and equilibrium-cell temperatures.

2. The liquid-phase sample compositions showed an incorrect bias towards the
volatile component of the system being measured. ‘

The vapour phase sample compositions were however reproducible and corresponded
to the literature values.

Subsequent Development

A re-evaluation of the project direction was undertaken. Decisions were made as
to whether the experimental method should be changed, what the temperature and
pressure operating ranges would be, and which systems were to be investigated.

It was decided to totally revamp, overhaul and extensively modify the equipment,
retaining the original temperature and pressure specifications and principles of liquid
and vapour sampling. After the completion of the reconstruction phase, the equipment
would be tested on the carbon dioxide/toluene binary. After the successful completion
of experimental measurements on this binary the industrially important but very
demanding propane/water binary would be measured. Finally a previously
unmeasured volatile/non volatile system was to be examined.

Factors Influencing Static Method Choice
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Due to the problems faced with the liquid sampling system and the relatively simple
sampling systems employed in the dynamic methods, converting the existing
equipment to a dynamic method was considered. Conversion of the equipment was
however unacceptable for the following reasons :

1. The maintenance work required should be minimal. The work involved with
a static method was within the means of one researcher. The work involved
in maintaining a dynamic method is however usually beyond the means of one
researcher.

2. Since most of the equipment used in dynamic methods is of a specialised nature
they are not stock items for the manufacturer’s representative (if any) in South
Africa. Long delay times for the delivery of equipment and spare parts could
therefore be expected.

The static method of operation was therefore retained.
The main experimental aspects covered in this chapter includes :
1. The equilibrium cell,

Equipment for agitation of the phases,

Equipment for sampling of the liquid and vapour phases,

2
3
4. Equipment required for sample preparation for analysis (jet mixer),
5. Equilibrium cell environment (air bath),

6. Measuring equipment : Temperature, pressure and compositional measurements,
7. Safety features.

Additional aux'iliary equipment of importance will also be covered briefly :

1. A unique gas chromatograph detector calibration device,

2. A degassing unit,

3. A propane compression device.

The recommended equipment operating procedures will be described in the following
Chapter 5. The reasons for the choice of the experimental binary systems investigated
are given in Chapter 6. The proposed new equilibrium cell is described in Chapter
10.
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EXPERIMENTAL EQUIPMENT DESCRIPTION

The Equilibrium Cell

Construction

The cylindrical cell was machined from a 15 cm diameter solid billet of type 316
stainless steel and had a diameter of 50 mm and a height of £180 mm. The resulting
cavity had a volume of +350 m¢, Figure 4.1 and Photograph 7. The cavity was
drilled slightly eccentrically to accommodate the liquid sampling device and sampling
port.

The lid was closed with eight M10 stainless steel bolts and sealing was achieved by
means of a teflon gasket. Care had to be taken when tightening the lid due to the
eccentricity of the cavity. Slight differential tightening of the bolts was however,
accommodated by the teflon gasket. The teflon gasket was usually replaced after
two tightenings.

21. 6 l ;]BE-:

e | 4.0
N~ © % j
o ve] F D 9.0
| ‘_]

[

5.0 l

Dimensions in cm 15.0

Figure 4.1 : Schematic Diagram of Equilibrium Cell Showing Principal
Dimensions. A - lid, B - cell cavity, C - liquid sampling device cavity, D -
cell inlet, E - vapour sampling port, F - cell wall, G - stirrer

Type 316 stainless steel was used for the cell and lid due to its inertness to organic
materials and amagnetic properties. To eliminate any differential expansion or
corrosion problems that could have occurred due to the use of different materials of
construction only type 316 stainless steel was used throughout the whole apparatus.



4.2.2

68

From Tables 2.1 to 2.4 it can be seen that this project’s cell cavity volume was large
compared to most of those reported in the literature. The larger the cell volume,
the smaller the volumetric disturbance of a particular sampling method and the
smaller the disturbance to equilibrium.

Pressure and Temperature Limits of Equilibrium Cell

From Photograph 7 it can be seen that the cell can withstand very high pressures.
The thinnest part of the cell wall is at the bottom of the cavity with a thickness of
13 mm. This "thinness" was necessary to ensure magnetic coupling between the
internal stirrer and external rotating magnet. Even so the pressures the cell can
withstand are enormous, certainly greater than 200 bar.

An advantage of thick cell walls is their thermal dampening abilities. Minor thermal
disturbances in the air bath become irrelevant with such a large thermal mass. Cyclical
or periodical fluctuations would however be noticeable.

The temperature limitation is set by the teflon gasket and rulon packing material in
the liquid sampling device which tend to weaken and even become fluid at
temperatures approaching 200 °C.

Agitation and Equilibriation of the Phases

Since one of the drawbacks of the static apparatus is the long time required for the
phases to reach equilibrium this aspect demands particular attention.

Stirrers rotated by externally mounted magnets have been successfully used by several
authors, Kalra and Robinson (1975), Bae, et al (1981), Figuiere, et al/ (1980) and
Wagner and Wichterle (1987), to produce intensive mixing and hence rapid attainment
of equilibrium. An internal stirrer may be rotated by magnetically coupling it to
either an externally rotating magnet or by means of an orientable magnetic field
induced by coils located outside the cell. Both methods are attractive since they
obviate the need for the high pressure seals that would be required for a shaft driven
stirrer. The first option was adopted since it did not require complex electronic
circuitry to operate effectively. The stirrers designed by Bradshaw (1985) remained
unaltered and are briefly discussed here.

Equilibrium cell impeller

The cell impeller was made from two small cylindrical magnets imbedded in a teflon
spinner mounted on a stainless steel spindle and support ring. The assembly was
located in a small recess in the bottom of the cell cavity, Photograph 7 and Figure
4.1. With a geometrically appropriate impeller and sufficiently rapid rotation a deep
vortex is formed in the liquid as can be seen on close observation of Photograph 10.
Due to the vortex vapour was entrained in the liquid producing rapid mass transfer
and equilibration of the phases.

Externally rotating magnet
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This magnet was constructed from three powerflux slab magnets, Photograph 3, with
poles aligned along the large faces, mounted in an aluminium holder with rectangular
mild steel pole faces. The magnet was driven with a 0,37 kW variable speed motor.
This magnet rotated in a sealed well which protruded into the air bath and supported
the equilibrium cell. This construction permitted the air in the well to become
heated and so reduced the temperature gradient across the cell support plate. Good
thermal insulation between the cell body and the asbestos plate was achieved by
machining a shallow recess in the bottom of the cell, as shown in Figure 4.1, to
entrap a stagnant pocket of air. 2

This agitation design produced a satisfactory vortex with any depth of liquid.

The Liquid Sampling Device

Accurate liquid sampling is the most difficult problem to overcome in high pressure
VLE measurement using static apparatus. A small representative sample of liquid
must be removed from a high pressure space without disturbing the equilibrium
condition. This can never be fully achieved in practice as sampiing by it’s very
nature implies a change in system volume.

A moveable sampling rod with a small sampling hole was first proposed by
Fredenslund, et a/ (1973) and this principle was adopted for this apparatus.

The sampling rod and piston assembly are shown in Figure 4.2 and 4.3 and Photographs
11 to 13. Figure 4.6 shows the auxiliary operating equipment.

Description of the sampling device (Figure 4.2)

The sample rod was a 5 mm diameter polished stainless steel rod with a 1,5 mm hole
(A) drilled near the tip to give a +8.8 mm3 volume. The rod was polished to minimise
friction and chafing of the packing and the edges of the sampling hole were slightly
flared to prevent chafing of the packing material. Insertion and withdrawal of the
rod through the cell wall is accomplished with an air activated piston (I) with guide
rods (H). When the rod was inserted the sample hole was positioned just inside the
equilibrium cell. When withdrawn it was in alignment with the carrier gas channels
(F) drilled through the equilibrium cell body. The guide rods prevented rotation
and the consequent misalignment of the sample rod with the sample carrier gas
channels. The pressure integrity of the equilibrium cell and sealing of the sampling
rod was achieved through an unsupported area seal. The piston rod and unsupported
area assemblies were connected to the cell wall by 12 high tensile 8 mm mild steel
cap head screws. A teflon spacer between the piston rod and unsupported area seal
supplied the necessary freedom of movement required between the two assemblies.

Important features of the liquid sampling device : the principle of sealing (unsupported
area seal), the packing material used in the seal, method of operation and piston rod
assembly will be examined below in more detail.
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Sealing of the liquid sampling device : The unsupported area seal

The sealing of the rod surface against the high pressures involved presented
considerable problems. A satisfactory solution was found by Bradshaw (1985) using
the unsupported area seal principle proposed by Tsiklis (1968).

The basic principle of the unsupported area seal, Figure 4.4, is that the compressive
force developed in the packing is greater than the pressure applied to the gland by
the ratio of the respective areas.

The gland consists of three stainless steel packing rings (D, F, J) made to slip fit
into one another, two being male end pieces (D and J) with a central female piece
(F) through which the carrier gas channels were drilled. The pressure P from the
interior cell impinges on the substantial cross-sectional area of the front ring D which
was restrained from movement by the packing material as shown thereby compressing
it by the ratio of their respective areas. The free space shown was important since
this provides freedom of movement for the front ring D. The inner packing was
responsible for the sealing of the sample rod and the outer for sealing against the
cell wall. This isolated the central section from the cell interior and surrounding
external environment. Brass rings, to minimise scoring of the sampling rod, were
press-fitted into all three packing rings to provide a neat fit around the sample rod.

Figure 4.4 : Unsupported Area Seal (Modification 1). A - liquid sample hole,
B - equilibrium cell wall, C - nitrile "O" ring, D - inner male packing ring, E &
I - outer packing (mitrile "O" ring), F - female packing ring, G - carrier gas
channel, H - inner packing (rulon), J - outer male packing ring, P - cell pressure
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Figure 4.5 : Unsupported Area Seal (Original). A - liquid sample hole, B -
equilibrium cell wall, C - inner male packing ring, D - female packing ring, E
- carrier gas channel, F - outer male packing ring

Selection of packing material (Figure 4.4)

At high temperatures teflon was found to be totally inadequate as a packing material
as it showed little resistance to creep. Reinforced teflon (brass or graphite) was
adequate in reducing the creep experienced by teflon. Bradshaw mentioned that
the reinforced teflon packing material had a life of approximately 3 months but did
not mention how many withdrawals. In this project, the graphite impregnated teflon
used had a working life on average of 100 withdrawals. Packing life was found to
depend on the initial tightening of the unsupported area seal. The tighter the packing
compression, the greater the chafing of the packing, the shorter its working life.
Tightening the 12 cap head screws to a torque of 35 N x m was found to give
optimum packing life. The working life of graphite impregnated teflon although
longer than teflon, was found unacceptable. Rulon was tried and this had a
significantly longer working life. = During the last set of experiments over 500
withdrawals were made without any apparent degradation of the packings.

The packing material was however, found to be very sensitive to temperature variation.
If after a particular isothermal experimental data run the equilibrium cell was allowed
to cool down to room temperature, on reheating to a new isotherm, the packing’s
sealing integrity was found suspect. A small leak in the outer packing was discovered.
By slightly tightening the cap head bolts the problem was solved. This could only
be done once however, as extra compression of the packing material by the tightening
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process tended to result in greater extrusion. After the third tightening, extrusion
of the packing material resulted in blockages of the sampling hole. The only solution
then was to remove the sampling device and machine new packings.

The removal and replacement of the packing material proved time-consuming and
troublesome.  The packing responsible for sealing against the cell wall usually
extruded more than the sample rod packing due to its smaller area. This extrusion
resulted in difficulties in the removal of the female and inner male packing rings.
A new arrangement shown in Figure 4.4 was tried. The essential differences can
be deduced from Figures 4.4 and 4.5 : )

1. The replacement of the rulon packings sealing against the outside wall with
nitrile "O"-rings (Figure 4.4). "O"-rings made from a more appropriate material
viton of the correct size could not be obtained.

2. The addition of a small nitrile "O"-ring to achieve a superior seal on the sampling
rod (Figure 4.4).

The arrangement, Figure 4.4, was found to be unacceptable during experimentation
for three reasons :

1. Although the original aim of ease of removal of the packing rings was achieved
it was at the expense of more removals and replacement of packings. The
nitrile "O"-rings which were supposed to withstand 110 °C tended to soften and
adopt the shape of the packing ring gap i.e. they acquired flat faces. This
meant that they had to be replaced if the equilibrium cell had to be cooled to
room temperature between isothermal runs.

2. Rulon and nitrile had different compressibilities. For this reason the whole
unsupported area seal had to be tightened more to achieve the same quality of
seal. This resulted in greater chafing on the inner rulon packings and
consequently shorter working life.

3. The sampling rod nitrile "O"-ring tended to deform and be scraped by the
sampling rod resulting in sample hole blockages. A similar problem was
experienced by Nakayama, et al (1987).

The original system Figure 4.5 was adopted for futher experimentation.
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Method of operation

The rate of insertion and withdrawal of the sampling rod could be accurately
controlled. Figure 4.6 shows the essential features of the control system.

If the sample rod was to be inserted into the cell the Whitey B-43YF2 four way
crossover ball valve was set in position such that bottled compressed air, stepped
down to a pressure of 80 bar, was routed to the insertion port of the piston rod
assembly. To withdraw the sample rod from the cell the four way valve was set in
position such that the bottled compressed air was routed to the withdrawal port. In
each case the port not connected to the compressed air bottle was connected to the
vent. The rate of insertion or withdrawal was controlled by releasing the venting
air through a Whitey SS-22RS4 fine metering valve.
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Figure 4.6 : Liquid Sampling Device and Auxillary Equipment
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Piston rod assembly (Figure 4.2)

This unit was responsible for the insertion and withdrawal of the sampling rod. The
system employed by Bradshaw, two solid teflon rings to seal between insertion and
withdrawal chambers, was found unsatisfactory.

The two teflon rings were too thick to allow for adequate compression by the backing
plate. This meant the piston often contacted the outer chamber walls resulting in
scoring and hence leakage across the seal. This leakage resulted in a loss of sampling
rod insertion and withdrawal rate control. -

This system was replaced with an "O"-ring housing assembly. The piston housing
assembly "O"-ring grooves were cut to the dimensions recommended by Dowty Seals
(1986), for piston and piston rods used in dynamic alternating pressure applications
for P > 100 bar, (Appendix C.1). The viton "O"-rings with two teflon split
anti-extrusion rings, not shown in Figure 4.2 but seen in Photograph 11, were fitted
in a brass sleeve (J). Brass was used to prevent damage or scoring of the chamber
wall. The brass sleeve was attached to the piston with Locktite super glue to prevent
any air leakage between them and consequently between the insertion and withdrawal
chambers. Any leakage was undesirable as it resulted in a loss of sampling rod
withdrawal and insertion rate control. The superglue withstood the operating
temperatures well and no leakage was detected. Although only one "O"-ring assembly
was necessary they were duplicated to ensure an adequate seal.

A problem encountered during early experimentation, the misalignment of the
sampling rod after a few withdrawals, was traced to the withdrawal port. The
original piston rod chamber had only withdrawal port (G), Figure 4.2. The compressed
air at 80 bar flowing in during withdrawal exerted a force on the one side of the
sampling rod thereby misaligning it. This misalignment caused increased packing
wear. The addition of a second port directly opposite the original one solved this
problem.

A 7 micron air filter was inserted in the compressed air line to prevent any foreign
particles entering the piston rod assembly. The introduction of foreign particles
into the piston chamber caused scoring of the stainless steel piston and consequently
resulted in leakages between the two chambers.
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Jet Mixer

One of the most troublesome problems experienced in the sampling of a volatile/non
volatile mixture into an evacuated space is the tendency of the volatile component
to flash preferentially thus creating a non-homogeneous gas and liquid mixture.
Dieters and Schneider (1986) make the observation that sample preparation for analysis
and not the quantitative analysis itself is a most demanding aspect. Particular
attention is therefore required to obtain successful homogenization of the withdrawn
sample. Various methods that have been tried, for. example Kalra, et al (1978),
Nakayama, et al (1987), were briefly discussed in Chapter 2.

In the present design a jet mixer (based on a design proposed by Professor J.D. Raal)
performed the function of vaporising and homogenizing the liquid sample in
preparation for gas chromatography analysis. The liquid sample was flashed into
the initially evacuated jet mixer through the nozzle at high velocity to produce a
swirling, recirculating flow until the pressure became uniform. Further mixing of
the sample was ensured by subsequently flushing helium carrier-gas through the
passage in the cell wall into the mixer at a controlled pressure. The essential features
of the final jet mixer are shown in Figure 4.7 and Photographs 15 and 16.
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Description of jet mixer

The mixing chamber was fitted with an internally mounted cylindrically shaped
baffle. The internal baffle has a restriction nozzle which caused acceleration and
hence vaporisation of the liquid sample as the entering sample and carrier gas set
up a swirling circulating flow until the pressure equalized. The absence of any
moving parts and external devices are distinct advantages in high temperature work.

The inlet was connected to one of the liquid phase carrier gas sampling channels
drilled through the equilibrium cell wall. The outlet port leading to the gas
chromatograph had a Whitey SS-ORM2-52-19 regulating and shut-off valve tapped
into the outer chamber wall. The valve was operated from outside the air bath by
fitting a stem extension with a thermal break of teflon. Initially problems were
experienced with cross threading of the valve stems due to the rigidity of the stem
extension. This was solved using a well oiled universal joint, from a miniature
tool kit, in the stem extension giving it the flexibility needed, Photographs 19 and
20.
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Figure 4.7 : Schematic of Jet Mixer Showing Essential Features. A - sensotec
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pressure transducer, B - heating elements, C - nozzle support, D - nozzle orifice,
E - nozzle, F - Whitey SS-ORM2-S2-A valve, G - inlet from equilibrium cell
wall channels
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Jet mixer temperature control

The jet mixer was kept at a higher temperature than the equilibrium temperature.
Heating was achieved by the two 100 W stainless steel cartridge heaters controlled
by a Eurotherm 810 (model 810-003-000-003) controller with a thermocouple type
K temperature sensor. Stable temperature control was achieved by tuning the
controller by the method described by Kinney (1983). The temperature controller
was set with proportional band 16 %, integral time 200 seconds, derivative time off,
cycle time 20 seconds and maximum power 100. These settings provided stable
constant temperature control for settings in the 120 °C to 180 °C range.

Jet mixer pressure measurement

A pressure transducer was mounted on the jet mixer to provide useful information
on the operation of both the jet mixer and the liquid sampling device. Using this
pressure transducer the cause of the non-uniformity of the withdrawn liquid samples
as experienced by Bradshaw (1985) was discovered as described in- Appendix C.3.
Knowing the volume of the jet mixer and liquid sample volume a rough indication
of the expected pressure rise assuming total vaporisation of the liquid sample could
be gained from the ideal gas law as follows,
liquid density X liquid sample volume

mol le = 4.1
otes sampse molecular mass liquid ( )

. moles saumple X R X T(jet mixer)
pressure rise = - - (4.2)
V(jet mixer)

The temperature specification of 200 °C and absolute pressure measuring capabilities
required proved to be troublesome as most transducers available were rated to a
maximum of 120 °C due to electronic considerations. Eventually a company
specializing in the manufacture of transducers for extraordinary applications was
found. Sensotec supplied a Model Z transducer (range 0-3 bar (a), temperature
compensated to 204 °C, with an accuracy of +0,25 % of full scale (0,0075 bar). 2
meters of teflon cable led to a Shimaden (model SD10-900-(1-100 MV)-012-DL)
digital indicator with -100 to 400 kPa readout. The pressure transducer screwed
directly into the top of the jet mixer. The large opening port eliminated stagnant
spaces, an important consideration.

Jet Mixer and Liquid Sampling Device

Using the jet mixer’s pressure transducer the cause of the non-reproducibility of the
liquid samples as experienced by Bradshaw (1985) was discovered.

Reproducible liquid samples should result from consistent liquid sample volume
withdrawals was used. Consistent liquid volume withdrawls must result in
reproducible pressure rises in the jet mixer on sampling. The reproducibility of
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liquid sample volumes could therefore be detected by the jet mixer’s pressure transucer
readings. The reason for the inconsistency of the liquid samples was traced to the
insufficient inner packing material width as described in Appendix C.3.1

The determination of the final jet mixer volume (75 ¢m3) which was dependent on :
the withdrawn liquid sample volume and gas chromatograph considerations (gas
sampling valve loop volume and detector requirements). This is summarised in
Appendix C.3.2. In Chapter 5, the operating procedure developed for the liquid
sampling device and jet mixer during the carbon dioxide/toluene studies will be
described. _

Vapour Sampling System

Sampling of the vapour phase did not present as many problems as the sampling of
the liquid phase since preferential flashing of the volatile component did not arise.
Partial condensation was prevented by a reduction of the sample pressure and ensuring
low partial pressures of the volatile components by adequately diluting the constituent
components in helium carrier gas. This ensured a homogeneous sample was available
for gas chromatographic analysis.

The principle of the vapour sampling method used in this project was first proposed
by Bae, et al (1981).

The vapour sample was obtained from the upper part of the equilibrium cell by
expanding the vapour phase into a previously evacuated manifold enclosed by three
Snotrick SS-410-FP valves capable of withstanding 10 000 psi and 232 °C,
Photographs 8 and 14. The Snotrick valves were each fitted with specially constructed
extension support and tie rods with thermal asbestos breaks, so they could be opened
and closed by air actuators situated outside the air bath. Bradshaw (1985) reported
the volume of the manifold to be 0,75 cm3 (Figure 4.8).

The Snotrick valves and their air actuators had to be rigidly fixed to the air bath as
the equilibrium cell could not support their weight. Some flexibility between the
cell, which had to be positioned a correct distance above the external rotating magnet
and the Snotrick vapour sampling valves, which had to be attached to the cell wall,
was desirable.

The 1/4 inch rigid pipe connection between the equilibrium cell and Snotrick valve
as used by Bradshaw was the source of continual leaks during the initial phase of
experimentation when assembly and reassembly of the equipment was frequent. The
1/4 inch connection was replaced by a flexible 1/16 inch pipe connection, Photograph
14.

Continued operation at high pressures caused blockages in the thin tubes of the teflon
inserts press-fitted into the manifold as seen in Figure 4.8. The various options
considered to solve this problem are fully described in Appendix C.4. The final
design chosen (Option 2 Appendix C.4) is shown in Figure 4.9.
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Figure 4.8 : Original YVapour Sampling System of Bradshaw (1985)

Q é ————— A EQUILIBRIUM CELL

--------- 7/8 MALE TO 1/8 FEMALE CONNECTOR

I C 1/8 MALE TO 1/16 SWAGELOCK CONNECTOR
B D 1/16 STAINLESS STEEL TUBING
I E 1/4 MALE TO 1/16 SWAGELOCK CONNECTOR
XD --------- F SNOTRICK SS-410-FP VALVE
B stcintess steel inserts I - G 1/4 MALE TO 1/16 SWAGELOCK CONNECTOR
L D

@ Teflon inserts

HSNOTRICK SS-410-FP VALVE

""" J 1/8 STAINLESS STEEL TUBING

Z%%%&%%%Z

G
} K 7716 UNION TEE
G

Q

Figure 4.9 : Final Vapour Sampling System
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Equilibrium Cell Environment

A stable and uniform air bath temperature is vital for the equilibrium cell to be free
of thermal gradients for the establishment of a true vapour-liquid equilibrium state.
The following aspects were investigated in the complete redesign of the air bath to
improve the temperature stability :

1. Insulation.
2. Interior copper lining.
3. Air agitation methods.
4. Temperature control strategy which includes :
Controller technology,
Heating elements,
Temperature sensing device.
5.  Minimizing all possible heat leaks, conductive paths and thermal disturbances.

A schematic diagram of the final air bath design as well as photographs taken during
its construction is shown in Figure 4.10 and Photographs 3 to 6.

Each of the above mentioned aspects will now be discussed.
Insulation

Two layers of 40 mm fibreglass industrial mineral wool Type IM475 were used as
the thermal insulation material. Fibreglass was chosen as it is intrinsically fire safe,
does not warp, shrink, sag, rot or slump with time and it can be cut to the shape
desired.

Table C.1 (Appendix C) supplies the physical properties of Type IM475 for the
design criterion of 200 °C.

Increasing the insulation thickness to greater than 80 mm, which was chosen as the
final thickness, would have provided little further improvement in the insulation
efficiency.
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Interior copper lining

An inner 26 gauge copper lining was incorporated to keep the insulation in place
and to promote air bath temperature uniformity (Photograph 4).

Due to the high thermal conductivity of copper (approximately 388 W/mK at 227 °C)
any local temperature disturbance should be quickly dispersed and transmitted to the
rest of the bath resulting in a greatly damped disturbance.

Electroplating a thin layer of copper onto the equilibrium cell external surface was
also considered. This was found undesirable for the following reasons :

Extreme care would have had to be taken during the electroplating process not to
deposit any copper in undesirable places such as the : equilibrium cell walls, liquid
sampling device receiving well, carrier gas channels, and sampling rod channel as
these had all been machined to fine tolerances. Since the air bath thermal gradients
were minimized due to other precautions the necessity for electroplating the cell
fell away.

Air agitational methods

The only feasible way found of avoiding the radiative heat transfer and consequent
local heating effects between the equilibrium cell and the heating elements reported
by Bradshaw (1985) was to shield the heating elements from the direct view of the
cell. This then necessitated some form of circulation to transfer energy from the
heaters to the air bath proper.

Several methods of circulating air over the heating elements were investigated. The
heating elements chosen dictated the choice of method. In order to avoid burnout
the elements required a flow rate of 2,51 ms-! of air over them. It was therefore
decided to circulate air from the bath through an external loop over the heating
elements and back into the bath. (Figure 4.10 and Photographs 3 to 5).

The air was drawn in from the top of the bath by a Siflo Universal Fan and blown
over the heaters, contained in a heater box, and out at the bottom of the bath
Photograph 5. The fan displaced approximately 72 £/s of air under no load conditions
through the heater box. The outlet had a deflection plate (Photograph 3) which
prevented air being blown directly onto the equilibrium cell and aided in air circulation
as it created an upward spiral motion of air.

The bath volume of 65 dm3 (diameter = 0,455 m, height = 0,400 m) was displaced
approximately every 6 seconds. An additional internal convection fan was deemed
unnecessary.
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Temperature control

The particular temperature controller, heating elements and temperature sensing
device were selected to ensure fast response times to air bath temperature disturbances.

The temperature controller was a Eurotherm 818 PID controller with self and
adaptive-tune facilities. It’s input was from a three-wire Pt 100 platinum resistance
bulb mounted in a metal sheath. It’s output was a 4 to 20 m Amp dc signal which
drove a fast cycle firing Eurotherm 425 thyristor. The thyristor supplied the energy
to 3 aluminium finned stainless steel cartridge heaters (Photograph 6).

A schematic diagram of the temperature control system is shown in Figure 5.11. A
full description of the temperature control system is given in Appendix C.5.2.

Minimizing heat leaks, conductive paths and thermal disturbances

Possible heat leaks and conductive paths identified were : the asbestos well housing
the rotating magnet, vapour sampling valve stem extensions, jet mixer and cell inlet
valve extensions and the sample lines and electric cables to and from the air bath.

Possible thermal disturbances identified were : the jet mixer.
Magnet housing

Effective thermal insulation between the cell bottom and the rotating magnet required
particular attention since the rapid air flow around the magnet produced a high
convective heat transfer coefficient between the cold air in the magnet well and the
heated supported plate. It was necessary to seal the well, made of asbestos pipe, in
the air bath by a graphite (grade MY9D) bush capable of withstanding 200 °C and
2 000 rpm. This allowed the air in the magnet assembly to become heated and
reduced the temperature gradient.

Good thermal insulation between the bottom of the equilibrium cell body and its
support plate was achieved by machining a shallow recess in the bottom of the cell
body to entrap a stagnant pocket of air between the cell and the asbestos supporting
plate, Figure 4.1. The asbestos wall housing was insulated from the outside
environment by a layer of fibreglass insulation as shown in Figure 4.10.

Valve stem extensions

The vapour sampling system, jet mixer and cell inlet valve stem extensions, all had
thermal breaks. Teflon was used for the jet mixer and cell inlet sampling valves,
Photographs 4 and 19, and asbestos for the vapour sampling valve stems, Photograph
8.

Sample lines

All the sample lines from and to the cell were routed through at the same place.
The outside lines were wrapped in heating tape to prevent thermal gradients.

Electric cables
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The electric cables were routed through the top of the air bath and coiled a few
times between the two insulation sheets to prevent conductive losses.

Jet mixer
The jet mixer was the source of the two thermal disturbances.

Its higher operating temperature caused a local equilibrium cell disturbance in the
liquid sampling device region. This thermal path was nullified by attaching the jet
mixer to the cell by a "sandwich" bracket. The stainless steel bracket of the equilibrium
cell and jet mixer were separated by a piece of Bakelite, Photograph 7. The only
connection between the jet mixer and cell was a piece of piping over which a large
quantity of air was continuously flowing. The values of T1 and T2 in Table 4.1
are an indication of this thermal disturbance.

The surface of the jet mixer was also at a higher temperature than the surrounding
air bath. The surface was insulated by a few layers of a special insulation tape, to
prevent any radiative disturbances (Photographs 19 and 20). T7 in Table 4.1 gives
an indication of this thermal disturbance. '

Cell wall and air bath measured temperature profiles

The cell wall and air bath profiles for three operating temperatures are shown in
Table 4.1 to give an indication of the thermal profiles measured during
experimentation. The air bath thermocouple positions are shown in Figure 4.10 and
cell wall thermocouple positions in Figure 4.12.
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Figure 4.13 : Equilibrium Cell Profile Measuring Thermocouple Positions
"P1 - Heise CC &0S, P2 - Heise CC 8008, RV1 - 5 000 psi
Relief Valve, RV2 - 500 psi Relief Valve, T - Type J
Thermocouple, V1 - Whitey Shuttle Valve
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TABLE 4.1
Equilibrium Cell Wall and Air Bath Measured Temperatures
Thermocouple (a) Approx. Isothermal Operating Temperature
(°C)
78,64 100 105

TO 74,30 95,20 101,10
Tl 78,45 100,50 104,70
T2 78,55 100,60 104,85
T3 ‘ 78,55 100,70 105,20
T4 78,40 100,70 105,10
T5 78,45 100,60 105,00
T6 81,80 102,60 106,10
T7 78,45 101,40 105,70
T8 78,55 101,50 - 105,30
Eurotherm 818 TSP(1) 79,00 100,00 105,00
Fluke 8840(2) 79,10 138,52 105,05
Eurotherm 810 TSP(3) 180,00 160,00 180,00
(a) Positions as per Figures 4.10 and 4.12

(1) TSP = Temperature set point air bath.

(2) Converted from ohmic resistance.

(3) TSP = temperature set point jet mixer.

The equilibrium cell was virtually devoid of any thermal gradients. Thermocouples
(T1) and (T2) measured the interference as a result of the jet mixer’s higher
temperature. The values of (T1) and (T2) were similar to temperatures measured
at the top of the equilibrium cell wall (T4). All cell wall temperatures were within
0,4 K of each other. The stagnant air pocket under the equilibrium cell had a
temperature (TO) slightly lower than the rest of the air bath however. The air as
it entered the air bath had a slightly higher temperature (T6) than the rest of the air
bath. The temperature in the area around the jet mixer (T7) was hardly different
from the rest of the air bath due to the short residence time of air in the bath. The
value of (T8), the temperature at the top of the air bath, showed no stagnation of
air had occurred in the region around the vapour sampling valve. The temperature
was within 0,5 K of the cell wall and air bath temperatures.

The profiles of all the isothermal operating temperatures are given in the experimental
results Chapter 7.
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Photograph 1 Experimental Equipment

A air bath, B air circulation loop, C pressure gauges,
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: Frontal Right Hand View

D temperature.
controllers, E temperature measuring devices, F gas sampling valve oven
G Varian 3000 gas chromatograph,

b

H Varian 4270 integrators.

Photograph 2 Experimental Equipment : Frontal Left Hand View

A air circulation loop, B electric switches,

D propane compression device,
rack.

E magnetic stirrer motor,

C gas sampling valves,

F gas cylinder
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Photograph 3 Magnetic Stirrer Well

Inlet and outlet ports of air circulation loop showing air outlet
deflection plate.

Photograph 4 Air Bath Under Construction

A fibreglass insulation, B copper lining, C jet mixer, valve stem
thermal break, D air circulation loop.
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Photograph 3 Magnetic Stirrer Well

Inlet and outlet ports of air circulation loop showing air outlet
deflection plate.

Photograph 4 Air Bath Under Construction

A fibreglass insulation, B copper lining, C jet mixer, valve stem
thermal break, D air circulation loop.



Photograph 5 Air Circulation Loop

A air inlet, B siflo fan, C heater box,

D bakelite beafer insulation and cartridge
heater terminals.

Photograph 6 Cartridge Heater

49
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Photograph 7 Equi
d sampling dev

A stirrer, B liqul
outlet, D vapour
F teflon gasket,

ice, C cell
E bakelite,
G jet mixer port.

Photograph 8 Vapour Sampling System

A Air actuators, B Snotrick valves,
C asbestos thermal breaks
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Photograph 9 Equilibrium Cell

A Liquid sampling device, B non-return valve, C internal magnetic
stirrer.

Photograph 10 Magnetic Stirrer Created Vortex




Photograph 13 Assembled Liquid Sampling Device
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Photograph 14 Vapour Sampling System Manifold




Photograph 11 Vital Parts of the Liquid Sampling Device
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