
UNIVERSITY OF KWAZULU-NATAL

Robust Equipment for the

Measurement of Vapour-Liquid

Equilibrium at High Temperatures

and High Pressures

R.A.HARRIS

[B.Se. (Eng), M.Se. Eng.]

January, 2004



Robust Equipment for the Measurement of Vapour-Liquid Equilibrium

at High Temperatures and High Pressures

Roger A. Harris

A thesis submitted in the

School of Chemical Engineering

University ofKwaZulu-Natal

Durban

(All work performed in the

School of Chemical Engineering

University of Natal, Durban

South Africa

and

Department of Industrial Chemistry

University of Oldenburg

Germany)

In fulfillment of the requirements for the degree of

Doctor of Philosophy

January, 2004



"It is a capital mistake to theorise before one has data. "

Sir Arthur Conan Doyle



DECLARATION

The work presented in this thesis was performed at the University of Natal, Durban and the

University of Oldenburg, Germany from January 2001 to December 2003. The work was

supervised by Professor D. Ramjugernath, Professor J.D. Raal and Professor T.M. Letcher.

This thesis is presented as the full requirement for the degree of Ph.D. in Chemical Engineering.

All the work presented in this thesis is original unless otherwise stated and has not (in whole or

part) been submitted previously to any tertiary institute as part of a degree.

R.A. Harris

I hereby certify that I find this work to be suitable for submission for the degree of Ph.D. in

Chemical Engineering.

D. Ramjugernath



ACKNOWLEDGEMENTS

I would like to acknowledge the following people for their contribution to this work:

Firstly, my supervisors, Professors D. Ramjugemath, J.D. Raal and T.M. Letcher, for their

advice and assistance during this project.

Professor Dr. J. Gmehling, Dr. Kai Fischer, Dr. 1. Rarey and the staff and students at the

DDBST and LTP (Oldenburg, Germany) for their friendship and assistance during my stay

there. In particular Mr. M. Wilken, Mr. R. Wittig and Ms. S. Laue for their involvement in

this work.

The workshop staff, Mr. L. Henwood, K. Jack and K. Robertson, for their help in this project.

In particular Mr. L. Henwood for his help in designing, constructing and commissioning the

apparatus used in this work.

NRF and SASOL for Financial support during my degree.

My colleagues, Kasuren, Prathika, Tyrone, Scott, Minal, Nick, John-Roy, Warren and Nash

in the Thermodynamics Research Unit for their ideas and friendship.

On a personal note my parents, Quenten and Pearl, for years (which have been extended by

my continued studying) of support and motivation.

Michela Soukop (my fiance) for love and patience during this lengthy period of study.

Thanks to God for help rendered and prayers answered.



ABSTRACT

In this work VLE data was measured on three different pieces of equipment. Measurements were

undertaken in the laboratory of Professor Gmehling in Oldenburg, Germany using two different

static cells and in the Thermodynamics Research Unit (TRU), University of Natal, South Africa

using a specially designed dynamic still. The three pieces of equipment used are as follows:

i.) Static apparatus of Rarey and Gmehling (1993),

ii.) Static apparatus of Kolbe and Gmehling (1985) as modified by Fischer and Wilken

(2001), and,

iii.) Dynamic apparatus ofHarris et al. (2003b).

In total 370 data points were measured; fourteen sets of VLE data and eight vapour pressure data

sets were measured.

The work undertaken in Germany measured the systems hexane (1) + N-methylformarnide (2),

benzene (1) + N-methylformamide (2), cWorobenzene (1) + N-methylformarnide (2) and

acetonitrile (1) + N-methylformamide (2), at 363.15 K using the equipment of Rarey and

Gmehling (1993). The systems CO2 (1) + Napthalene (2) at T = 372.45 K, 403.85 K and

430.65 K and CO2 (1) + Benzoic acid (2) at T= 403.28 K, 432.62 K and 458.37 K were measured

on the equipment of Kolbe and GmeWing (1985) (as modified by Fischer and Wilken (2001)).

Apart from the CO2 (1) + Napthalene (2) system at T = 372.45 K, all the above-mentioned data

are new data.

The equipment designed in the TRU was designed to operate between 300 and 700 K and

between 1 kPa and 30 MPa. The equipment is of the dynamic recirculating VLE still type

(DRVS) and is based on the principles of low-pressure stills. The still is constructed from

uniquely machined Stainless-steel components and standard commercial Stainless-steel tubing

and valves and is computer controlled to operate either isobarically or isothermally.

Vapour pressures were measured on the new equipment for n-heptane, n-decane, n-dodecane,

n-hexadecane, l-octadecene, 1-hexadecanol and d,l-menthol at low pressures and for acetone at

high pressures. These vapour pressure measurements were used as test systems and ranged from

1.00 kPa to 1 000 kPa and from 308.33 K to 583.90 K. Cyclohexane (1) + ethanol (2) at 40 kPa

and n-dodecane (1) + l-octadecene (2) at 26.66 kPa were measured as two isobaric VLE test



systems. The VLE data measured for d,l-menthol (1) + l-isomenthol (2) at T= 448.15 K and

n-dodecane (1) + l-octadecene (2) at P = 3.0 kPa represent new data measured on the equipment.

All the VLE systems were modeled. Two data reduction methods were investigated:

i.) the combined (r-rf) method, and,

ii.) the direct method (H) method.

Several different Gibbs excess models (Wilson, NRTL and UNIQUAC), equations of state (Peng

Robinson and virial) and mixing rules (Huron-Vidal, Wong-Sandler and Twu-Coon) were used in

different combinations to find the best fit for the data. The Maher and Smith (1979) method was

used to determine infinite dilution activity coefficients from the very smooth data of the

N-methylformamide systems. Excess properties were determined for the CO2 (1) + Napthalene

(2) and the CO2 (1) + Benzoic acid (2) systems.

Although the equipment of Hams et al. (2003b) was able to measure data at high temperatures

and elevated pressures, the precission of the data was not as good as was expected. Measuring

the system temperature at elevated temperatures was especially problematic. The problem is

attributed to the large mass of Stainless-steel used in the construction of the apparatus. To rectify

this problem it is suggested that the equipment be modified to be lighter in weight and only

capable of measuring VLE at moderate pressures (less than 3 MPa).
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CHAPTER

ONE

INTRODUCTION

In the field of chemical engineering, two main processes are of fundamental importance. These

are reaction and separation processes. Separation processes are costly and constitute the majority

of equipment expenditure in chemical plants (Seader and Henley (1998)). They are extremely

important as they separate a relatively low value raw chemical mixture into high purity or

valuable end products. Most separation processes require mass transfer by diffusion, the driving

force and direction of which is governed by thermodynamics with limitations dictated by

equilibrium. Numerous methods of separating mixtures of varying complexity exist and as these

processes constitute such huge capital and operation costs it is imperative to optimise them.

The optimization of these processes requires extensive knowledge of the chemicals involved.

Data required includes values for the pure components such as vapour pressures, density and heat

of vaporization and mixture properties such vapour-liquid equilibrium (VLE) and diffusivity data.

One of the most important sets of data is the VLE data for the mixture. By nature VLE is so

complex that, as yet, there is no reliable theory to accurately predict the data. At present the most

effective prediction techniques (such as UNIFAC) are only as good (at best) as the data from

which their parameters are derived.

The determination of VLE data is not an easy task nor is it a cheap one. It requires extremely

expensive and precise equipment as well as experienced and thorough operators - a single VLE

point can cost as much as $ 3 200 (Moser and Kistenmacher (1987) corrected for inflation (3%)).

For the data to be useful it needs to be accurate and to extend its application to temperatures and

pressures outside the measurement boundaries. Furthermore, it needs to be fitted (and modeled)

by a thermodynamic relationship. To exacerbate the costs, current trends show an increased

demand for measurements at high pressures and (or) high temperatures. The growth in industry

of the use of supercritical fluid extraction requires data at extremely high pressures but usually

rather low temperatures. With the increase in environmental responsibility within large

corporations, chemical plants can no longer simply incinerate heavy distillation column bottoms.
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In order to add value to these bottoms they need to be separated into their pure components. This

requires VLE data at low pressures but extremely high temperatures.

As part of this study VLE data were measured in the laboratories of Professor J. Gmehling,

University of Oldenburg, Germany. This work constitutes a collaboration between the

Thermodynamics Research Unit of the University of KwaZulu-Natal, Durban and the Industrial

Chemistry Department of the University of Oldenburg. The work was sponsored by the

Forschungszentrurn Jillich GmbH (Germany) and the National Research Foundation (South

Africa). VLE measurements in Germany ranged from moderate pressures to supercritical

measurements for CO2. The moderate pressure work focused on previously unmeasured systems

for industrially important chemicals. The high-pressure CO2 systems provide valuable data for

supercritical behaviour. All these results will eventually be used to further the predictive methods

for determining VLE which are being developed and improved at the University of Oldenburg,

Germany.

The other part of this study focuses on the design, construction and development of a robust

equilibrium still. The aim of the design was to build a still, which would complement the existing

apparatus of the Thermodynamics Research Unit (TRU), University of Natal, South Africa and

provide a medium for measuring VLE across a broad range of temperatures and pressures.

As a whole, this study increases the knowledge of VLE thermodynamics, as many of the systems

measured constitute new data. All the systems measured were regressed and fitted with

thermodynamic expressions. Furthermore, the work done on designing and constructing new

equipment serves to highlight shortfalls of current equipment as well as limitations of certain

types of stills.
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CHAPTER

TWO

REVIEW OF EQUIPMENT DEVELOPMENT

2.1 INTRODUCTION

The measurement of vapour-liquid equilibrium (VLE) data requires the use of very specialized,

often very complicated, equipment. Furthermore, VLE is measured across a large range of

pressures and temperatures. Pressures range from less than 1 kPa to more than 100 MPa and

temperatures range from less than 200 K to sometimes greater than 600 K. The measurements

themselves can be performed in many different ways with the data usually being expressed in one

of three ways: as an isobar (constant pressure), as an isotherm (constant temperature) or as an

isopleth (constant composition).

As VLE data are so extensive it is not so surprising that the equipment used to measure it is also

extensive. For almost all new situations equipment has to be invented or modified to suit the

purpose. It would far exceed the scope of this work to review all the different types of VLE

apparatus currently in use. However, in this work three different pieces of equipment were used

for the measurement ofVLE over a considerable temperature and pressure range, and, as a review

of equipment the development of these three pieces of equipment is followed. As in most

scientific fields, progress is through the improvement or modification of existing ideas. The

development of the equipment used in this work followed the same principle. The following is a

description of the improvements and modifications were led to the equipment used in this work.

2.1.1 Equipment Classification

There are many different pieces of equipment available for the measurement of VLE data.

Several methods of classification are commonly adopted. Figure 2-1 is a very simplified diagram

of modem VLE equipment classification adapted from that ofRaal and Miilhbauer (1998).

3
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VLE EQUIPMENT

I

SYNTHETIC

I
STATIC

,.--__1__---.

1
ANALYTIC

I
RECIRCULATING

"'-1--"--1I_~
VAPOUR LIQUID BOTH

DYNAMIC RECIRCULATING
VLE STILLS (DRVS)

Figure 2-1: Modern VLE equipment classification.

The choice of VLE equipment is dependent on several variables. Most obvious are the pressure

and temperature ranges. Further considerations are the systems to be measured (volatility,

viscosity and thermal stability) as well as the amount of funding available for the construction

and operation of the equipment.

Static Equipment

Static implies that the two phases are not recirculated and coexist in a closed, agitated cell. If the

phases are sampled then the equipment is classed as an analytic device. If the phases are not

sampled but rather their compositions are calculated (from knowledge of the overall composition

of the system) then the device is classified as synthetic.

Static devices can be used for the measurement of high or low pressure VLE. The measurements

are usually isothermal with the temperature being maintained by submersing the cell in a bath of

oil, water or air. As the equilibrium temperature is dependent on the bath temperature,

temperature ranges are restricted by the limits of the heating fluid.

Recirculating Equipment

Recirculating VLE devices recirculate either the vapour or liquid phase or both. Generally they

are more complicated and require greater skill in operating. However, they make sampling of the

4
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recirculated phase(s) easier and more reliable. As with the static cells they are cells submersed in

a bath of oil, water or air. As such they face the same restrictions as those mentioned above.

Dynamic Recirculating VLE Stills (DRVS)

The DRVS is based on a different principle to the cells mentioned above. Usually DRVSs are

comprised of a reboiler, equilibrium chamber and a condenser. Their salient features and

operation are described in greater detail later but it is important to note that they are not immersed

in a bath and are thus not restricted to the limitations of these fluids. Instead a heater is used to

boil the contents of the reboiler and achieve the desired temperature.

2.1.2 Equipment used in this work

Three pieces of equipment were used to measure VLE in this work. Table 2-1 lists the equipment

used, its classification and its measurement conditions.

Table 2-1 Equipment used in this work

Equipment Type Pressure Temperature

Rarey and Gmehling (1993) Static Synthetic Moderate Moderate

Kolbe and Gmehling (1986)1 Static Synthetic High Moderate to High

Harris et al (2003b) DRVS Low to Moderate Moderate to Very High

The equipment of Rarey and GmeWing (1993) and Kolbe and Gmehling (1985) was used in the

laboratories of Professor Gmehling, Oldenburg, Germany during a research visit in 2001 made

possible by the collaboration between the Thermodynamics Research Unit (University of Natal)

and the Department of Industrial Chemistry (University of Oldenburg). The collaboration was

funded by the joint research and development project of the Forschungszentrum Jiilich GmbH

(Germany) and the National Research Foundation (South Africa). The equipment of Rarey and

Gmehling was used to measure VLE at moderate temperatures and pressures while the equipment

I Modified equipment used in this work as modified by Fischer and Gmehling (1994) and Fischer and

Wilken (2001).
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of Kolbe and GmeWing (1985) with modifications by Fischer and Wilken (2001) was used for

high-pressure - moderate-temperature measurements

The equipment of Harris et al. (2003b) was constructed and used at the University of Natal,

Durban. It was used for high-temperature - low-pressure measurements.

2.2 STATIC EQUIPMENT

2.2.1 Features of Static Equipment

Static equipment experimental methods are mentioned in many equipment reviews (HaIa et al.

(1967), Malanowski (1982b), Marsh (1989), Raal and Mtilhbauer (1994) and Raal and Miilhbauer

(1998)). These reviews give excellent summaries of the important features of static pieces of

equipment. Some of the most common and important features are as follows:

• An agitated equilibrium cell. The equilibrium cell must be isolated from all interferences

and must contain the equilibrium mix without unobserved loss or addition of material.

The contents of the cell are agitated so as to attain equilibrium rapidly. Agitation can be

by stirring or shaking. Accurate temperature and pressure measurements are made in the

cell.

• Isothermal bath. The equilibrium cell is kept at the equilibrium temperature by

submersion in a bath. The heating fluid in the bath is usually air, water or oil. It is

important that the temperature of the bath be accurately controlled and monitored.

• Vacuum system. Before measurements can commence the contents of the equilibrium

cell must be evacuated. Some form of vacuum system or procedure is usually used.

• Injection pumps. The components to be measured need to be introduced to the cell via

injection pumps.

• Phase sampling (optional).

Figure 2-2 below illustrates these important features.
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Figure 2-2: Schematic diagram of basic static equipment.

2.3 STATIC SYNTHETIC EQUIPMENT

Both pieces of static equipment, which were used in this work, were of the synthetic type. Thus,

the discussion which follows, concentrates on this type of equipment only and follows the

progression of this field of study in the past three decades. As explained previously synthetic

equipment measures the overall composition to pressure (Zi-P) relationship. This data can then be

used to calculate the liquid composition to pressure (Xi-P) relationship. The Xj-P data are

calculated using mass balances and equilibrium relationships and is explained in detail in Chapter

Three. As a consequence of measuring only Zj-P data the calculated Xj-yj relationship is only as

reliable as the calculation procedure used.

2.3.1 Features of Static Synthetic Equipment

Static synthetic equipment shares all the features mentioned previously with certain added

criteria:

• There are no sampling facilities. The lack of sampling facilities implies that the true

composition of any phase can only be calculated and never measured. Furthermore, the

lack of sampling facilities greatly simplifies the construction of the still and infers that the

time taken to measure a single point is greatly reduced as no sampling of the phases is

necessary.

• Accurate measurement of the cell volume. As the cell volume is an important variable in

calculating the phase compositions it is important that it be known accurately.
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Metered injection pumps. Knowledge of the overall composition (Zj) is essential for the

calculation of phase compositions. As there is no sampling facility Zj must be calculated

by accurately measuring the quantity of each component added to the cell via metered

injection pumps.

Table 2-2 below lists some of the more common static synthetic designs.

Table 2-2 Common static synthetic designs

Author

Kohn (1961)

Meskel-Lessa\ofe et al. (1981)

Konrad et al (1983)

Rousseaux et al. (1983)

Fontalba et al. (1984)

Kolbe and Gmehling (1985)

Ochiogrosso et al. (1986)

Laugier et al. (1990)

Operation

isothermal

isothermal

isothermal

isothermal

isothermal

isothermal

isothermal

isothermal

TmaxI K

373

450

573

433

423

535

353

P max IMPa

10.4

5

200

60

45

70

20

2.3.2 The Equipment of Kolbe and Gmehling (1985)

As mentioned previously the equipment of Kolbe and Gmehling (1985) is of the static synthetic

type. The equipment, with modifications (Fischer and Gmehling (1994) and Fischer and Wilken

(2001)) was used to measure isothermal data for mixtures of CO2 + Naphthalene and CO2 +

Benzoic acid. The equipment used in this work is designed to operate up to 473.15 K and up to

21 MPa. Although developed during a period (mid 1980's) when much work was being done on

static measurement techniques the design is based on the earlier work of Gibbs and van Ness

(1972) and operates on the principles explained in that work. In order to explain the development

of the equipment of Kolbe and Gmehling (1985) it is necessary to review the equipment of Gibbs

and van Ness (1972).
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The Equipment ofGibbs and van Ness (1972)

Gibbs and van Ness (1972) developed new apparatus for the measurement of isothermal Zj-P data.

It was felt that while previous experimental techniques (Ljunglin and Van Ness (1962) and Van

Ness et al. (1967a & b) were sufficiently accurate, they did not produce data rapidly enough.

Measurements were slow as a separate experiment was required for each Zj-P data set. This was

because pure degassed liquids were distilled directly into the equilibrium cell. Thus, each point

required the cell to be cleaned and emptied. To speed up the experimental procedure, Gibbs and

van Ness (1972), proposed that pure degassed liquids be fed into piston-cylinder devices. The

pure liquids are stored in these devices and then injected into the equilibrium cell when needed.

In this manner the composition can be changed in the cell without emptying and cleaning it.

Accurate Zj data are obtained by forming mixtures of known composition in the cell and then

varying it by adding volumetrically metered doses of pure component from the injection devices

(the method is explained in more detail in Chapter Three). In this manner the complete

composition range is covered in two runs. Generally 20 to 30 points were produced per binary

system.

Figure 2-3 is a schematic diagram of the major components of the apparatus of Gibbs and van

Ness (1972).

Figure 2-3: Schematic diagram of the apparatus of Gibbs and van Ness (1972).
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The equilibrium cell is submerged in a constant temperature water bath with a temperature range

of 273.15 to 348.15 K and a stability of ±O.O1 K. Figure 2-4 illustrates a single piston injector

and the equilibrium cell.

A

B

I<

~
L. mm ,J

0
M H

E

A: Line to degassing -.essel; B: piston-injector body; C: packing nut; 0:
lead screw; E: cell co-.er; F: glass cup; G: Tefton-coated magnet; H: port
to vacuum system; I: needle \al-.es; J: heated line; K: line to reference
vacuum; L: Texas Instruments pressure gauge; M: piston

Figure 2-4: Piston injector and equilibrium cell of Gibbs and van Ness (1972).

The Equipment ofKolbe and Gmehling (1985)

As stated above the apparatus ofKolbe and GmeWing (1985) is based on the principles of Gibbs

and van Ness (1972). As such the equipment is designed to measure Zi-P data rapidly and

accurately. As with the equipment of Gibbs and van Ness (1972) the pure components are stored

in piston-injectors. Exactly known quantities of the pure components are added and thus the

overall composition is known. The pressure is measured so that Zj-P data are obtained. The

equipment is designed to measure temperatures up to 423.15 K and pressures between 100 and 1

000 kPa. Figure 2-5 is a schematic diagram of the equipment.

10
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Figure 2-5: Schematic diagram of the apparatus ofKolbe and Gmehling (1985).

The magnetically stirred equilibrium cell is immersed in a thermostatted aIr bath. The

temperature in the air bath can be set to 273.15 to 423.15 K and controlled to within 0.02 K. The

temperature is measured with a Hewlett-Packard quartz thermometer and the pressure with a

Desgranges and Hout (Type 8000), France, pressure balance. The dosage equipment (piston

injectors) were manufactured by Ruska Inc., Texas and consist of hand-driven pistons. The

capacity of the piston-injectors is 0.1 1 and the accuracy of dosage is ± 0.00001 I. The

temperature of the pumps is controlled to within 0.5 K.

Figure 2-6 illustrates the equilibrium cell. The cell is made from thick-walled (5 mm) glass and

has a volume of 0.18 1while the cell lid and valves are 316 SS. The lid is sealed to the cell with a

Teflon gasket.

11
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preSSur& piston
measurement injector

magnetic stirrer

Figure 2-6: Equilibrium cell ofKolbe and Gmehling (1985).

Modifications ofFischer and Gmeh/ing (1994)

Figure 2-7 is a schematic diagram of the equipment used by Fischer and GmeWing (1994).

Several improvements were made to the equipment:

• The range of the equipment was extended to 12 MPa by replacing the glass equilibrium

cell with a steel one.

• The internal electric motor and stirrer system were replaced with a rotating magnetic field

induced by four solenoids.

• The liquid in the piston injectors is kept at a constant temperature (T ± 0.1 K) and

pressure (P ± I kPa), which correlates to a mole fraction accuracy ofx ± 0.0001.

All measurements performed on this still were for subcritical fluids.

12
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Figure 2-7: Schematic diagram ofapparatlls of Fischer and Gmehling (1994).

Equipment ofFischer and Wilken (2001)

Certain modifications needed to be made to the equipment so as to measure super-critical fluids

as all previous measurements had been for sub-critical conditions. The modifications are detailed

13
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by Fischer and Wilken (2001) and on the Laboratory for Thennophysical Properties GmbH.

(LTP) web site. Modifications are as follows:

• Gasses used were stored in the manual piston injection pumps while solids were

measured on a mass balance and introduced to the cell prior to experimentation.

• The steel cell was replaced with a titanium cell with sapphire windows.

• The pressure balance used was capable of measuring pressures in excess of 20 MPa.

The experimental set-up is illustrated in Figure 2-8.

5£j' phill!' wndow
aIr mermcstat

wcuum

Figure 2-8: Experimental static apparatus of the LTP for high-pressure VLE measurement.

2.3.3 The equipment of Rarey and Gmehling (1993)

Equipment Development

As with the previously discussed apparatus, the equipment of Rarey and Gmeh1ing (1993) is of

the static synthetic type. It is computer-operated and is based on the principles of the apparatus of

Gibbs and Van Ness (1972) which is discussed above.

14
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General Principles

The equipment used in the measurements ofHarris et al. (2003a) was developed by Rarey (1991)

and is described by Rarey and Gmehling (1993) and Rarey et al. (1999). The general design of

the static equipment is a thermostatted stirred equilibrium cell. This cell is kept at constant

temperature by being submersed in a stirred high precision water bath. The cell is injected with

known amounts of degassed liquids by an automated high-precision injection pump and allowed

to equilibrate. Once equilibrium is reached the pressure of the system is recorded and the

composition is changed. Through this method a number of vapour pressure (P) data points at

constant temperature (T) are measured for a known overall composition (zJ Figure 2-9 is a

schematic diagram of the equipment.

( j

cell stirrer

lhermostat insulatioR

shIpping mQtor drrJ ell
iniec ion v wes

vacuum
~="""'=.~-! - SBcond piston inje,"to(

-= II

ste ppirl9
metor C:===:J

t"llQO _......
sealil9

thelmostated
[ilst(ll'l injector

Figure 2-9: Schematic diagram of equipment from Rarey et al. (1999).

The most important features of this still are the automation of the entire equipment and the

precision computer controlled injection piston pumps (Gaube (1988) - Figure 2-10). The

automation of the equipment makes it possible to measure 40 to 60 VLE points for an isotherm in

3 to 4 days with only 3 to 4 hours of human labour required. The precision injection pump makes

it possible to inject small quantities of pure component accurately and thus determine dilute

condition VLE. The equipment is described in more detail in Chapter Four and the operation

thereof in Chapter Five.

15
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Figure 2-10: Schematic diagram of high-precision injection pump of Gaube (1988).

2.4 RECIRCULATING APPARATUS

2.4.2 Dynamic Equipment

The apparatus designed, constructed and used in this work (as discussed in Chapter Three)

recirculates both the vapour and liquid phases, thus, only equipment with dual phase recirculation

is discussed here. More detailed descriptions of recirculation equipment are given in some of the

previously mentioned reviews.

•
16
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General considerations

Figure 2-11 is a schematic diagram of the common high-pressure recirculating apparatus.

Generally, an equilibrium cell is thermostatted in an air, water or oil bath. The cell is charged

with a mixture and allowed to equilibrate. The two resulting phases are circulated and sampled

and the pressure in the cell is recorded to produce the required VLE diagram. Table 2-3 lists

some of the common phase recirculation high-pressure VLE apparatus from literature.

LOlAD
REORCU.AT10N

LOOP

VAPOUR
RECRCLl.AT10N

LOOP

Figure 2-11 Schematic diagram of the common high-pressure recirculating apparatus.

Phase circulation

Both phases are circulated counter-currently (usually). The vapour enters through the bottom of

the cell and bubbles through the liquid phase. The liquid enters at the top of the cell and falls to

the liquid bulk flowing through the vapour.

Phase sampling

Dual phase circulation simplifies sampling. As there is both a liquid and vapour line, samples are

obtained by diverting a part of the stream and isolating it. This isolated sample can then be fed to

an analysing device. The added ease of sampling, however, is somewhat negated by the added

complexity ofphase circulation.

17
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Table 2-3 Common phase recirculation high-pressure VLE apparatus

Author Stili Operation RI!Idreulation Eq. Time T/K P IMPA

Suzukl (1990) R-V & L Isothermal (AB) mag. Pumps 8h (Init) 334.15 12

Jenings (1989) CCR-V&L Isothermal (AB) mag. Pumps 323.15

Klm (1989) CCR-V&L Isothennal (OB) mag. Pumps 10min 430.15 25

Shlbata (1989) CCR-V&L Isothennal (0) mag. Pumps < 1h 422.15 34.5

D'Souza (1988) CCR-V&L Isothennal (0) metering Pumps 353.15 17

lomata R-V & L Isothermal & Isobaric (AB) mag. Pumps 413.15 2.1

Morris (1985) CCR - V & L Isothennal (OB) mag. Pumps 15min 413.15 14.5

Behrens (1983) CCR-V&L Isothennal (OB) mag. Pumps 4 - 8h 373.15 8

Hsu (1985) R-V/L Isothermal (AB) mag. Pumps 2- 6h 422.15

Kniesl (1988) CCR-V&L Isothermal & Isobaric (0) mini..pump 1.5h 425.15 34.5

Wisnlewska (1993) Ebuliometer Isothennal L & ccnd. V 1h 500.15

Radosz (1984) CCR-V&L Isothermal & Isobaric (AB) mag. Pumps 15 - 60min 533.15 35

King (1983) V & L (ocas) R Isothennal (AB) air driwn pumps 2Omin? 773.15 50

Kuk (1983) CCR-V&L Isothermal & Isobaric (OB) factory pumps 333.15 20.7

Kubota (1983) R-V/L Isothermal (Clll) HP pump 2h 353.15 80

Mulrbrook (1965) CCR-V&L Isothermal (Clll) Vane pumps 303.15 103.4

Yerizane (1985) R-V & L Isothermal (Clll) 1 cell mowable 3- 5h 298.15 12.1

Takashlma (1986) R - V, L, & L, Isothennal (AB) mag. Pumps 308.15 10.3

Adams (1988) CCR-V & L Isothermal (AB) mag. Pumps 5-10mln 343.15 21.3

R: Recirculation

CCR: Counter current recirculation

V: Vapour

L: Uquld

(AB): Air bath

(OB): 011 Bath

(0): O""n

(Clll): Constant Temperature Bath

Dynamic recircu/ating VLE still (DRVS)

The DRVS is illustrated in Figure 2-12. The salient features are the equilibrium chamber,

reboiler and dual phase recirculation. A binary mixture is placed in the reboiler. The mixture is

superheated and the excess energy (superheat) supplies the pumping action that is used to

transport the mixture to the equilibrium chamber where the mixture equilibrates and the liquid

and vapour phases are disengaged. The liquid and vapour phases are then returned to the reboiler

separately and sampled en route.

18
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Figure 2-12: Schematic diagram of dynamic apparatus with reboiler.

Comparison ofcommon recirculation apparatus and DRVS

Common Recirculating

• Pumps. Requires pumps to recirculate

the vapour and liquid phases. One of the

challenges in designing recirculating

equipment is to design pumps, which

cause minimal disturbance to the

equilibrium pressure when in operation.

• Degassing of liquids. Liquids need to

be degassed before introducing them into

the apparatus. Degassing of liquids

requires all the dissolved gases to be

removed from them pnor to

experimentation. If liquids are not

degassed, the entrained gases can affect

the equilibrium pressures.

19

• The design of the DRVS apparatus

makes the use of recirculating pumps

unnecessary. The liquid component is

returned to the reboiler (circulated) by

static head. The vapour component is

condensed and then returned by static

head.

• No degassing is required as the

apparatus degasses the liquids during

operation. In the equilibrium chamber

the gases are separated from the liquids

and follow the vapour stream. The gases,

however, do not condense m the

condenser as the condenser temperature

is always above 263.15 K. The gases are
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thus evacuated via the vacuum pump.

(More detail is given in Chapters Three

and Four).

• Temperature restrictions. As explained

previously, the temperature at which

measurements can be made is limited by

the thermostatting fluid (air, water or

oil).

• Supercritical measurements. Common

recirculating apparatus is superb for

measuring supercritical fluids. The

vapour phase containing non-

condensable components is circulated by

pumps.

• There is no thermostatting fluid in this

design so the temperature restrictions are

due to the heaters in the reboiler and the

MOC of the still only.

• It is impossible to measure supercritical

fluid mixtures in this type of still as the

supercritical fluid will not condense and

will thus not be recirculated.

2.4.3 DRVS

Malanowski (1982a), Abbott (1986), Marsh (1989) and Raal and Millhbauer (1998) reVIew

DRVS equipment, specifically those used in low-pressure work. The following discussion gives

a briefhistory on the development of this type of still.

Experimental apparatus ofOthmer (1928)

One of the first experimental stills to incorporate the idea of a reboiler and be simple, compact

and functional was that of Othmer (1928). The still (Figure 2-13) comprises a boiling vessel

(reboiler) which is charged with a binary mixture. An electric heater brings the mixture to a boil

and the vapour generated passes through the elliptical aperture (E) to the vapour tube. The

vapour is condensed in the condenser (G) and collected in the receiver. Once the receiver is full

the excess condensate returns to the reboiler.

20



REVIEW OF EQUIPMENT DEVELOPMENT

A -1]

B -------I'\i~

')-~.~
C ------if I (-l '-=

1'1 J G

:==-~,--;-+j~1 H

F-~~, Ffl I

, ! ----~i iJ

U--l.i
A: therrrorreter; B: vent outlet; C: boiling vessel; 0: vapour
tube; E: inlet to vapour tube; F: liquid sampling point; G:

condenser; H: condensate receiver; I: vapour sampling point

Figure 2-13: Experimental apparatus ofOthmer (1928).

The still is run in this manner until equilibrium is reached (30 - 60 minutes). As the still is

operated isobarically, the stability of the temperature reading can be used to assess when

equilibrium has been reached. Once equilibrium is reached the boiling is stopped and liquid (F)

and vapour samples (I) are withdrawn.

Possible sources of error for measurements performed with this still can be attributed to:

• Inaccurate temperature measurement. Measurement of either the liquid or vapour

temperature is unacceptable (Raal and Miilhbauer (1998».

• The design of the condensate receiver. The condensate receiver is too large in

proportion to the reboiler and unless the contents are stirred there may be some

composition gradient.

• Vapour condensation on the walls of the boiling vessel. If any vapour were to

condensate on the walls of the boiling vessel it would change the equilibrium

composition. The larger the relative volatility of the system being measured, the larger

the possible error incurred. Similarly, if the walls of the vessel are heated, any drop of

liquid which is splashed on the walls would evaporate thus resulting in the same

problem.

• Not reaching true equilibrium. There is some doubt as to whether the vapour above a

boiling liquid is in true equilibrium with it.

21
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Although Othmer's (1928) still only has a vapour recirculation, its concept is important to the

stills that follow. Malanowski (1982a) reports that it was the most popular design during the

period 1930 to 1949 and that more than 150 papers were published detailing modifications on the

original design. Analyses, however, imply that the data produced by these stills are usually

inaccurate and thermodynamically inconsistent.

Experimental apparatus ofLee (1931)

Lee (1931) proposed the first still with recirculating vapour and liquid phases (Figure 2-14). A

mixture is introduced into the boiling vessel and brought to the boil. The superheated mixture

forces a mixture of vapour and liquid up the Cottrell* pump. The mixture comes into contact with

the thermometer. The liquid returns directly to the reboi1er while the vapour is condensed and the

condensate returns to the reboi1er via the receiver. Once equilibrium is reached liquid and vapour

samples are taken from the boiling vessel and the condensate receiver respectively.

C---11

B --\-0111 \.

A

1l1l.U"-'---_ D

E

~~--F

A: boiling vessel; B: Cottrell tube or Cottrell purrp; C:
therrrorreter; D: condenser; E: condensate receiver; F: stop
cock

Figure 2-14: Apparatus of Lee (1931).
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Possible problems or sources of error for measurements performed with this still can be attributed

to:

•

•

•

•

The Cottrell tube. It is assumed that the Cottrell tube itself is sufficient for the attainment

of equilibrium whereas Raal and Miilhbauer (1998) and Joseph et al. (2000) claim that

this assumption is invalid. They feel that mass transfer in the Cottrell tube between the

liquid and vapour phases is limited due to insufficient contact time and small interfacial

areas. Thus, if the mixture exiting the Cottrell tube is not in equilibrium, repeated passes

will not improve this condition.

The disturbance of the equilibrium during sampling. The operation of the still IS

disturbed during the sampling of the liquid phase.

The boiling vessel not being stirred. As in the previous design, the lack of stirring in the

boiling vessel negatively affects the operation of the still.

There is partial condensation on the walls of the apparatus as there is no insulation or

vacuum jacket surrounding it.

Experimental apparatus ofGillespie (1946)

The still of Gillespie (1946) (Figure 2-15) has a boiling vessel equipped with both internal and

external heaters. As described previously, the boiling vessel is charged with a liquid mixture and

brought to the boil. As the solution boils a vapour-liquid mixture is forced up the Cottrell tube

and discharged onto a thermometer. The mixture then flows into the disengagement chamber (D)

where the vapour and liquid phases are separated. The liquid returns to the reboiler. The vapour

phase flows through the concentric tubes to the condensers where it is condensed. The

condensate returns to the reboi1er via the condensate receiver. Once equilibrium is reached (two

to three hours) the liquid and vapour phases are sampled from points J and H respectively. Two

maj or developments in this still were the disengagement chamber and the sampling points, which

allowed samples of the liquid and vapour to be removed for analysis.

23
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A: boiling charmer; B: Cottrell tube; C: thermometer;
0: vapour-liquid separating charmer; E, F: condensers;
G: condensate receiver; H: condensate sarrple cock;
I: droplet counter; J: liquid sarrple cock; K: internal heater

Figure 2-15: Experimental apparatus of Gillespie (1946).

Possible problems or sources of error for measurements performed with this still can be attributed

to:

• The Cottrell tube. As in the previously discussed design, it is assumed that the Cottrell

tube itself is sufficient for the attainment of equilibrium, which, as explained above, is

problematic.

• The liquid sample being taken from the reboiler. The liquid sample should be taken

directly after the disengagement chamber. By sampling the liquid phase from the reboiler

it has already been reconstituted with the separated vapour phase.

• The time taken to equilibrate. The time taken to equilibrate is very long.

• No stirrers. To improve operation and to homogenize the sampled vapour phase there

should be stirrers in the reboiler and condensate receiver respectively.

• The operation of the still was disturbed during the removal of liquid and vapour samples.
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Experimental apparatus ojBrown (1952)

The major improvement of the Brown (1952) still (Figure 2-16) over that of Gillespie (1946) is

that Brown (1952) added a liquid trap and liquid sampling valve (E) before returning the liquid

phase to the reboiler. Brown (1952) also added a condenser to cool the liquid phases before

mixing it with the cooled vapour phase. Furthermore, due to the valve arrangement, obtaining

liquid and vapour samples from this equipment do not disturb the operation of the still.

~ ~~G
I _U Jj'~~=~4

,! D

~ Hij 'I!

A: boiling chantJer; B: Cottrell tube; C: vapour-liquid separator; D: vapour

sampling valve; E liquid sampling valve, F, G & H: condensers; I: internal
heater

Figure 2-16: Experimental apparatus ofBrown (1952).

Apart from these modifications mentioned above, the problems and errors discussed for the

Gillespie (1946) still persisted in this apparatus.

Experimental apparatus ojYerazunis et al. (1964)

The modifications proposed by Yerazunis et al. (1964) eliminate some of the previously

discussed deficiencies of the Brown (1952) still. The most important feature of the Yerazunis et

al. (1964) still (Figure 2-17) is an equilibrium chamber packed with Y4-in. Fenske helices.

(Heertjies (1960) first proposed passing the vapour-liquid mixture exiting the Cottrell tube

through a packed column to ensure equilibrium was reached.) A further modification (suggested

by Rose and Williarns (1955» is to use the separated vapour phase as a thermal barrier.
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In the Yerazunis et a1. (1964) still The vapour-liquid mixture exits the Cottrell tube and is forced

downward over the packing in the equilibrium chamber. This packing provides a large surface

area for the contacting phases and ensures that equilibrium is reached rapidly (30 to 45 minutes).

The two phases separate and the liquid stream passes over a temperature sensor before returning

to the reboiler. The vapour stream flows around the packed column before entering the condenser

thus providing a thermal barrier to the equilibrium chamber.

Vapour

B--+-#-

A

Note: Cotrel1 pump
in diagram is
rotated 90· to the
left of its correct
position to simplify
visualization 0 f
detads.

..--:_- C

A: Cottrell tube; B: Yo- in. glass helices packing;
c: terrperature sensor

Figure 2-17: Experimental apparatus ofYerazunis et a1. (1964).

Experimental apparatus ofRogalski and Malanowski (1980)

The Rogalski and Malanowski (1980) still (Figure 2-18) is an example of a well designed modem

recirculation device (Abbott (1986) and was found to give consistent and reliable results (Hiaki

(1994)). The still is similar to it predecessors. A liquid mixture is boiled in the boiling vessel

(reboiler) and a mixture of vapour and liquid is transported by the Cottrell tube to the equilibrium

chamber. Unlike the still ofYerazunis et a1. (1964), this still does not have a packed equilibrium

chamber as it incorrectly assumes that the Cottrell tube is always sufficient for the transported

mixture to reach equilibrium. An advantage, however, is the thermal insulation of the

equilibrium chamber by the vacuum jacket (F). As in previously discussed designs, the separated

liquid phase is returned to the reboiler as is the condensed vapour. Liquid and vapour samples are
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withdrawn through septa from the liquid container (M) and the condensate receIver (L)

respectively. This allows for easy sampling without disrupting the operation of the still.

H
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~.T.,J--f+-- M

A

B

B: boiling charrber; C: Cottrell tube; D: therrrorreter well;

E: equilibrium charrber; F: vacuum jacket; G: heated vapour
tube; H: condenser; I: drop counter; J, K: rrixing charrbers;

L: condensate receiver; M liquid trap

Figure 2-18: Experimental apparatus ofRogalski and Malanowski (1980).

Experimental apparatus afRaal and Mulhbauer (1998)

The Raal and Millhbauer (1998) still (Figure 2-19) incorporates all the features important to a

well-designed still while eliminating most of the shortcomings discussed. Several authors discuss

the features of the still as well as the results measured with it, e.g.: Joseph et al. (2000, 2001),

Harris et al. (2002a) and Sewnarain (2002). Some of the important features of the still are as

follows:

• The equilibrium chamber is packed with 3mm wire mesh cylinders. This packing creates

a large surface area and ensures that equilibrium is reached as discussed previously.

Most important is the open structure and the low pressure drop through the packing. The

temperature sensor is embedded in the packing to measure the equilibrium temperature

accurately.
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• The isolated vapour and liquid phases are easily sampled before they are returned to the

reboiler. The operation of the still is not disturbed during sampling.

• Mechanical stirring is incorporated in both the condensate receiver and the reboiler.

Stirring of the contents of the condensate receiver is to ensure that the contents are a

homogeneous mixture, which results in reproducible sampling. Stirring of the reboiler

(not shown in Figure 2-19) ensures that the more volatile returning condensate is

thoroughly mixed with the other liquid to prevent "flashing".

• The equilibrium chamber is insulated with a vacuum jacket to ensure minimal heat loss

and, as result, that there is no condensation of the vapour phase. The Cottrell tube is also

insulated with a vacuum jacket. This insulation ensures minimal heat loss but also

prevents the transfer of superheat from the Cottrell tube to the surrounding equilibrium

chamber.

• Both an external and an internal heater provide smooth, well-controlled boiling of the

liquid mixture in the reboiler.

• The still can be operated either isobarically or isothermally. Operation is computer

aided.

Limitations associated with this still:

• As with all the designs discussed above, the still is made from glass and is limited to

operating pressures below one atmosphere. Furthermore, as mentioned previously, liquid

mixtures solidifying can shatter the glass. If liquid mixtures solidifying do not shatter the

glass, melting these solids leads to local hot and cold spots on the glass, which in turn

creates structural strain and breakage.

• Some of the fittings such as the drain valves are made from Teflon which melts at

temperatures in excess of 493.15 K. However, structural strain can lead to breakage at

temperatures as low as 453.15 K.
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A: SS wire rresh packing; B: drain holes; C: A-100 bulb; D: vacuum jacket; E

rragnetic stirrer; F: SS rrixing spiral; G: insulated Cottrell purrp; H: vacuum jacket; I:
internal heater; J: capillary; K: drain valve; S1: liquid sarrpling point; 82: vapour sarrpling
point; L: condenser (attached here);

M glass tube housing A-100; N: taper opening; 0: glass stopper

Figure 2-19: Experimental apparatus ofRaal and Miilhbauer (1998).

Experimental apparatus ofRaal (1998)

Raal (1998) designed a semi-opaque polyvinyl difluoride (PVDF) still (Figure 2-20) based on the

concepts of the previously mentioned still to accommodate the measurement of mixtures

containing fluorine. Although the still operates in the exact same manner as the previously
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mentioned design, it is an example of a non-transparent still not made of glass. The new still had

a maximum operating temperature of 430 K and a maximum pressure of 2 bar and produced very

accurate results.

A: Packed equilibrium chamber; B: reboiler; C: condenser;
0: Cottrell tube; E: liquid sa~le port; F: vapour sa~le port;
G: vapour passages; H: magnetic stirrer; I: hot fluid in;

J: fluid out

Figure 2-20: Experimental apparatus ofRaal (1998) made with PVDF.

Experimental apparatus ofWiSniewska et al. (1993)

Wisniewska et al. (1993) developed a Stainless Steel (SS) still (Figure 2-21) to measure VLE at

elevated pressures. The still is based on the design of Rogalski and Malanowski (1980). A liquid
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mixture is boiled and transported up the Cottrell tube to the equilibrium chamber where the

vapour-liquid mixture is expelled onto a thermometer well. The liquid and vapour phases are

separated and returned to the boiling vessel. The liquid and vapour phases are sampled before

being returned to the boiling vessel. The sampling procedure does not disturb the operation of the

still. The entire still is constructed from SS except for a drop counter (3), which is thick-walled

glass. The still is capable of operating at pressures up to 3 MPa and measurements have been

made up to 471 K. AB in the glass still of Rogalski and Malinowski (1980), it is assumed that the

Cottrell tube is sufficient to allow the phases to equilibrate.

1: equilibrium chamber; 2: condenser; 3: drop counter; 4: vapour sarrpling
valve; 5: liquid sarrpling valve; 6: rrixing device; 7: Cottrell purrp (electric
heater and reboiler); 8: feed valve; 9: resistance therrrorneter; 10:
pressure connection.

Figure 2-21 Experimental apparatus ofWisniewska et al. (1993).

31



REVIEW OF EQUIPMENT DEVELOPMENT

2.5 CONCLUSIONS

From the above discussion it is possible to see that the development of experimental equipment

requires not just new insights but a thorough knowledge of previous designs; their salient points

and their short-falls. The static synthetic apparatus and procedure is a good example of the

development, progression and specialisation of equipment. Kolbe and Gmehling (1985) based

their idea on that of Gibbs and Van Ness (1972). Gmehling and Fischer (1994) refined the

apparatus and modified it for higher-pressure measurements by replacing the glass cell with a

steel one. Fischer and Wilken (2001) have further modified the design to develop static synthetic

equipment specifically suited to the measurement of supercritical systems. In a similar way the

design of Rarey and Gmehling (1993) is an example of the static synthetic type apparatus with a

higWy developed control system that makes VLE experiments almost completely automated.

As above, the development and specialisation of the DRVSs has been discussed. In particular,

the development of the equilibrium chamber to the most efficient design of Raal and Miilhbauer

(1998) has been described. This design incorporates many ideas from previous designs and

addresses the problems encountered in some designs. Some of the most pertinent specialisations,

which were reviewed and used to inspire our design, were also discussed (Raal and Ramjugernath

(1998) and Wisniewska et al. (1993)).

In conclusion, this review gives a brief description of some the most used VLE equipment and

follows the development of the equipment that was used in this work. There are many other

designs, which are used with great success that were not mentioned here. For more details on

other equipment the reader is referred to the reviews mentioned in this Chapter.
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CHAPTER

THREE

DESCRIPTION OF EQUIPMENT

USED IN THIS WORK

3.1 EQUIPMENT USED IN THIS WORK

As mentioned previously, three pieces of equipment were used to measure VLE in this work.

Table 3-1 lists the equipment used and the pressure and temperature ranges of each.

Table 3-1 Equipment used in this work 3

Equipment T mln I K T ma. I K P min I kPa Pm.. I kPa

Rarey and Gmehling (1993) 300 363 1 200

Kolbe and Gmehling (1985)2 300 473 10 21000

Harris et al (2003b) 300 6003 1 300003

The equipment of Rarey and GmeWing (1993) and Kolbe and Gmehling (1985), with

modifications, was used in the laboratories of Professor GmeWing, Oldenburg, Germany during a

research visit in 2001 made possible by the collaboration between the Thermodynamics Research

Unit (University of Natal) and the Department of Industrial Chemistry (University of Oldenburg).

The collaboration was funded by the joint research and development project of the

Forschungszentrum Jillich GmbH (Germany) and the National Research Foundation (South

Africa).

2 Modified equipment used in this work as modified by Fischer and Gmehling (1994) and Fischer and

Wilken (200 I).

3 These are the design parameters. The maximum temperature and pressure at which the equipment was

operated are lower as explained in Chapter Seven.
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The equipment of Rarey and Gmehling was used to measure VLE at moderate temperatures and

pressures while the equipment of Kolbe and Gmehling (1985) with modifications by Fischer and

Wilken (2001) was used for high-pressure - moderate-temperature measurements. In Chapter

Two the development of these pieces of equipment was documented. Chapter Three focuses on

the details of the equipment used in this work.

The equipment of Harris et al. (2003b) was constructed and used at the University of Natal,

Durban. It was used for high-temperature - low-pressure measurements. A detailed analysis of

its construction and development is given in this Chapter.

3.2 STATIC APPARATUS USED AT THE UNIVERSITY OF OLDENBURG,

GERMANY

3.2.1 Appararatus of Gmehling and Kolbe (1985) with modifications

The general concepts of the static synthetic type of apparatus have been discussed in Chapter

Two. The principle of static synthetic measurements is to introduce precisely known amounts of

the pure components into a thermoregulated equilibrium cell. This is done in a stepwise process,

allowing the system to equilibrate between steps. From this procedure the system pressure is then

determined as a function of composition. In Chapter Two the development of this piece of

apparatus was discussed. The progression from a glass still to a steel one to the present titanium

cell with sapphire windows was outlined. The details of the equipment used in this work are

given below and illustrated in Figure 3-1.

Equilibrium cell

The equilibrium cell (approximately 0.11 l) is constructed from two pieces of titanium. The

bottom part houses two sapphire windows that are fitted fore and aft to allow the observation of

the chemical mixture. The top part, which is essentially a fitted cap, is sealed to the bottom part

with a recessed Teflon gasket. Pressure measurement is with a pressure gauge (digital

dynamometer type 21000 combined with pressure block type 410 from Desgranges & Huot,

France); the sensor is fitted in the top of the equilibrium cell. Temperature measurement is with a

Pt. 100 (model 1560, Hart Scientific); the sensor is embedded in the wall of the cell and is

accurate to within ± 0.03 K. Specially constructed valves are fitted into the sides of the cell. The

CO2 is injected through these into the cell. The valves are constructed and fitted into the cell in
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such away as to eradicate any dead space. The contents of the cell are agitated by a magnetic

stirrer. The stirrer itself is a bar magnet encased in stainless-steel and is driven by a rotating

magnetic field which is external to the cell.

~apillary "amp!!'!

2cuum

'CO'

Figure 3-1: Experimental static apparatus of Kolbe and GmeWing (1985) with modifications

(Fischer and GmeWing (1994) and Fischer and Wilken (2001».

Auxiliary Equipment

The equilibrium cell is kept at the equilibrium temperature by being housed in an air thermostat.

The air thermostat has a glass window and is lit inside so that the cell and its contents can be

observed without disturbing the bath. CO2 is injected into the cell with a manual piston pump.

The volume change of the piston pump is read from an imbedded gauge. The displaced volume is

a function of piston movement. The pump temperature and pressure are monitored with Pt. 100

resistance thermometer (model 1560, Hart Scientific) and a pressure sensor (model PDCR 911,

Druck) respectively. The determination of the amount ofCOz injected into the cell is discussed in

Chapter Five.
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3.2.2 The Equipment of Rarey and Gmehling (1993)

The development of the equipment of Rarey and GmeWing is discussed in Chapter Two. In

principle this apparatus functions in the same way as the one described above. The most

noticeable difference, however, is that the operation of this apparatus is completely automated.

The general outlay of the equipment is illustrated in Figure 3-2.

(--,
cell stirrer

stiipping molor dITl en
iniect! n va ~'i!S;

..........~8 ~"'9'_ .., 1lJermost led

t vacuum pressure 'Sensor

-Fi seton d piston injector

I -------~

I r-------U-l;..'4f--~~-lh
j

t118fmf)stat~d

t>iston if'ljector

sI;: ppillg
motor C:==::

telloo
sealfig

gear wheel .~~=~9
ransmissiofl ~

Figure 3-2: Schematic diagram of equipment from Rarey et a1. (1999).

Equilibrium Cell

In principle the equilibrium cell (approximately 0.05 1) is very similar to the one described above.

The cell is constructed from Stainless-steel but has no windows. The contents of the cell are

agitated by magnetic stirrer and the cell is immersed in a constant temperature water bath. The

piston pumps are connected to the cell through automated valves.

Temperature and pressure range and measurement

The equipment is suitable for measurements between 278.15 to 368.15 K and 0 to 300 kPa.

Pressure (P) was measured inside the equilibrium cell using a Digiquartz pressure sensor (Model

245A, Paroscientific), which is accurate to within ± (20 Pa + 0.0001 PfPa). Temperature (T) was
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measured using a Pt 100 resistance thermometer (Model 1506, Hart Scientific), which was

positioned in the water bath close to the cell and is accurate to within ± 0.03 K.

High-precision injection pump

The injection pump is based on the design of Gaube (1988). Figure 3-3 is a schematic diagram of

the pump. The piston is moved by a stepper motor with the ratio of 1000 steps per rotation. The

maximum injectable volume of the piston pump is roughly 0.032 / which equates to

approximately 400 000 steps. The minimum injectable volume is roughly 0.00003 / with a

precision of ± 2%. The piston pump is kept at constant temperature and the temperature is

measured with a Pt 100 resistance thermometer (Model 1506, Hart Scientific). The pressure

inside the pump is measured with a CEREBAR PMCAR1M2A0520-sensor with modified

sealing. The calculation of the amount of pure component injected into the cell is described in

Chapter Five.

"fllpplllG ",..lor

Figure 3-3: Schematic diagram of high-precision injection pump of Gaube (1988).
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Apparatus Automation

The most useful benefit from automation of the equipment is that it makes it possible to measure

40 to 60 VLE points for an isotherm in 3 to 4 days with only 3 to 4 hours of human labour

required. Furthermore, computer control of the precision injection pump makes it possible to

measure data in the dilute regions. A PC controls the automation of the apparatus. All

experimental variables are fed to the PC and it controls the injection of pure component based on

the pressure readings from the cell. The operation of the apparatus is discussed in Chapter Five.

3.3 EQUIPMENT PRESENTLY IN USE AT THE UNIVERSITY OF NATAL

In the laboratories of the Thermodynamics Research Unit (TRU), University of Natal, Durban

(UND) there are three main pieces of equipment for the measurement of VLE. Table 3-2 lists the

equipment and gives special characteristics of each.

Table 3-2 Equipment used by the TRU (UND) for the measurement ofVLE

Equipment T min I K T ma. I K P mini kPa P ma. I kPa

Raal and MOhlbauer (1998) [DRVS] 313.15 453.15 5 100

Raal and MOhlbauer (1998) [HP App.] 300 448.15 10 17500

Moodley (2003) 180 300 0 1000

Each of the above has certain limitations:

Ebulliometers and DRVS (Raal and Milhlbauer (1998))

The ebulliometers and DRVS (Raal and Miihlbauer (1998)) are constructed from glass and are

thus not suitable for pressures exceeding atmospheric. Furthermore, they are fitted with Teflon

valves, which reduce their operability at higher temperatures as they melt at elevated

temperatures (T> 493.l5K). During previous work (Hams (2001b)) with high boiling substances

several problems arose with the equipment. It was found that at temperatures above 453.15 K

certain fittings that form part of the sampling mechanism melted and thus it was impossible to

exceed these temperatures unless for only limited time periods. The substances being measured

were high-boiling complex hydrocarbons that had higher melting points (313.15 K < Mp/. <

363.15 K) than the ambient temperature. These chemicals proved very problematic:

38



DESCRIPTION OF EQUIPMENT USED IN THIS WORK

• It was extremely troublesome to introduce the chemicals into the cell due to the fact that

they had to be melted first and then maintained at a temperature higher than their melting

point.

• If the equipment was allowed to cool the chemicals would solidify and prevent proper

operation at startup.

• Often when the chemicals cooled and solidified, the volumetric change would cause the

glass to crack.

Raal and Miihlbauer (1998) [HP Apparatus]

The equipment of Raal and Mtihlbauer (1998) [HP Still] is designed for temperatures not

exceeding T = 448.15 K and pressures not exceeding 17.5 MPa. The equipment is of the static

type with both liquid and vapour sampling. The cell is constructed from Stainless-steel and has

two sapphire windows. The cell is kept at the equilibrium temperature by being immersed in an

insulated air bath. Ramjugernath (2000) added the refrigeration loop in the air bath regulating

fluid system, which enables the equipment to measure data at 250 K. Equilibration takes

approximately 1 to 2 hours and sampling of the two phases approximately 1 hour. The samples

are vaporized and homogenized in specially designed jet mixers. Although the measurement of

VLE at the equilibrium temperature is not too time consuming, heating the equipment up to the

equilibrium temperature, however, takes some time.

Moodley et al. (2003)

The equipment of Moodley et al. is designed for the measurement of cryogenic VLE of

refrigerants. The equipment is a single-phase recirculating apparatus; only the vapour phase is

recirculated. Both phases are sampled and analysed by GC. The cell is constructed from

thick-walled glass and is immersed in a thermostat bath. The bath is cooled by pumping nitrogen

gas (which is cooled in a bath of solid CO2 and acetone) through it. All valves, fittings and

pumps have been specially designed for this purpose and thus are only suitable for very low

temperatures. Seals and gaskets specifically suited for low temperature work were used. As the

equipment is specifically made for low-temperature work it cannot be used for high-temperature

work as the seals and gaskets will either be damaged or dislodged. The glass cell makes

observance of the equilibrium mixture possible but limits the pressure range of the apparatus.

The equipment is limited to T < 300 K and to P < 1000 kPa.
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Aims and objectives for building new equipment

It was felt that while the equipment presently found in the laboratories at UND had a broad range

of measurement potential there were certain areas, which could be expanded on. It was felt that

temperature capabilities could be extended. In previous discussions it had been intimated that

equipment to measure the VLE for high boiling hydrocarbons (such as distillation column

bottoms from the petroleum industry) would be beneficial. Previous studies such as Sewnarian

(2001) and Harris (2001a,b) had shown that the limits of the glass DRVS could prove restrictive

in future studies. It was felt that if new equipment was to be built it would need to cover a

considerable range of temperature and pressure capabilities so as to make it as versatile as

possible.

The objectives of the new design were to build equipment which would:

• Operate between 300 and 700 K.

• Operate between 1 kPa and 30 MPa.

• Operate both isothermally and isobarically.

• Equi1ibriate rapidly.

• Allow for vapour and liquid sampling.

The need for equipment to measure high temperature VLE was confirmed when SASOL Ltd.

requested the TRU to measure an isotherm at 523.15 K (Pillay (2002». In retrospect, however,

the initial aims of the project were too ambitious and attempting to meet all the above mentioned

requirements proved to be difficult. In this Chapter the design and construction of the equipment

is discussed. The problems resulting from the design are discussed in Chapter Seven.

3.4 DESIGN AND CONSTRUCTION OF NEW APPARATUS

3.4.1 General considerations

The new equipment was designed based on the principles of the still of Raal and

Mtilhbauer (1998) and Raal and Ramjugernath (1998). As mentioned previously the still was

designed to operate between 300 and 700 K and between 1 kPa and 30 MPa. As glass is unable
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to withstand these pressures the entire apparatus was constructed in stainless-steel (SS). SS is not

the most robust metal but other factors need to be considered when choosing a material of

construction (MaC):

• Most important is the strength of the material. As far as tensile strength is concerned, SS

is not the best by weight. Metals such as tungsten have much greater tensile strength.

• Resistance to corrosion. SS is not resistant to acidic corrosion but as the still was

designed for the purpose of measuring solvent VLE this was not deemed a serious

setback as stainless-steel is fairly resistant to atmospheric oxidation and does not react

with any of the well known solvents used in this work.

• Cost of materials. The cost of the materials used is a very important factor in deciding

which MaC to use. Although there are other metals stronger than SS none of the

stronger metals are cheaper than SS or as freely available.

• Ease of machining the chosen MaC. As all construction work for this project was

undertaken in our workshop it was important to use a material that would not cause

problems to the workshop, which could result in unnecessary delays. The workshop

advised us to use SS as they felt that metals with a higher tensile strength such as

tungsten could cause breakages to their machining equipment.

By considering all of the above factors the MaC chosen was 316 SS. 316 SS has good corrosion

resistance and has good tensile strength and is a very common MaC in the processing industry.

316 SS has a maximum of 0.1 % carbon, approximately 16 to 18 % Chromium, 10 to 14 %

Nickel and 2 to 3 % Molybdenum (Fontana (1986)). 316 SS has a tensile strength of 520 N/mm2

and its design strength vs. temperature is plotted in Figure 3-4 (Sinnott (1998)). For the

discussion on wall thickness used in the design of the apparatus it is important to note how the

design stress decreases with temperature.
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Figure 3-4: Design Stress vs. Temperature for 316 SS.

316 SS is resistant to rust which is important as no contamination is vital for accurate VLE

measurements. Furthermore, 316 SS is an austenitic steel and nonmagnetic and cannot be

hardened by heat treatment. Although hardening of the steel makes it stronger, it also makes it

less ductile. As the still would be subject to larger temperature ranges the flanges would expand

and contract. If the steel became hardedned by repeated heating and cooling it could possibly

crack and this needed to be avoided at all costs as this would weaken the still (making it

hazardous at high pressures) and allow for leaks.

As with the MOC, a general discussion of pressure vessel design is appropriate. Although all our

designs are not technically pressure vessels4 they were designed by referring to recommendations

for pressure vessels (Sinnott (1998» and with safety as the first concern. Pressure vessels can be

divided into two classes depending on the wall thickness to vessel diameter ratio. Vessels with a

ratio less than 1: 10 are classed as thin-walled vessels and those with a ratio greater than 1:10 are

classed as thick-walled vessels. Due to our intended maximum pressure (35 MPa), our vessels

are classed as thick walled vessels.

4 Pressure vessels are generally considered to be vessels with a diameter greater than 150mm and subject to

a pressure difference greater than 100 kPa (Sinnott (1998».
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Thick-walled vessel design is a very complex science and the scope of this project did not allow

for an in-depth study. However, it is important to note that although the components designed

and manufactured for this study were machined from a solid billet (monobloc), there are more

complex designs for thick-walled pressure vessels. The overall affect of these more complex

designs is to create a vessel with a higher maximum pressure limit than a monobloc vessel with

the same wall thickness. Sinnott (1998) lists three compound vessel designs:

i.) Shrink-fitted vessels. These vessels are made by shrinking one vessel over another.

The outer vessel is made with an internal diameter slightly smaller than the outer

diameter of the internal vessel. The outer vessel is then heated until it expands

sufficiently to fit over the internal vessel. As the outer vessel cools it shrinks and

places the inner under compression. This process can be repeated for more than one

layer.

ii.) Multilayer vessels. These vessels are made by wrapping thin layers around a central

tube. The thin layers are heated, fitted and allowed to tighten and then welded. This

process gives the desired stress distribution in the compound wall.

iii.) Wound vessels. Cylindrical vessels can be reinforced by winding. Thin ribbons or

wire are wound on the vessel under compression. The winding can be wound on hot

to increase the prestressing.

These three methods can be used to increase the strength of pressure vessel, however, they

require a great deal of expertise and experience in the field of pressure vessel design and

manufacture. As mentioned previously, all our construction was done by our in-house workshop

and it was not possible for them to construct any of the compound vessels described above. Thus,

the monobloc design was adopted.

The general process of the DRVS was discussed and explained in Chapter Two. In principle the

still requires three main unit operations:

i.) A reboiler. The chemical mixture is heated (boiled) in the reboiler and the

superheated mixture is transported to the equilibrium chamber.

ii.) The equilibrium chamber. In the equilibrium chamber the superheated mixture

equilibrates. The two phases are disengaged and the liquid phase is returned to the

reboiler and the vapour phase is transported to the condenser. Both phases are

sampled before they are returned to the reboiler.

43



DESCRlPTION OF EQUIPMENT USED IN THIS WORK

iii.) The condenser. Although the design of the condenser is simple it is an important part

of the DRSV used in this work. The function of the condenser is to condense the

vapour phase and return it to the reboiler. As the condenser is situated above the

reboiler, the condensed vapour phase returns to the reboiler by the hydrostatic head.

This makes a vapour pump unnecessary and thus reduces costs and equipment

complications.

In addition to these unit operations there are several auxillary components which are vital to

the operation of the still. These include the heating of the reboiler, the cooling of the

condenser and the maintaining of the pressure in the still. (To a lesser degree the equilibrium

chamber is also heated but only for short periods to speed up the heating up of the

equipment.) The general outlay of the apparatus and auxillary equipment is illustrated in

Figure 3-5. Different hardware is used depending on whether the apparatus is being operated

either at low pressures (P < 100 kPa) or at high pressures (P > 100 kPa). Figure 3-6

illustrates the general principles of the still itself.
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Figure 3-5: Schematic diagram of the equipment ofHarris et al. (2003b).

Figure 3-6 illustrates the general principles of the still itself. A liquid mixture is charged into the

reboiler. Both phases are sampled before they are returned to the reboiler.
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Figure 3-6: The still ofHarris et a1. (2003b).

The apparatus can be divided into six sections for discussion:

• The reboiler.

• The equilibrium chamber.

• The condenser.

• Thermal insulation.

• Temperature and pressure measurement.

• Vapour and liquid phase sampling.

3.4.2 The Reboiler

The general concept for the reboiler is taken directly from the DRVS designs of Raal and

Miihlbauer (1998) and Raal and Ramjugernath (1998). The reboiler must provide a a chamber in

which to heat and boil the mixture being measured. Boiling produces vapour bubbles and the

reboiler must be designed in such a way that these vapour bubbles exit the reboiler via the

Cottrell tube only. As these bubbles exit the reboiler they must propel slugs of superheated liquid

up the Cortrell tube to the equilibrium chamber.

Originally the reboiler was designed as two machined pieces fitting together to give a cavity

(Figure 3-7). The original design used only an external heater to heat the reboiler and boil the

contents. This design was used for its simplicity and ease of manufacture. However, after careful

consideration and inspection of the glass DRVS ofRaal and Miihlbauer (1998) the reboiler was
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re-designed to include a cartridge heater. It is believed that the best operation of a DRVS is

achieved if the external heater is used to maintain the contents at boiling temperature and the

cartridge heater is used to provide the energy to boil the mixture. The cartridge heater was

included in our final design after discussions with the workshop and cartridge heater suppliers to

assess what dimensions were feasible. (The smallest diameter for the heater is 6mm).
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1: Cottrell tube; 2: machined 316 SS; 3: reboiler ca~ty;

4: high tensile nut and bolt (x6); 5: Recessed gaskett

Figure 3-7: Original reboiler design.

The final reboiler design is represented schematically in Figure 3-8 and as technical diagram in

Figure 3-9. The reboiler was constructed from a 316 SS billet. It was machined in the workshop

of the School of Chemical Engineering, UN.D. The reboiler comprises two halves, which are

held together by six 6 mm high-tensile bolts. The two halves are sealed with a Supergraf®

custom made gasket. The gasket is made from a graphite-based material and was chosen as it is
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able to operate at a maximum temperature of 773,15 K, which exceeds our maximum design

temperature. Furthermore, with an applied gasket stress of less than 10 N/mm2 the gasket will

seal up to 20 MPa. The reboiler was designed so as to accommodate two heaters. The external

heater is a custom made 500 Watt band heater and the internal heater is a standard 250 Watt

cartridge heater. The two heaters make smooth boiling and accurate control possible due to their

different Wattages and designs. The external heater is on the outside of the reboiler and its

energy is conducted through the thick metal walls to heat the equipment and the reboiler contents.

As the cartridge heater fits into a cavity in a cylinder inside the reboiler its design is quite

different to the rest of the reboiler, With the general shape of the reboiler the pressurized contents

exert a force outwards onto the walls of the vessel. Equation 3-1 (Sinnott (1998)) was used to

roughly approximate the wall thickness required for the vessel:

p = !!...-[K
2

~1]
Sf K

(3-1)

where (j is the stress limit of the MOC, Sf is a safety factor (sf = 2 in our work) and K = Do / D;

with Do = outer diameter and D; = inner diameter. From the equation it is seen that the wall

thickness is derived from the ratio of the outer and inner diameters of the vessel. As the cartridge

cavity is a much smaller diameter it can have much thinner walls but still the same value for K.

As the cartridge cavity has much thinner walls the effect of changing the power input to the

cartridge heater manifests itself much quicker and allows the boiling to be controlled much easier

than if there had only been an external heater.

The external corners of the vessel are rounded so as to reduce structural stresses on the vessel

when the contents are pressurized.
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Figure 3-8: The reboiler ofHarris et al. (2003b) [Schematic illustration].
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Figure 3-9: The reboiler ofHarris et al. (2003b) [Technical diagram].
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As mentioned above, the design of the reboiler must ensure that the escaping vapour bubbles exit

via the Cottrell tube only. To this purpose the Cottrell tube was placed at the top of the reboiler.

Its inlet is large and smooth. Contrary to this the inlets from the vapour and liquid return and the

drain valve are at the bottom of the still and are small and constricted. A partial vacuum, to

minimize heat transfer from the transported vapour-liquid mixture, thermally insulates the

Cottrell tube that is connected to the top of the reboiler. The partial vacuum jacket was achieved

by jacketing the Cottrell tube with a larger tube. The larger second concentric tube was welded at

one end and then heated up to expel most of the air in the concentric gap and then welded at the

other end thus producing a semi-vacuum jacket.

3.4.3 The equilibrium chamber

The design of the equilibrium chamber, like the reboiler, is based on the designs of Raal and

Milhlbauer (1998) and Raal and Ramjugernath (1998). The equilibrium chamber must provide a

place for the superheated discharge of the Cottrell tube to equilibrate and for the two phases to

disengage. The temperature of the equilibrium mixture must be measured accurately and the two

separated phases must be returned to the reboiler separately so that they can be sampled. The

equilibrium chamber must be designed so that the equilibrium mixture is not disturbed by

external fluctuations of temperature. As mentioned above, the Cottrell tube is jacketed and

insulated to prevent heat transfer from the superheated mixture. This is not to prevent heat loss

but to rather prevent transfer of heat to the equilibrium chamber.

The original concept for the equilibrium chamber is illustrated in Figure 3-10. The equilibrium

chamber was designed to contain packing, which would facilitate rapid equilibration of the fluid

and disengagement of the phases. The main problem associated with this design was the use of

welding to join parts of the vessel. Welds for high-pressure vessels need to be performed by

specialists and the welds need to be x-rayed to ensure their safety under pressure. Thus, the

process of welding high-pressure vessels is very expensive. Furthermore, thick metal walls

enclose the equilibrium chamber. Any system changes would take a long time to manifest, as the

walls of the chamber would need to reach the equilibrium temperature before they stopped

affecting the fluid.
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Copper gasket

Air gap

Foiled jacket

Air

Changeable packing I
catalyst

316 SS tubing

Air
Liquid

Super heated boiling mixture

Figure 3-10: Original concept for the equilibrium chamber.

The next design (Figure 3-11) eradicated most of the welding by containing the equilibrium

chamber in a flanged cylinder. However, this design had a large amount of steel in the center of

the equilibrium chamber as in the above design. It was felt that, unless something could be done

about this, equilibrium temperatures would not be stable and it would take a large amount of heat

to heat the metal inserts (4 and 7).
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1: high tensile nut and bolt (x6); 2: gaskett; 3: Cottrell tube;
4: 316 SS insert; 5: SS packing; 6: 316 SS flanged cylinder;
7: 316 SS insert; 8: liquid return; 9: recessed gaskett

Figure 3-11: Intermediate design of the equilibrium chamber.

The final equilibrium chamber design (Figure 3-12 [Schematic diagram] and Figure 3-13

[Technical diagram]) has many features adopted from the previously described stills (Chapter

Two) and previous design concepts (Figures 3-10 and 3-11). As with the reboiler, the

equilibrium chamber is machined from 316 SS. The seal between the upper and lower parts of

the chamber is with a custom-made Supergraf® gasket. Six 6 mm high tensile bolts hold the two

parts together. The thermally insulated Cottrell tube (discussed above) extends approximately

80% into the equilibrium chamber. The jacketed tube is intended to minimize heat transfer from

the tube to the contents of the packed chamber. The safety issues discussed in the design of the

reboiler, such as wall thickness and structural shape, were also applied in the design of the

equilibrium chamber.
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1: Temperature probe 2: Supergraf use as thermal insulation; 3: thin walled 316 SS tubing; 4:
SS packing; 5: vapour return; 6: liquid return; 7: Supergraf gaskett; 8: Cottrell tube;

Figure 3-12: Equilibrium chamber of Harris et al. (2003b) [Schematic diagram].

The salient features of the equilibrium chamber design are best described by discussing the

intended operation of the chamber. The superheated vapour-liquid mixture from the reboiler is

expelled from the top of the Cottrell tube and contacts the top of the chamber. Unlike the

previous designs, the top of the chamber is covered by a thin SS plate and insulated from the

main block by a thin film of Supergraf® [2]. This insulation retards the effect that the

temperature of the main block of the vessel has on the discharged mixture. The discharged
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mixture flows over packing (SS mesh 3 mm cylinders [4]) and the two phases are separated.

During phase separation the fluid temperature should reach the equilibrium temperature for the

mixture. (The semi-vacuum jacket of the Cottrell tube prevents it from affecting the temperature

in the packing.) The equilibrium temperature is measured by the temperature probe [1] in the

packing. The liquid phase exits through aperture [6] while the vapour phase exits through

aperture [5]. There is a siphon break by the liquid exit to prevent bubbles in the return line from

restricting the flow. The path of the vapour phase makes two passes before exiting the

equilibrium chamber. These two passes are formed by two concentric thin walled SS cylinders

[3]. The vapour in the passes is intended to provide thermal buffering of the packed chamber. As

opposed to the thick inserts in the two previous designs, the thin-walled cylinders heat up and

cool down quickly and are insulated from the main walls of the vessel with Supergraf® material

to prevent heat conduction, thUS, having a minimal effect on the equilibrium temperature.
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1: Vapour exit; 2: liquid exit; 3: Cottrell tube jacket; 4: Cottrell tube; 5: thin walled SS tubing;
6: thin walled SS tubing; 7: SS packing; 8: high tensile nut and bolt (x6);

Figure 3-13: The equilibrium chamber ofHarris et a1. (2003b) [Technical diagram].
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A custom-made 600 Watt heater is fitted to the exterior of the equilibrium chamber. This heater

is only used to heat the main block of the vessel up quickly. The heater should not provide any

excess heat to the system once operating at equilibrium. To prevent excess heating of the vessel

the heater is switched off during operation once the apparatus has been heated up.

3.4.4 The condenser

The condenser is a heat exchanger designed to cool the vapour exiting the equilibrium chamber to

such an extent that it condenses. In the designs discussed in Chapter Two very little mention is

made of the condensers used. In our previous work (Harris (200la,b) and Harris et al. (2002a) we

found that a condenser with a cooled jacket and an internal heat exchange coil worked best.

However, from our observations (condenser used in these works was glass) it was felt that a

relatively long jacketed vessel would suffice.

Thus, originally, the condenser (Figure 3-14) was only a jacketed vessel. The original design was

constructed and used in measurements. The main benefit of the design was that only the base of

the condenser was machined and that all other parts were standard tubing and fittings readily

available. There is no problem with welding the jacket onto the condenser as the jacket is not

under pressure. As a cooling fluid a mixture of water (80 %) and glycol (20 %) was used.

With certain systems, however, the single jacket proved to be inadequate as vapour escaped

through the top of the condenser. This happened despite the low temperature of the cooling fluid.

Thus, the condenser (Figure 3-15) was modified to a jacketed vessel with an internal heat

exchange tube. The single heat exchange tube was added to provide a larger area for vapour to

contact the heat exchange surface and to decrease the annular cross-sectional area of the vessel.

As with the reboiler and equilibrium chamber, the condenser is machined from 316 SS. Standard

(Imperial) sizes have been used for commercially available tubing and fittings wherever possible.

By using standard tubing and fittings the temperature and pressure range is assured and the price

of construction is substantially decreased.
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1: Condensed vapour outlet; 2: vapour inlet; 3: 316
SS; 4: cooling fluid in; 5: cooling fluid out; 6:
jacket; 7: 3/4" SS tubing; 8: reducer

Figure 3-14: The original condenser design.
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1: Condensed vapour outlet; 2: vapour inlet; 3: internal heat
exchanger; 4: jacketted vessel; 5: cooling fluid inlet; 6:
coolin~ fluid outlet

Figure 3-15: Condenser design ofHarris et al. (2003b).

3.4.5 Thermal insulation

At elevated temperatures the heat transfer from the still to the surrounding environment is

substantial. Originally scant insulation was placed around the reboiler and equilibrium chamber.

This proved to be insufficient as it was difficult to reach high temperatures and the temperature
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response was somewhat eratic. Furthermore, it was found that mixtures, which solidified when

cooled, could not be melted with the three available heaters and thus impeded the operation of the

still. To alleviate this problem custom insulation and line heating was added to the still. The

insulation made a significant difference to the operation of the still and the line heating made it

possible to work with mixtures that solidified without it being a problem. Figure 3-16 illustrates

the temperature versus time profile of the still once all heaters have been switched off. The

insulation ensures that the heat transfer to the environment is drastically reduced.
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Figure 3-16: Temperature (1) versus time (t) profile for the still before and after insulation was

added.

3.4.6 Temperature and pressure measurement

Temperature measurement is of critical importance to VLE measurement. The accuracy of the

temperature measurements is dependent on the type of sensor used and the housing of the sensor.

The temperature measurement sensor is in a Vs-in. diameter well which is submersed in the

equilibrium chamber packing. The tip of the well where the temperature measurement sensor is

housed is located between the Cottrell tube wall and the wall of the thin-walled metal cylinder,

approximately 75 % of the way down the packing, as shown in Figure 3-13.
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Originally a Pt-lOO platinum resistance thermometer was used. The thermometer was encased in

a salt packing in the well. The salt provides rapid heat conduction from the equilibrium chamber

to the sensor so that the temperature of the chamber can be measured accurately. The calibration

curve for this sensor is in Appendix A. Unfortunately this sensor proved to be too fragile at the

higher temperatures and was irreparably damaged during measurements at aT> 400 K. The

suppliers postulated that the high temperature had caused a small air bubble in the solid salt to

expand and "pop" (dislodge) the packing of the thermometer during which one of the leads to the

thermometer bulb could have been snapped.

For high-temperature measurements a K-type thermocouple thermometer is used. The output

from the sensor (mV) is read with an Agilent multimeter (Model 34401A) and fed via a RS 232

port to a Pentium II computer. When using a thermocouple thermometer it is important to note

that the mV reading is calibrated as the difference in temperature between the "cold junctionS"

and the "hot junction" (!:!.Trd. The "cold junction" is where the leads of the thermo couple

thermometer are joined to the leads of the multimeter and the "hot junction" is the join of the two

thermo couple metals in the tip of the well. As the calibration curve can only be used to

determine !:!.Trc accurately, the temperature of the "cold junction" needs to be known so as to

determine the equilibrium temperature. The "cold junction" temperature was measured with a Pt.

100 which was encased (with the "cold junction") in a thermally insulated capsule. The

calibration curves for the thermo couple and the Pt. 100 are given in Appendix A.

The original Pt-lOO was accurate to within 0.1 % of the reading. The K-type thermo couple is

accurate to within 0.75% of the reading (as stated by the manufacturer). Both devices were

calibrated against a NIST traceable thermometer (Cole-Palmer P-68037-05). The calibration

graphs are in Appendix A.

The measurement of the pressure in the still is just as important as the temperature measurement.

The pressure is measured with a membrane type pressure sensor, which is connected to the

pressure ballast. For P < 200 kPa a Sensotec Super TJE pressure transducer (Model 1833-02) and

DPM display (Model 5004) was used. The output from the display was relayed to the computer

SSome voltmeters used with thermo couples have a "cold junction" compensation function which negates

the measurement of the "cold junction" temperature. Ours, however, did not.
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via a RS 232 port. The device was calibrated against a NIST traceable pressure standard (Cole

Palmer P-68037-05). The calibration curve is in Appendix A.

For P > 200 kPa the pressure standard (Cole-Palmer P-68037-05) was connected to the top of the

condenser and used directly to determine pressure.

3.4.7 Vapour- and liquid-phase sampling

Phase sampling is crucial to determining the VLE of the system in the case of DRVVs as, unlike

the static stills, no accurate measurement is made of the mixture added to the still and thus the

respective phase compositions can not be calculated. As both the liquid and vapour returns are

liquid (the vapour stream is condensed), the sampling devices are the same. Figure 3-17 is the

design of the sampling device for P < 100 kPa and Figure 3-18 is the design of the device for P >

100 kPa.

Sampling loop

Figure 3-17: Design of the sampling device for P < 100 kPa.

The simple device for low-pressure sampling consists of three valves and a sampling loop.

Initially valve 1 is open and valves 2 and 3 are closed. Once equilibrium is reached, valve 1 is

closed and valves 2 and 3 are opened, thus forcing the returning stream to pass through the

sampling loop. The loop is flushed for an acceptable time period and then valves 2 and 3 are
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closed thus trapping a small sample of the stream. Valve 1 is opened so as not to affect the

operation of the still. The sample is removed by gas-tight syringe through the sampling septum.

Sampling loop 2

He!
(to GC)

Figure 3-18: Design of the sampling device for P > 100 kPa.

The device for high-pressure sampling consists of the same three valves as the low pressure

sampling system and a GC valve, two sampling loops and a helium feed. Initially valve 1 is

open, valves 2 and 3 are closed and the six-port GC valve is open to sampling loop 2, allowing

sampling loop 2 to be flushed with helium without disturbing the operation of the still. Once

equilibrium is reached, valve 1 is closed and valves 2 and 3 are opened, thus forcing the returning

stream to pass through sampling loop 1. This flushes sampling loop 1. The loop is flushed for an

acceptable time period and then the GC valve is switched so that sampling loop 2 is also flushed

with sample material. Valves 2 and 3 are then closed thus trapping a small sample of the stream.

Valve 1 is opened so as not to affect the operation of the still. The six-port valve is then switched

so that a small sample is sent to the GC. The process can repeated depending on the number of

samples required.

It is important to note that no change be made during sampling that can change the composition

of the phases. The accuracy of VLE is dependent on the stability of the equipment during the

sampling period. Furthermore, the samples, which are removed, should not have their

temperature or pressure altered so as to affect their composition. If the samples are being
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removed as liquid samples then the samples' pressure must not be decreased nor must the

samples' temperature be increased. A sudden increase in temperature or decrease in pressure can

flash part of the sample and thus cause an incorrect composition measurement. Decreasing the

temperature or increasing the pressure will not negatively affect the liquid samples.

One of the initial problems experienced with sampling was the positioning of the sample point.

As the equipment is constantly recirculating the phases and returning them to the reboiler, there is

constant variation of the liquid level in the return lines. Furthermore, as the return lines are

connected to the reboiler, there is some mixing of the returning liquid and the reboiler contents in

the return line. Thus, the composition near the bottom of the return line (and in the return line) is

not necessarily the composition of that respective phase. For this reason it is imperative that the

sample extracted from the sample point comes directly from the equilibrium chamber and is not

mixed with the residual fluid in the return line. It was found during early tests that a certain

minimum difference in height between the top of the reboiler and the sample point was necessary

so as to obtain accurate measurement of the phase compositions. This minimum height was

found to be approximately 300 mm.
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CHAPTER

FOUR

EXPERIMENTAL
PROCEDURE

4.1 INTRODUCTION

Three different types of equipment were used in this study:

iv.) Static apparatus of Rarey and GmeWing (1993),

v.) Static apparatus of Kolbe and GmeWing (1985) as modified by Fischer and Wilken

(2001), and,

vi.) Dynamic apparatus of Harris et al. (2003b).

Apparatuses (i) and (ii) were used in the laboratories of Professor Gmehling at the University of

Oldenburg while (iii) was designed, constructed and developed in our laboratories at the

University ofNatal.

Experimental methods for the three apparatus used differed and are thus dealt with independently.

4.2 STATIC SYNTHETIC PROCEDURE

4.2.1 General procedures

For static methods the cell is charged with a chemical mixture and allowed to equilibrate. In the

case of the feed composition consisting ofliquids, these liquids need to be purified and degassed

prior to their introduction to the cell. At equilibrium certain measurements are made by the

experimenter so as to determine the equilibrium conditions of the system. These can include the

determination of system temperature, pressure and phase compositions.

As discussed in Chapter Two, no samples are taken in the static synthetic method for determining

VLE. The accuracy of the final data (x,-P) is thus dependent on the accurate measurement of the
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feed compositions and the system pressure at the equilibrium temperature (Zi-P). The resulting Zi

P data are converted to Xi-P data by following an iterative calculation algorithm. Different

variations of this algorithm are discussed by several authors (e.g. Kolbe and Gmehling (1985),

Fischer and Wilken (2001) and Raal and Ramjugemath (2001)).

4.2.2 Experimental procedure for the measurement of VLE using the apparatus of Rarey

and GmehIing (1993)

Degassing ofliquids

The liquids for which VLE were measured were degassed by the method described by Fischer

and GmehIing (1994). This method is based on the suggestion of Van Ness and Abbott (1978).

The liquids were degassed for several hours by vacuum rectification and the reboiler temperature

was kept at approximately 283.15 K. The liberated volatile gases are removed from the vessel

through a capillary at the top of the column. The liquids were judged to be degassed when a

metallic clicking could be heard in the reboiler. One of the disadvantages of this method of

degassing is that less volatile impurities are enriched in the degassed liquid. However, this was

deemed negligible in the liquids degassed for this work. Further purification was not deemed

necessary.

Cleaning the Equipment

Before each run the equipment is washed and flushed with acetone. The cell is emptied and then

rinsed thoroughly with acetone several times. In the case of polar chemicals in the cell, washing

is first performed with an alcohol and then with acetone. The washing of the equipment is not

restricted to the cell but includes all lines and pumps used during the experimentation procedure.

Pumps are washed in a similar fashion to the cell and lines are flushed several times with acetone.

Once the washing is complete the cell is sealed and immersed in the water bath. The equipment

is then evacuated and kept under vacuum (P < lxl0-4 kPa) for some time to ensure that there are

no possible contaminants in the equipment. All residual acetone boils away at these Iow

pressures.
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Charging the Cell

Before the cell is charged the piston pumps need to be charged. The degassed liquid components

are added to the piston pumps and immediately compressed to prevent their contamination by air.

From this point on all manipulations of the apparatus are by computer-control. The components

are compressed to about 2 MPa several times (this is repeated when the pumps are partially full)

and from the volume-pressure curves a rough estimate can be made of the components'

compressibility. The piston pumps are kept at constant temperature and pressure. The valve to

the cell is opened and component one is pumped in by the pump's stepping motor. The valve to

the cell is closed and the pump is returned to the initial pressure (Pp) and temperature (Tp). The

volume of injected component (~Vp) can be calculated directly from the number oftums through

which the stepper motor has turned. Equation 4-1 shows how the number of moles of injected

component is calculated:

(4-1)

where Pi is the density for component i for the pump pressure and temperature and is obtained

from literature. The cell is allowed to equilibrate and the pure component vapour pressure is

measured.

Measuring VLE

To measure VLE for the binary system the composition in the cell is changed by adding small

amounts of component two from the second piston pump. The number of moles of component

two added is calculated with Equation 4-1 as explained above. Before adding more of component

two the cell must first equilibrate. Mechanical stirring of the cell contents speeds up this process.

The pressure and temperature of the cell are monitored until the change in both values over ten

minutes is insignificant. Figure 4-1 shows a typical relaxation curve after composition change.
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Figure 4-1: Pressure relaxation curve after a composition change for the equipment of Rarey and

Gmehling (1993).

This procedure is repeated until the approximate mid point of the VLE curve (XI = X2 = 0.5) has

been reached. The apparatus is then shut down, cleaned and the process repeated, this time

beginning with component two. In this way a complete isotherm is obtained. An important

feature of this equipment is its ability to accurately measure data in the dilute regions. This point

is demonstrated in the results (Chapter Six) and discussed in Chapter Seven. The accuracy of

injected volumes, L\Vp, is ± 1x10-6 dm3
.

Treatment ofraw data

The Zj-P data were converted to Xj-P data by solving the following two equations in an iterative

algorithm while taking into account the phase equilibrium:

(4-2)

(4-3)

V and n refer to volume and number of moles respectively. Superscripts T, L, and V refer to

Total, Liquid and Vapour phases respectively. Subscript i refers to component i. The total

number of moles (n:) of both components and the total cell volume (V
T

) are known. (Number

of moles of each component are calculated as explained above and the cell volume is known from

a previous calibration similar to the one explained in Appendix A.) The phase equilibrium
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relationships can be described by either a Gibbs excess (GE
) model or an equation of state (EOS),

which are discussed in detail in Chapter Four. Models incorporating the Gibbs-Duhem equation

interrelate the concentration dependencies of the activity coefficients but not the absolute values

of the coefficients. Thus, it is important to measure a sufficient number of points not only to

determine the total pressure over the mixture but also to obtain a precise relationship of pressure

as a function of Xi.

An isotherm of approximately 40 points generally takes 3 or 4 days and requires only 3 to 4 hours

of manual operation.

4.2.3 Experimental procedure for the measurement of supercritical VLE using the

apparatus of Kolbe and Gmehling (1985)

Cleaning the Equipment

As previously discussed, cleaning the equipment IS an important part of static synthetic

measurement. If the equipment is not cleaned properly, impurities will affect the z;-P relationship

and thus all values for the calculated Xi-P data will be incorrect. As chemicals that are solid at

ambient temperature were used in this work cleaning the cell was somewhat troublesome. The

solids had to be removed mechanically first. Once most of the solid chemical was removed the

cell was washed with acetone and dried in an oven. The process was repeated several times. The

lines in the equipment were also flushed. As the pumps contained chemicals that are gases at

ambient conditions, they were cleaned by degassing.

Charging the cell

No liquids were used in this work so no degassing of the chemicals was required prior to

experimentation. The non-volatile (solid) component (40 g to 50 g) was carefully measured on a

mass balance accurate to mi ± 0.0001 g and added to the cell. The cell was then sealed and

evacuated (P < IxIO-4 kPa). This evacuation serves to remove all air (impurities) from the cell

and to remove any dissolved gases in the non-volatile chemical. The cell and its contents were

then heated until the solid melted. The valve to the vacuum was then opened briefly to remove

any further impurities. It is important not to evacuate the cell for long periods at elevated

temperatures as the non-volatile chemical can start boiling. If boiling occurs and material is lost,
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Zi-P data cannot be determined accurately. Thus, the experimentation procedure has to be

terminated and restarted.

Once degassing of the cell and chemical was complete, the cell was connected as shown in Figure

2.8 and heated to the temperature (1) for the isothermal measurement. The solid component

melted and was allowed to stabilize giving the pure component vapour pressure.

Measuring VLE

The supercritical component (C02) is stored in a thermostatted injection pump at a high pressure

to prevent contamination. Unlike the pumps discussed above, this pump is controlled manually.

Before adding the CO2 the volume of gas in the pump is recorded. The CO2 is added by opening

a valve to the equilibrium cell. As in the previous discussion, once a certain amount of the CO2 is

added the valve is closed and the injection pump is returned to the original temperature and

pressure. The volume injected (tlVp) is calculated and the number of moles of CO2 injected is

calculated as in Equation 4-1. The accuracy of injected volumes, tlVp, is ± lxl0·6 dm3
. The

system is allowed to equilibrate (15 to 60 minutes) and then the process is repeated. Equilibrium

is monitored and deemed attained once the pressure ofthe cell does not change significantly in 10

minutes. The process is repeated until the pressure in the cell is roughly 20 MPa.

Treatment ofraw data

Different methods exist for the calculation of Xi-P data from Zi-P data as mentioned above. For

this work the specially developed method of Fischer and Wilken (2001) was used. They give

detailed accounts of two methods in their publication. For this work the method "GLEFLASH"

is used. The Zj-P data were converted to Xj-P data by following a similar procedure as that

outlined above by solving Equations 4-2 and 4-3 in an iterative algorithm (Figure 4-2):

In this method equations of state (EOS, which are discussed in section 5.3.2) are used to describe

the phases. To use the EOS, their mixture parameters need to be calculated from solubility data,

which, consequently results in another iterative algorithm (Figure 4-3). In this algorithm the

balance equations (Equations 4-2 and 4-3) need to be satisfied as well as the isofugacity criterion:

};v =};'
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Two conditions need to be satisfied before using this method:

i.) The EOS must describe the phase equilibrium and solubility behaviour correctly, and,

ii.) The liquid volume and liquid density must be adequately represented.

Fischer and Wilken (2001) believe that (ii) is poorly obeyed if simple cubic EOS are used but

address the problem by using a Peneloux volume translation5 (Peneloux et al. (1982)).

In brief the algorithm (Figure 4-2) is as follows: the inputs to the main loop are the pure

component data, mixing rule starting parameters and the z;-P and T data. The inputs are used to

estimate the Peneloux corrections. An initial flash calculation is performed with the starting

values for the mixing rule parameters.

The output from this calculation (values for Xi and y;) and the z;-P and T data are then used in an

iterative procedure (flash loop [Figure 4-3]) during which the mixing rule parameters are

optimised. In this loop the balance equations (Equations 4-2 and 4-3) need to be satisfied as well

as the isofugacity criterion (Equation 4-4).

The optimised mixing rules are returned to the main loop where they are used in a final flash

calculation to determine the phase equilibrium values. The outputs from the main loop are: x;-P

data, calculated y; values and calculated liquid and vapour volumes.

Dew Point Measurement

The cell was charged in a similar fashion as explained above. For the measurement of dew

points, only a small, known amount of the solid chemical (4 g to 5 g) was added to the cell. The

cell was then sealed and connected as explained above. The cell was heated to the equilibrium

temperature. CO2 was then added to the cell until the mixture became a homogenous gas. The

amount of CO2 added to the cell was calculated as explained above and thus the gas composition

(y;) could be calculated. The cell was allowed to reach equilibrium temperature and stabilize.

5 The Penelou~ volume translation is a liquid volume correction to improve volume estimations by the

Redlich-Kwong-Soave method that leave the predicted phase equilibrium conditions unchanged.
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The homogenous gas was then slowly vented to atmosphere thus lowering the pressure in the cell

but keeping the composition constant. This process had to be done slowly and in steps with

intervals in between so as to keep the temperature in the cell constant. The pressure was lowered

until the first drops of liquid were seen on the view glass. The pressure was recorded as the dew

point pressure corresponding to the vapour compositionYi for the temperature, T, of the cell.

Shutting Down the Equipment

To shut the equipment down, the cell is sealed, the heat to the bath is turned off and the

equipment is allowed to cool down. Once the equipment is cool, most of the contents of the cell

solidify. The cell is depressurised and removed for cleaning.
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Figure 4-2: Flow diagram for the main loop of the "GLEFLASH" procedure.
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4.3 PROCEDURE FOR THE DYNAMIC EQUIPMENT OF HARRlS ET AL.

(2003B)

4.3.1 General Concepts

The still is charged with a chemical mixture. This chemical mixture is heated in the reboiler until

it is boiling (i.e.: it is superheated). The superheated vapour produced propels slugs of liquid up

the Cottrell tube into the equilibrium chamber. The transport from the reboiler to the equilibrium

chamber dissipates some of the superheat. In the equilibrium chamber the mixture equilibrates

over the packing and the liquid and vapour phases disengage. The two phases are separated and

return to the reboiler via separate streams. They are sampled en route.

4.3.2 Start-up Procedure

Cleaning the still

Before the still is used it is necessary to clean it so as to remove all traces of previous

experimental mixtures. To clean the still it is first flushed with wash grade acetone several times.

The still is then charged with acetone and operated for approximately one hour. It is then emptied

and the procedure is repeated. With each repetition the effluent is sampled and injected into the

GC to test for traces of impurities so as to determine if the procedure needs to be repeated. In

some cases the procedure is repeated up to six times. For chemicals that are not totally soluble in

acetone several washes are performed with ethanol initially before progressing to the acetone

washes. When the still is totally clean it is drained and evacuated to a pressure ofP < 0.3 kPa for

an hour so as to boil off all acetone residues.

Charging the still

The pure component (or chemical mixture) that is to be measured is prepared in a beaker. The

optimum working volume for the still is between 125 and 130 m!. It is important to note that

liquids expand when heated so if the liquid is prepared at ambient temperature it is necessary to

calculate the required volume that will expand to approximately 125ml when at operating

temperature. As an alternative, the liquid can be heated prior to being introduced into the cell so

as to measure the correct operating volume.
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The initial temperature of the still is noted. The vacuum pump is switched on and the control

program is initiated to control a vacuum pressure. The mixture is then sucked into the still

through the drain valve. It is very important to ensure that the controlled vacuum pressure is

greater than the mixture's vapour pressure for the temperature of the still. If the converse is true,

the liquid will flash and be lost from the still into the ballast tanks. A worst-case scenario is if the

flashing material is sucked into the pump where it can cause damage.

In the case of chemicals that are solid at room temperature, the procedures are considerably more

difficult and special consideration is required. Before the still can be charged the entire apparatus

must be heated up to a temperature exceeding the melting point of the chemical. All the heaters

are turned on including the heating tape which covers all external tubing. Temperature sensors

are used to determine when the apparatus has been heated sufficiently. If there are any regions

where the temperature of the apparatus is below the melting point ofthe chemical, blockages will

occur which adversely affect the charging procedure and operation of the still. The solid

chemical must be melted before the still is charged. As explained above, care must be taken to

ensure that the charged component does not flash. In the case of chemicals that are solid at

temperatures greater than room temperature extreme care is needed to ensure that the temperature

of the still lies between the melting point and the flashing point. Localised hot or cold spots can

create problems, which require the entire procedure to be abandoned and repeated once the

situation is rectified. These problems can result in large time delays.

It is important to note that the chemicals are not degassed prior to experimentation. Liquids are

not degassed as the dynamic nature of operation of these stills degasses the liquids continually in

situ (Raal and Mlihlbauer (1998)).

Heating the still

Once the still is charged, the operating pressure is set and the still is heated up. As there is a large

bulk of stainless-steel to heat, this can take several hours. All the heaters as well as the cooling

liquid to the condenser are switched on. Initially the heaters can be run at a relatively high

wattage so as to heat the metal rapidly. However, as the metal temperature approaches the

operating temperature for the system the equilibrium heater is switched off and the other two are

turned down so as to prevent superheating of the system.
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4.3.3 Operating Procedure

Heat input

Once the still is charged and heated it is important to find the correct energy input to the reboiler

so that the system operates in the plateau region. The concept of the plateau region for boiling

liquids in an ebulliometer type still is explained and commented on by Kneisl et al. (1989) and

Raal and Mlihlbauer (1998). The general concept is that, once the mixture is boiling, an increase

in the energy input will increase the temperature of the boiling mixture until the plateau region is

reached. In the plateau region small increases in energy input have no effect on the temperature.

At a certain point the plateau region is exited and any further increases in energy input results in

an increase in temperature. Figure 4-4 illustrates the concept of the plateau region.

400

o;..-c>--<>--o--u- I
I
I

I ,

:plateau region:
I I
I I
I I

390
100 110 120

Energy Input

130

Figure 4-4: The plateau region in the temperature vs. energy input plot for boiling mixtures.

Some chemicals (alkanes) have large, very distinct plateau regions while other chemicals

(alcohols) have very small plateau regions, which sometimes appear to be inflection points only.

To get accurate boiling point measurements it is important to always operate in the plateau

regIOn.

Attaining equilibrium

Before recording measured variables and sampling vapour and liquid samples it is important to

ensure that equilibrium has been reached. By logging the pressures and temperatures over time it

is easy to assess when physical equilibrium is reached. Phase equilibrium can be determined by
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regularly taking chemical samples. Figure 4-5 illustrates the approach to equilibrium for an

isobaric measurement.
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Figure 4-5: Temperature and Pressure curves for logged data illustrating equilibrium.

Isobaric and isothermal operation

For isobaric operation a pressure is set and maintained during operation. The system is allowed

to equilibrate and the system variables measured. At sub-atmospheric operation the pressure is

controlled by venting to atmosphere if P..ystem < P...et and by opening a valve to a vacuum pump if

P',ystem > P>et· The control valves are solenoid valves (Clippard EVO-3) and are controlled by a

computer control program. A 25 litre ballast tank stabilises the system and the controller can

control to within 0.03 kPa of the set point pressure.

For sub-atmospheric isothermal measurements a similar procedure is used. Initially the pressure

is set and controlled isobarically at a point near the assumed equilibrium point. Once the system

is boiling the control strategy is changed to isothermal control. The control strategies for

isothermal control of Joseph et al. (2000) and Hills (1999) were consulted. Although Hills (1999)

used a PI approach this is not suitable for a still in which a large number of different

measurements with different chemicals are to be made. The unsuitability is due to the fact that a

PI controller needs to be tuned to the system to operate effectively. For each different chemical

and measurement the response of the system would be different and thus the PI controller would

need to be tuned for each point. This procedure would prove to be too time intensive. The work

ofRaal and Ramjugemath (2003) gives an exact equation for (aT) where:ap x
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(4-4)

This equation would make the tuning of the controller unnecessary. The only problem is that the

equation can only be solved provided that the properties (mentioned in Equation 4-4) of the

chemicals are known. For systems for which some of these properties are not known the use of

Equation 4-4 would be impossible thus requiring the PI controller to be tuned.

The isothermal control used in this work sets a pressure (Pse,), which it controls as described

above. It monitors the temperature over a certain time period and then averages it. If the

T,ysrem(average) < Tser then the P se, is increased by a set amount (e.g. 0.03 kPa). This procedure is

repeated until 1'.,ysrem =T,.,. If the T"ys,em > T".e, then the p.I·e, is decreased by a set amount (e.g.

0.03 kPa). This procedure is repeated, as above, until T"ys,em =1'.,.,. The algorithms for isobaric

and isothermal control are shown in Figures 4-6 and 4-7 respectively. The isobaric controller

worked well for all systems at any pressure setting. The isothermal controller worked well for

systems with low boiling temperatures. As the temperatures increased the controller became

more and more unstable. The problems associated with isothermal control are directly related to

the problems that were experienced at high temperatures with fluctuating temperature readings

during isobaric control. The problem of temperature fluctuation is discussed in Chapter Seven.

The fluctuating temperature is the direct cause of the failure of the isothermal controller at high

temperatures.
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E =tolerance, typically 0.015 kPa

Figure 4-6: The isobaric control flow sheet.
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Yes

No

Output:
Open vall.e to atmosphere
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Yes

No

Run:
Isobaric control with P set

E = tolerance, typically 0.1 kPa
K = slight change in pressure, typically 0.03 kPa

Figure 4-7: The algorithms for isothermal control.

Output:
P.~t!1 = ~~t + K

For the high-pressure measurements an inert gas (N2) was pumped into the system and no ballast

was used. The pressure was controlled by having a constant bleed and a regulator connected to

the N2 canister set to the correct pressure. A high-pressure calibration module (Cole-Palmer

P-68037-05) was used to accurately measure the pressure. The set-up is illustrated in Figure 4-8.
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c

E

B

A: VLE still; B: high pressure module; C: constant bleed to atmosphere; 0:
pressure regulator; E: Nitrogen cyclinder.

Figure 4-8: High-pressure control set-up.

Experiments utilizing chemicals that have a higher melting point than room temperature

The operating procedure for chemicals that solidify at temperatures greater than room

temperature is complicated by the restraint that no part of the equipment can be at a temperature

lower than the melting point. To keep the equipment (especially tubing such as the liquid and

vapour returns) at a temperature above the melting point the heating tape needs to be on and

controlled at all times. Furthermore, the condenser needs to be operated at a temperature above

the melting point of the charged component but at a temperature cool enough to ensure total

condensation of the liquid phase. An added complication is best described by referring to Figure

4-9 below.
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Figure 4-9: Isobaric VLE curve illustrating the complications involved when experimenting with

chemicals that are solid at room temperature.

When the mixture is boiling at T. (regardless of whether it is isobaric or isothermal operation) a

liquid phase of composition XI,. is produced and a vapour phase of composition Yl,. is produced.

When the vapour phase condenses it forms a liquid phase with composition Xl,b where Xl,b =Yl,.'

The boiling temperature of the condensed liquid phase is, however, less than T. and is equal to Tb.

Thus, while the tubing must always be kept above the melting point (Tm.pt.) it must never exceed

Tb' It is also important to note that Tmpt. is not constant across the composition range and, thus, it

is safest to always keep the equipment above Tm.pl.,2 at all times.

Liquid and vapour sampling

Once equilibrium is attained liquid and vapour samples are extracted from the system as

explained in Chapter Two. These samples are analysed in the GC. GC samples are deemed

reproducible if they are all within 1% of the averaged value. A minimum of three injections is

performed per sample point. Before the GC can be used effectively it needs to be calibrated.
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GC Calibration

GC calibration is essential for the measurement of accurate VLE data as integrated mole fractions

are often not representative of the true solution mole fractions (Raal and Milhlbauer (1998)). For

all systems, the number of moles injected into the GC is proportional to the area recorded by the

integrator:

(4-5)

where n is the number of moles, A is the peak area and F is the response factor. The response

factor is not the same for all chemicals and thus calibration is essential. For a binary mixture it is

best to calibrate for area ratios rather than absolute areas as it is easier to reproduce the ratios.

The resulting equation for binary area ratios is as follows:

To calibrate the GC, standard mixtures are prepared gravimetrically and analysed. These

mixtures should cover the entire composition spectrum, i.e.: from XI < 0.1 to XI > 0.9. The

samples are injected, analysed and then ~ vs. ~ is plotted up to a maximum value of 1.6 for
Al Xl

~ Similarly, Al vs. Xl is plotted up to a maximum value of 1.6 for Xl . A linear function is
Xl Al Xl Xl

fitted to both plots, passing through the origin, and the slopes (F; and F2 respectively)
F2 F;

obtained. The response factor ratio can be assumed to be constant across the entire composition

spectrum if F; =Jl( J' The GC settings and calibration curves are given in Appendix A.
F2 F2

F;
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4.3.4 Shut down

Low pressure shut down

For sub-atmospheric measurements the procedure for shut down is to turn off all the heating

elements and to increase the still pressure to atmospheric pressure by shutting down and

disconnecting the vacuum pump. As the pressure increases, the boiling ceases as there is no more

energy input into the still. Once the boiling has ceased the cooling fluid to the condenser can be

shut off and once the still has cooled sufficiently the contents can be drained. In the special case

of liquids that solidify at temperatures greater than the ambient temperature, it is necessary to

cool the still down to temperatures at which the liquids can be handled safely but that are above

the melting point of the liquids. The heaters are then switched on to keep the contents of the still

at this new temperature and the contents are then drained.

High pressure shut down

Initially all the heaters are turned off. The pressure in the still is maintained at high pressure as, if

the pressure were lowered to atmospheric pressure, the contents of the still would flash. The still

is left to cool down. The pressure in the still can only be lowered once the still temperature is

such that the vapour pressure of the contents (at that temperature) is less than atmospheric

pressure. Once the still pressure has equalized to atmospheric pressure the still contents can be

drained.
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CHAPTER

FIVE

THERMODYNAMIC ASPECTS OF VLE

5.1 INTRODUCTION

The use of VLE in an industrial context is primarily in the design of separation processes as

explained in Chapter One. For industrial processes to operate effectively it is necessary to know

the composition of liquid and vapour phases for multi-component systems over a range of

temperatures and pressures. The actual data measured in a laboratory are usually restricted to

binary systems, which are measured isobarically or isothermally. At best, the data may be for

more than one isobar or isotherm. In its raw form the application of the data measured in the

laboratory to an industrial situation is very limited. The real use of measured VLE data is to

determine the thermodynamic relationships that govern the interaction of the chemicals measured.

These relationships can then be used to calculate the properties of mixtures at temperatures and

pressures, which were not measured initially. As an example, several isotherms for several

binary systems can be used to generate thermodynamic relationships that can be used to calculate

the composition of the vapour and liquid phases of a multi-component system at many different

temperatures, pressures and compositions.

5.2 PHASE EQUILIBRIA

Almost all chemical thermodynamic texts (e.g. Walas (1985), Prausnitz et al. (1986), Smith and

Van Ness (1987), Winnick (1997) and Raal and Miihlbauer (1998)) cover the treatment of phase

equilibria in detail. The generalized criterion for phase equilibria is that, if all the phases are at

the same temperature and pressure, then they are at equilibrium when the chemical potential (j.L)

of each species is equal for each phase throughout the system:

f.L~ =f.Lf = =f.L;

84

i= 1, ,N (5-1)



THERMODYNAMIC ASPECTS OF VLE

The use of chemical potential, however, is impractical as it is an abstract concept and is thus not

easily related to measurable quantities. A physically more meaningful quantity, the fugacity, was

introduced by G.N. Lewis (Smith and Van Ness (1987) and is defined as:

(5-2)

Although fugacity is still an abstract quantity, it is more readily related to measure quantities such

as temperature, pressure and volume. Fugacity has the dimension of pressure. Using Equation

5-2, Equation 5-1 can be rewritten as follows:

i= 1, ....... ,N (5-3)

Thus, for a vapour (v) and a liquid (l) in equilibrium, Equation 5-3 can be rewritten as:

(5-4)

For an ideal system comprising an ideal gas in equilibrium with an ideal solution, the

compositions of the vapour and liquid phase can be related as follows:

p psal
Yi =xi i

This ideal situation is commonly defined as Raoult's Law and is dealt with later.

5.3 DATA REDUCTION

5.3.1 Theoretical VLE methods

(5-5)

Many methods, classifications and techniques exist for the computation of phase equilibria. In

general, certain procedures have become more common due to their reliability and ease of

application. In this work methods that can be used for both high and low pressures have been

investigated. To simplify matters only the case of isothermal data is considered. A note on

isobaric data reduction is included at the end of the discussion.
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Two theoretical methods have been developed for VLE computation. They are:

i.) the combined (y-f/J) method, and,

ii.) the direct (~f/J)method.

Wichterle (1978a, b) and Raal and Muhlbauer (1998) gIVe excellent reviews on the two

theoretical methods mentioned above and describe in detail the procedures of both.

The Combined method

The combined method uses two distinct and separate auxilIary functions to describe the non

ideality of both phases. To make practical use of Equation 5-4 the fugacities are related to:

i.) the fugacity coefficient of component i in solution (rfJi) in the vapour phase, and,

ii.) the activity coefficient of component i in solution (Yi) in the liquid phase.

Thus, in the vapour phase:

(5-6)

and in the liquid phase:

where the pure component fugacity (fi) is:

[

V (p_ pSal)]
/; = rfJtat p;sal exp ; RT;

(5-7)

(5-8)

[
v(p-ral )] . .The term exp I RT I is referred to as the Poyntmg factor and descnbes the effect of P on

liquid phase fugacity. Equation 5-4 can then be re-written as:

(5-9)
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By substituting for the standard state fugacity,/;" (see Appendix B for note on standard states),

(5-10)

is obtained where

(5-11)

Gibbs excess (GE
) models (such as those discussed in Section 5.3.3) are used to describe the y;

parameter and equations of state (EOS) are used to describe the <1>; parameter. In special cases

where <1>; and y; are equal to one, Equation 5-10 simplifies to Raoult's Law (Equation 5-5).

Data reduction for the combined method was first described by Barker (1953) and a similar

method was used in this work. The steps are as follows:

1.) A suitable GE
model, such as those discussed in Section 5.3.3, is selected.

2.) The expression for the pressure is given by:

(5-12)

The values for y; are determined from the GE models and EOS are used to describe the

<1>; parameter. Equation 5-12 is determined from the sum of the expressions for the

vapour phase:

I P I
xy.psat

y. = t t t
I <1>.

/
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3.) The unknown parameters are then obtained by a regression procedure that produces a

best fit for the x,-P data over the whole composition range. Initially <Pi is set equal to 1

and the pressure and vapour phase compositions (step 4) are calculated (Equations 5-12

and 5-13 respectively). The new <Pi value is then calculated using the calculated

pressure and vapour phase compositions. This process is repeated until no discernible

change in the pressure or <P i parameters takes place.

4.) Vapour phase compositions are calculated from Equation 5-13b with the fmal <Pi and

pressure values.

(5-13b)

The Direct method

The direct method offers an alternative to the combined method for data reduction. In this

method the vapour and liquid fugacities are expressed as a function of fugacity coefficients.

For the direct method the vapour phase is expressed as:

(5-6)

and the liquid phase as:

(5-7)

Substituting 5-12 and 5-13 into Equation 5-5 gives:

(5-14)
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the statistical mechanical n-parameter virial EOS,

the complex virial-type EOS,

the traditional thermodynamic cubic EOS,

the traditional thermodynamic cubic EOS with novel mixing rules, and,

the statistical thermodynamic perturbation theory EOS.

,
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A suitable EOS can be used to determine ~iv and ~:. Similar to the above method, a regression

procedure is used to fmd the best fit for the data. EOS are discussed below.

5.3.2 Equations of State

Raal and Miihlbauer (1998) classify equations of state into five main categories. They are as

follows:

i.)

ii.)

iii.)

iv.)

v.)

The most commonly used EOSs are virial EOSs and cubic (van der Waals) EOSs. They are the

ones used in this work and are discussed in detail. Walas (1985), Sandler (1994) and Raal and

Miihlbauer (1998) give excellent reviews on the various EOSs and their application.

The origin ofequations ofstate

EOSs can be traced back to 1662 when Boyle was experimenting with air. Boyle deduced that

the pressure of a gas is inversely proportional to its volume at a given temperature. This

relationship can be expressed as

PV = constant (5-15)

In 1802 Charles and Gay-Lussac, working independently, were able to quantify the effect of

temperature on this relationship. Claperyon combined these results and in 1834 produced the first

statement of the ideal gas law:

PV =R(T +267)

With the definition of SI units the ideal gas law was eventually formulated:

PV=RT
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or

z= PV =1
RT

where R is the gas constant and Z is the compressibility factor.

(5-18)

However, at low temperatures or high pressures the ideal gas law is usually only an

approximation. Real gases have size, shape and structure and as a result the molecules occupy

volume and exert either an attractive or repulsive physical or electrical force on each other. A

solution was offered by van der Waal in 1873, when he developed an equation to account for

these factors. That equation still forms the basis for many currently accepted PVTrelationships.

Cubic or van der Waal EOS

The first EOS proposed by van der Waal in 1873 is given as:

P= RT a
(V -b) V 2

(5-19)

where the constant b accounts for the molar volume which is not available to a molecule due to

the presence of other molecules. The constant a accounts for the intermolecular attraction forces.

The contribution of b increases the pressure above that of an ideal gas while a lowers it. These

parameters can be obtained by two methods. The first method is to obtain them by regressing

them from experimental data. The second method is to use the EOS to fit the parameters to the

(ap) (a2p]critical point for the critical point condition: - = --2 =o. Thus, from the latter, for
av T av T

the van der Waal's EOS a and b are given as:

(5-20)

and
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b= RTc
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respectively. The subscript c refers to the critical property.
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(5-21)

One of the earliest modifications to the van der Waal EOS was that of Redlich and Kwong

(1949), who recognized the temperature dependence of the attraction parameter. The

modification, although arbitary, did much to improve the applicability of the EOS and is given by

Equation 5-22:

p= RT _ a
(V-b) TO.5V(V+b)

(5-22)

The next major modification to the R-K EOS was that of Soave (1972) who modified the

temperature-dependent attraction term to include the acentric factor (m) and the reduced

temperature (subscript r):

where

p= RT aa
(V -b) V(V +b)

(5-23a)

(5-23b)

The S-R-K EOS was able to predict accurate vapour pressures for light hydrocarbons and led to

the S-R-K EOS becoming a useful tool in the prediction of vapour pressures for non-polar fluids.

However, the S-R-K EOS does not predict liquid densities well, especially near the critical point.

The P-R EOS (Peng and Robinson (1976)) is closely related to the S-R-K EOS and aimed to

improve on liquid density predictions and stability near the critical point and is given below:
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where

p= RT aa
(V -b) V(V +b) +b(V -b)

a = [1 + (0.37464+ 1.54226w - O.26992( 2 )(1- T,.05)j

(5-24a)

(5-24b)

The P-R EOS and S-R-K EOS are widely used in industry along with various subsequently

developed a functions. There are many other variations on a values, which are detailed in the

reviews mentioned. A common one that was used in this work and thus requires mention is that

ofStryjek and Vera (1 986a, b):

a = [1 + K (1- T,.0.5 )]

K =Ko + Kt (1 + .JT:)(O.7 - T,.)

Ko =O.378+1.489w-O.l71w 2 +O.019w3

(5-25)

where K, is a parameter determined from pure component(s) data (such as vapour pressure). To

extend these EOS from pure components to mixtures requires mixing rules. Raal and Milhlbauer

(1998) describe two distinct methods used to obtain mixture a and b parameters (am and bm

respectively). The first method, which is not very common, uses combining rules to determine a

mixture's pseudo critical properties (Ten" Pem, ... ). These pseudo-mixture properties are then used

to determine am and bmas described earlier.

The second, and more commonly used method, uses pure component critical properties (Td , Pd ,

...) to calculate pure component ai and bi parameters. Mixing rules are then used to calculate

mixture am and bm parameters. For the van der Waals EOS Lorentz-Berthelot mixing rules are

used:

(5-26)
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and

(5-27)

The R-K EOS uses a cross parameter, aij = (aiaj), in the mixing rules:

(5-28)

and

Soave introduced a binary interaction parameter, kij, in aij:

am = LLxixj~aiaj(l-kij)
i j

(5-27)

(5-29)

The P-R EOS use Equations 5-29, 5-30 and 5-31 as its basis. This combination of mixing rules is

commonly known as the van der Waals one-fluid-theory classical mixing rules (or the classical

mixing rules for short).

Using the P-R EOS and the classical mixing rules, the fugacity coefficiient for component i in a

mixture can be written as follows (Raal and Mtihlbauer (1998)):

where

and

ln~. =_bi (Z -l)-ln(Z _B) __A_[_2Lya __bi Jln[-Z_+_2._41_4_BJ
I bm 2-J2B am I JI bm Z-0.414B
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(5-32)

The parameters am and bm are calculated using Equations 5-27 - 5-29 with pure component

parameters ai and bi (derived from the critical point restriction as explained earlier) which are

functions of Tci, Pci and R:

bi = O.07780[ R~iJ
P",

(5-33)

(5-34)

A special mention must be made of mixing rules. This study's scope does not encompass a

detailed discussion on mixing rules. However, it is important to note that there is a large field of

study devoted to mixing rules and their application. Apart from the classical mixing rules, there

are local composition (LCMR), density dependent (DDMR), composition dependent (CDMR)

and density independent mixing rules (DIMR) as well as various combinations of the listed rules.

Mtihlbauer and Raal (1995) give an excellent review of these mixing rules. The mixing rules

used in this work are mentioned below and described in more detail in Appendix B.

Huron and Vidal (1979) proposed the first LCMR by relating the excess Gibbs free energy (GE
)

to the pure component (~i) and mixture fugacity coefficients (~):

(5-35)

Equation BA relates the fugacity coefficients to GE models, which are discussed in Section 5.3.3.

The fugacity coefficients are soley dependent on the EOS used and am and bm are related to the G
E

at infinite pressure:

94



THERMODYNAMIC ASPECTS OF VLE

(5-36)

where GE
aJ is the excess Gibbs free energy in the limit of infinite pressure and Ll is a constant

dependant on which EOS is used as explained by Raal and Miihlbauer (1998). In our work

Ll = In 2.

The bm parameter is identical to the classical mixing rule term:

(5-27)

and thus Equation 5-36 can be rewritten as:

(5-37)

Wong and Sandler (1992) proposed a DIMR mixing rule which is valid at both low and high

densities without being density dependent. They equate the virial EOS B coefficient with cubic

EOS parameters as in Equation 5-38:

(5-38)

The composition-independent cross second virial coefficient is related to the pure component

parameters as shown in Equation 5-39:

(5-39)

Where kij is a second virial coefficient binary interaction parameter.
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The excess Helmholtz free energy (AE
) can be related to the am and bmparameters by equating the

AE at infinite pressure from an EOS to that of a liquid phase model:

AE = [am _"" X aj]n
'" b L... 'b.

m I

where n is a constant which depends on the EOS used.

Wong et al. (1 992a, b) have shown that:

GE(T, P = 1 bar, x) =AE(T, P = 1 bar, x) =AE(T, P = high, x)

as AE is essentially pressure-independent.

Combining the equations results in the mixing-rule parameters being defined as follows:

am -M N-- --
RT I-N

and

b =~
m 1-N

where

and
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For the P-R EOS n = lln(J2" -1)jJ2 and the GE can be modeled using anyone ofthe models

discussed in 5.3.3.

The Twu and Coon (1996) DIMR mixing rule is suited for highly non-ideal systems. It is based

on the Wong-Sandler mixing rule and incorporates the superb features of the Wong-Sandler

mixing rule while not being hindered by the problems associated with it. The mixture parameters

are given as follows:

and

- b (am'VdW 1 A; Ja - --+--
m m bm,vdw C RT

(5-46)

(5-47)

where C is dependent on the EOS (C =lln(.J2 -1)jJ2)and A; is determined as explained

above. The am,vdW and bm,vdW are the mixing parameters derived from the van der Waals (or

classical) mixing rules:

(5-48)

and

(5-49)
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Virial EOS

The virial EOS, developed by Thiesen (1885), IS an infinite power series III inverse molar

volume:

z- PV _ BeD
---1+-+-

2
+-3 + .

RT V V V
(5-50)

and is used to describe the volumetric behaviour of a real fluid as it deviates from the ideal gas

equation. The coefficients B, C, D, etc. are known as the virial coefficients. As very little is

known about the coefficients from C onwards, the equation is usually truncated after B, the

second virial coefficient, giving:

The extension of the virial EOS to mixtures is accomplished by introducing mixing rules:

n n

Bm =I I y;yjBij
;=1 j=l

(5-51 )

(5-52)

where n is the number of components. The interaction parameters are based on statistical

mechanical theory and the EOS has the advantaged that the virial coefficients of a mixture are

related to its composition. For the truncated virial EOS the fugacity coefficient for a

two-component mixture can be expressed as:

A P [ 2 JInd-.. =- 2"yB-B
'f', RT L.' IJ m

]=1

(5-53)

There are many correlations available in literature and these are mentioned in the reviews

mentioned above (Walas (1985), Sandler (1994) and Raal and Miihlbauer (1998)). By far the

most common correlations are those of Tsonopoulos (1974) and Hayden and O'Connell (1975).

The general Tsonopoulos correlation is:
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(5-54)

and

(0) 0.33 0.1385 0.0121 0.000607
B =0.1445--- - -----;:--

T T 2 T 3 T 8
r r r r

E(l) = 0.0637 + 0.331 _ 0.424 _ 0.008
T T 2 T 8

r r r

(5-55)

(5-56)

The Hayden-O'Connell correlation is more complex, containing its own terms for cross second

virial coefficients, and is used for predicting pure and cross second virial coefficients for a larger

variety of fluids. The correlation requires only the critical temperature and pressure of the

component(s), mean radius of gyration, dipole moment and (if necessary) a chemical association

parameter. The correlation assumes the virial coefficient to be the sum of two types of

interactions:

(5-57)

Subscript F refers to the relatively "free" molecules (weak physical forces), and D refers to the

"bound" or "dimerised" molecules ("chemical" forces).

A full description of the Tsonopoulos correlation (with extensions for polar compounds) and the

Hayden and O'Connell correlation is given in Appendix B.

5.3.3 Activity Coefficient or Gibbs Excess «(t") Models

To obtain some physical explanation for the activity coefficient, the concept of excess properties

needs to be introduced (Gess et al. (1991)). The excess properties are a measure of the disparity
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between a real liquid's properties and the values that would be exhibited by a hypothetical ideal

solution at the same temperature, pressure and composition:

(5-58)

where the id superscript denotes an ideal solution property and the E an excess one. Specifically,

the GE energy property is a very useful term for describing the non-ideality of a liquid solution

and used for determining phase stability and separation. The excess molar enthalpy (1-1") term,

also known as the heat of mixing, can be used to predict isothermal VLE (or, alternatively, can

itself be predicted from VLE data). The excess molar volume (vE) term provides a measure of

the change of volume when two or more components are mixed together. The excess properties

of a mixture are related as shown in Equation 5-59:

[ (

GE J] nV
E

nH
E

d n - =--dP---2dT+ Llny;dni
RT RT RT

By returning to the chemical potential property, it can be shown that for an ideal solution:

while for a non-ideal solution:

(5-59)

(5-60)

(5-61)

Now, with JL
i

=G (where the bar denotes a partial property), by subtracting 5-60 from 5-61

Equation 5-62 can be obtained:

By recognizing that the LHS is the excess property, Equation 5-63 can be obtained:

GE =RTlny.
I I
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and the following derived:

(5-64)

In practise, however, the reverse equation is more useful as it allows the calculation of GE from

experimental data:

n
where x; = ,,' .

L.Jn;

GE

-= "x.lny.RT L.J I I
(5-65)

By using Equations 5-64 and 5-65 expressions for the activity coefficients in a binary mixture can

be derived:

(5-66)

(5-67)

The y; is a function of the measurable properties temperature, pressure and composition.

There are many functional forms for GE and in general they are purely empirical. The five most

common models are listed below and are discussed briefly:
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i.) Margules

ii.) Van Laar

iii.) Wilson

iv.) NRTL

v.) UNIQUAC

These models are discussed in detail (as well as some of the others) in Walas (1985), Gess et al.

(1991), Malanowski and Anderko (1992), Sandler (1994) and Raa1 and Mlih1bauer (1998).

Margu/es Equation

Margules fIrst proposed this equation in 1895 and, despite being over a century old, it is still in

common use today and gives surprisingly accurate results for some systems. The simplest form

of the equation (the two-suffIx) can be expressed in terms of the c;E for a binary system as

follows.

(5-68)

from which the following can be derived using Equation 5-64:

(5-69)

(5-70)

The use of the two-suffIx model is limited due to it's simplicity. It describes a symmetric

relationship between Xl and GE which is not applicable to most real systems, which display

asymmetric behaviour. The three-suffIx model is more suited to complicated behaviour:

(5-71 )

with
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(5-72)

(5-73)

The GE for the four-suffix equation is given by:

(5-74)

with

(5-75)

(5-76)

Higher order Margules equations can be used for more complicated systems, but with the higher

order equations there is the risk that the equation will describe experimental errors giving

incorrect curvatures or inflection points. Poor fits for the Margule Equation can be attributed to

the fact that the equation does not account for different sized molecules.

van Laar Equation

The van Laar equation was developed in 1910. It accounts for molecules of different sizes and is

based on the van der Waals equation. The equation is obtained by expanding the inverse function

which can be expressed as:

XX
1 2 =B +C(x - x )

GE / RT 1 2
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(5-78)

(5-79)

(5-80)

The van Laar equation is best suited to relatively simple, non-polar systems. In general it is

found that systems that are well fitted for the van Laar equation give poor results for Margules

and vice versa.

The Wilson Equation

Unlike the previous two equations, the equation developed by Wilson (1964) considers local

compositions and accounts for molecules of different size and energy interactions between two

molecules in a solution. The function for GE is given as:

(5-81)

with

(5-82)

(5-83)
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The two adjustable parameters, A12 and A2h are related to the pure component liquid molar

volumes (V;) as follows:

A =.!:L exp[- ~l -~2]
21 V RT

2

where V; can be calculated using the Rackett (1970) equation:

_ (I-T ri )0.2857
V; - Y:iZci

(5-84)

(5-85)

(5-86)

Values for Vci, Zci (critical compressibility factor of component i) and Tri, can be found for a large

number of fluids in Reid et al. (1988).

The (AlrAJI) and (AwAll) parameters characterise the molecular interactions between the

components. The temperature dependence of A12 and A21 is shown in Equations 5-84 and 5-85

respectively. It is important to note that the temperature effect is only approximate.

The Wilson equation is generally found to be as good as, if not better than, the three-suffix

Margules and van Laar equations. The Wilson equation is able to model systems with molecules

of different sizes and systems with large non-ideality. The equation, however, is not able to

model systems with liquid immiscibility, nor systems with a maximum or minimum in the In If

vs. Xi curves. The Wilson equation can be extended to multicomponent systems without

introducing parameters other than for the constituent binaries.

The NRTL (nonrandom two-liquid) equation

The NRTL equation was developed by Renon and Prausnitz (1968) to overcome the inability of

the Wilson equation to model systems with liquid immiscibility. The NRTL equation is a local
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composition model that is able to model highly non-ideal and immiscible solutions. The equation

for GE is as follows:

(5-87)

with

where

gji-gii
T .. = ----"---

JI RT

(5-88)

(5-89)

(5-90)

(5-91)

The NRTL equation has limited explicit temperature dependence that is evident from Equation 5

107. The three adjustable parameters, (gn-g22), (g2l-g11) and an (a12 = a21), are determined from

data reduction. The an value usually ranges between -1 and 0.5 and is often fixed at 0.3. The

NRTL equation is one of the most commonly used and useful equations in describing phase

equilibrium. Like the Wilson equation, it can be extended to model multicomponent systems.

The UNIQUAC (universal quasi-chemical theory) Equation

Abrams & Prausnitz [1975] developed the UNIQUAC equation by incorporating the two-liquid

model and the concept of local compositions in this equation. The equation has a wide range of

applicability (to miscible and immiscible solutions) and incorporates parameter temperature
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dependence, however, the equations are more complex than the models discussed previously.

The explanation that follows is the modified version of the equation of Anderson and Prausnitz

(1978). In the equation, the OE function is divided into two parts:

(5-92)

In Equation 5-92, the C refers to the combinatorial contribution and the R refers to the residual

contribution. For a binary mixture:

(5-93a)

(5-93b)

The co-ordination number, z, in Equation 5-93a is set equal to ten, and the segment fractions, tPi

and area fractions, B; are given by:

(5-94)

(5-95)

The parameters, ri and qi (size and surface parameters respectively), are the pure component

molecular structure parameters. They are evaluated from molecular structure contributions for

various groups and subgroups (r and q). The values for rand q as well as the method of

determining riand qi is discussed in Raal & Miihlbauer (1998) and Fredenslund et al. (1977).

The final two parameters, "JZ and "21, in Equation 5-93 are determined by data reduction and are

defined by:
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(5-96a)

(5-96b)

Thus, the activity coefficients for a binary mixture are given by:

where

In c <P. z () [r.]
'1/. =In-'+-q.ln-'+<P. l-....!-[.
" 2' <p J' }Xi i Yj

(5-97)

(5-98)

and where

(5-99)

(5-100)

The UNIQUAC equation perfonns well for a wide variety of liquid mixtures containing polar or

non-polar fluids. However, the main drawback of this model is its complexity and the need for

group contribution values (r and q), which are not always available in literature. The UNIFAC

equations (extension ofUNIQUAC) can be used for VLE prediction.
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5.4 OTHER THERMODYNAMIC FUNCTIONS

5.4.1 Other Excess Properties

The concept of excess properties was discussed in Section 5.3.3. In Section 5.3.3 the emphasis is

on the excess Gibbs energy. However, as is shown by Equation 5-59 (the fundamental excess

property relation), GE is related to other excess properties:

[ (

GE J] nV
E

nH
E

d n - =-dP---2dT+ Ilny;dn;
RT RT RT

(5-59)

From this equation the following expression for the heat-of-mixing is obtained at constant

pressure and composition:

HE =-RT'[a(G:T)]
P ,Xi

(5-101)

Equation 5-101 is a form of the well-known Gibbs-Helmholtz equation (Raal and Muhlbauer

(1998)) relating GE and HE. Thus, if a binary system has been measured at two or more

temperatures, the isothermal data can be used to determine HE values. (Conversely, VLE can be

predicted from experimental HE values as described by Hanks et al. (1971).) First the data are

fitted with a GE model as discussed in Section 5.3.3. At selected compositions, a G
E

vs. T
RT

function is plotted and fitted with a linear equation. The slope of the equation gives the value for

la(G'jTJ] and thus values for H' can be detennined. The reader is referred to loseph et al.

(2001) for examples of this technique.

The excess entropy (sE) is calculated using Equation 5-102:

(5-102)
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5.4.2 Thermodynamic consistency tests

Thermodynamic consistency tests can only be applied to a full set of VLE data (i.e.: P, T, Xi and

Yi) and as most data in this work are P-T-Xi data, these tests could not be applied. However, it is

of importance to mention these tests and give an example of one.

Thermodynamic consistency tests are based on the Gibbs-Duhem equation:

vE HE
"xdlnr· =-dP--dT
~ I I RT RT2

(5-103)

that inter-relates the activity coefficients of all components in a mixture. The Gibbs-Duhem

equation can be applied to systems where experimental VLE data are available for all of the

activity coefficients. If these data do not satisfy Equation 5-101, they are not correct (Prausnitz et

al. (1986)). Only VLE data that satisfy the Gibbs-Duhem equation are thermodynamically

consistent.

As an example of thermodynamic consistency tests (TCT) the direct test of van Ness (1995) is

used.

Direct test a/van Ness (1995)

The TCT of van Ness (1995) requires that the data reduction method minimize the objective

function:

(5-104)

GE

where g = - and * denotes an experimental value.
RT

For a binary system Equation 5-65 is given by:

(5-105)
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and differentiating this equation yields:

d • • din' din'l = In r: + £ + Xl __YJ_l +X
2
---.12- £

dX1 r2 dx1 dx l

where, for isothermal data:

vE dP
£=--

RT dx1

and for isobaric data:

_HE dT
£=----

RT2 dx1

(5-106)

(5-107)

(5-108)

If Equation 5-59 is applied to one mole of a binary liquid, then Equation 5-109 can be derived

(written for only isothermal or only isobaric data):

By subtracting Equation 5-106 from Equation 5-109, Equation 5-110 is obtained:

and in terms of residuals ( bg =g - g *), this equation becomes:

III

(5-109)

(5-110)

(5-111)
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If the data set is regressed with F =(g ~~ gJas the objective function as explained above,

then d (5 g )/ dx1 can be said to be effectively zero, and, thus:

(5-112)

At constant T and P the Gibbs-Duhem equation reduces to Equation 5-113:

(5-113)

Using this reduced form, the right-hand side of Equation 5-112 should be zero for consistent data.

Thus the residual on the left is a direct measure of the system's deviation from the Gibbs-Duhem

equation. The data's departure from thermodynamic consistency is measured by the extent to

which values of this residual fail to scatter about zero.

Van Ness (1995) developed a consistency index (Table 5-1) which can be used to evaluate the

level of consistency of the data. The index uses the root-mean square (RMS) value of

5In (rJr 2) as reference points. Thus to use the test the data must first be regressed and then

the RMS value of the 5In(rJr2)calculated and compared to Table 5-1 to assess the

consistency of the data.
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Table 5-1 Consistency index based on RMS values gIn (YJ./Y2) (van Ness (1995))

Index

2

3

4

5

6

7

8

9

10

RMS l)ln(y 1(y 2) Comments

>0 < 0.025 excellent

>0.025 < 0.050 'very good

>0.050 < 0.075 good

>0.075 < 0.100 satisfactory

>0.100 < 0.125 poor

>0.125 < 0.150 'very poor

>0.150 < 0.175

>0.175 < 0.200

>0.200 < 0.225

>0.225

5.4.3 Infinite dilution activity coefficients (IDACs)

As Xi - 0 so /1- ri~' This value, r~, is defmed as the IDAC. IDACs are extremely important

for the design and operation of separation processes especially those concerned with extracting

very high purity chemicals from solutions. There are many experimental procedures as well as

specialized equipment setups to determine IDACs. These are not discussed here but are

discussed in detail by Raal and Mlihlbauer (1998). IDACs can be deterermined from VLE data

by either extrapolating the data in the dilute region (including special deviation pressure

techniques) or directly from the fitted GE models. The latter is the less satisfactory method.

IDACs calculated directly from GE models

Most GE models can be reduced to give an expression for the IDACs. Below are the equations

used which are directly linked to the GE models:
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• Wilson
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(5-114)

(5-115)

(5-116)

• NRTL

where aij = ~i'

• UNIQUAC

where
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The accuracy of determining IDACs directly from the fitted GE model depends on the dispersal of

the data and the fit of the model.

IDACs calculated by extrapolating VLE data

Simply extrapolating the ri curve to the end point where Xi = 0 usually does not give good

values for r; (Hartwick & Howat (1995)). A better technique for obtaining r; values from

isothermal data is the method of Ellis & Jonah (1962), as modified by Maher & Smith (1979)

which was used in this work.

The equations of Gautreaux and Coates (1955) relate the IDAC to the partial derivative of

pressure with respect to liquid composition. They are complex and difficult to use but can be

simplified at low P and moderate T (Pividal et al. (1992)) to give:

where

[( B - V. )(p SQ1

_ P:
Qt

) +8 PSQt
]<Xl 11 1 2 1 12 2

El =exp
RT

f3 =1+ P SQ1
( B22 - V2 )

2 2 RT

(5-121)

(5-122)

(5-123)

(5-124)

where B is the second virial coefficient and V is the liquid molar volume. The fmal accuracy of

the r~ value is dependent on the evaluation of the partial derivative, (apI )XI;O. Maher and
lax1 T

Smith (1979) proposed converting the P vs. Xl data to deviation pressure, PD, vs. Xl values using:
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(5-125)

By differentiating Equation 5-125 and taking the limit as Xl ~ 0, Equation 5-126 is obtained:

(5-126)

where (PD/) is determined by extrapolating a linear plot of (PD/ ) vs. Xl to Xl = O.
/X1X2 Xl=O /x\x2

If the slope of (P;(XJ vs. Xl is not linear, it is suggested that (XI~D) vs. Xl be used. A

similar procedure is used to determine r; .

5.4.4 Henry's Constant

Henry's constant (H;) is defined as:

(5-127)

for dilute solutions and is used to describe the solubility of the gas in the solvent. It is usually

only applicable to situations where the partial pressure of the gas is below 500 to 1000 kPa

(Prausnitz et al. (1986)). Dispensing with the term fugacity we can equate:

(5-128)
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CHAPTER

SIX

RESULTS

6.1 INTRODUCTION

Vapour pressures and VLE data were measured on three pieces of equipment:

vii.) Static apparatus ofRarey and Gmehling (1993),

viii.) Static apparatus of Kolbe and Gmehling (1985) as modified by Fischer and Wilken

(2001), and,

ix.) Dynamic apparatus ofHarris et a1. (2003b).

Fourteen sets of VLE data and eight vapour pressure data sets were measured. Temperatures

ranged from 308.33 K to 583.90 K and pressures from 1.00 kPa to 20 877.80 kPa (20.88 Mpa).

Twelve ofthe fourteen sets ofVLE data measured are new data sets. Six of the VLE data sets are

high-pressure measurements, four are moderate-pressure measurements and four are low-pressure

measurements. All the vapour pressure measurements, except one, were at low pressures. In

total 370 data points were measured.

6.2 SYSTEMS MEASURED

6.2.1 Chemicals Used

Table 6-1 lists the chemicals used in the experimental work. The chemical suppliers, stated

purities and GC analyses are also listed.
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Table 6-1 List of chemicals and their respective purities

Chemical Supplier Stated Purity GC Purity

Carbon dioxide NJA >99.999% N/A

n-Hexane MERCK 99% N/A

n-Heptane Lab-Scan 99% >99%

n-Decane Sigma >99% >99%

n-Dodecane Sigma 99% >99%

n-Hexadecane Aldrich >99% >99%

1-0ctadecene MERCK 92% 98.6%

Cyclohexane Riedel de Haen 99.50% >99.5%

Benzene MERCK 99% N/A

Napthalene MERCK 99% N/A

Ethanol Saarchem 99.50% >99.5%

1-Hexadecanol Fluka 99% >99%

Benzoic acid MERCK 99% N/A

Chlorobenzene MERCK 99% N/A

Acetonitrile MERCK 99% N/A

n-Methyl formamide MERCK 99% N/A

d,1 Menthol UNILAB 99% >99%

(+ )-isoMenthol Fluka 99% >99%

6.2.2 Static Equipment Systems

As explained in Chapter Three, two pieces of static apparatus were used. Table 6-2 lists the

measurements conducted on the apparatus of Gmehling and Rarey (1993). These measurements

were conducted at low to moderate pressures. The measurements were performed in the

laboratories of Professor Jurgen Gmehling in Oldenburg, Germany as part of a collaboration

between the Thermodynamics Research Unit (University of Natal) and the Department of

Industrial Chemistry (University of Oldenburg) and are published in Hams et al. (2003a) and

Harris et al. (2003d). The work of Ms. S. Laue is gratefully acknowledged.
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Table 6-2 Systems measured on the static apparatus ofRarey and Gmehling (1993)

System T/K Pm,n/kPa P max I kPa

n-Hexane (1) + N-Methylformamide (2) 363.15 2.01 189.20

Benzene (1) + N-Methylformamide (2) 363.15 1.95 137.28

Chlorobenzene (1) + N-Methylformamide (2) 363.15 2.10 28.33

Acetonitrile (1) + N-Methylformamide (2) 363.15 2.13 131.21

Table 6-3 lists the measurements conducted on the apparatus of Kolbe and Gmehling (1985) (as

modified by Fischer and Wilken (2001)). The measurements are for high pressure VLE and

several dew points. These measurements were performed in the laboratories of Professor Jurgen

Gmehling in 01denburg, Germany as part of a collaboration between a collaboration between the

Thermodynamics Research Unit (University of Natal) and the Department of Industrial

Chemistry (University of Oldenburg) and are published in Harris et al. (2002b) and Harris et al.

(2003a). The help and collaboration ofMr. M. Wilken is gratefully acknowledged.

Table 6-3 Systems measured on the apparatus of Kolbe and Gmeh1ing (1985) (as modified by

Fischer and Wilken (2001))

System T/K P mln I kPa Pmax/kPa

Carbon dioxide (1) + Napthalene (2) 372.45 23.80 19413.80

Carbon dioxide (1) + Napthalene (2) 403.85 23.80 20877.80

Carbon dioxide (1) + Napthalene (2) 430.65 30.80 20559.80

Carbon dioxide (1) + Benzoic acid (2) 403.28 37.80 19923.80

Carbon dioxide (1) + Benzoic acid (2) 432.62 13.80 20711.80

Carbon dioxide (1) + Benzoic acid (2) 458.37 28.80 20507.80

All these measurements were of the static synthetic type except for the dew point measurements.
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6.2.3 Dynamic Equipment Systems

Low Pressure - High Temperature Test Systems

Several test systems were measured to encompass the large temperature range for which the

equipment was designed. Table 6-4 lists the vapour pressure measurement ranges for the test

systems.

Table 6-4 Vapour pressures measured as test systems

System Tmin I K T maxi K P min I kPa Pm.. I kPa

n-Heptane 308.33 363.82 10.01 80.01

n-Decane 373.95 412.15 9.99 40.01

n-Dodecane 369.79 469.01 1.50 70.05

n-Hexadecane 473.45 529.84 10.07 50.02

1-0ctadecene 466.04 543.85 3.02 40.03

1-Hexadecanol 480.78 583.90 3.50 80.00

d,l Menthol 362.23 481.39 1.00 89.93

Table 6-5 lists the isobaric VLE test systems that were measured.

Table 6-5 Isobaric VLE test systems

System

Cyclohexane (1) + Ethanol (2)

n-Dodecane (1) + 1-0ctadecene (2)

PI kPa

40.00

26.66

314.56

439.51

329.55

527.44

Low Pressure - High Temperature Systems

Two new systems were measured in the low pressure - high temperature regime. These systems

are listed in Table 6-6.
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Table 6-8 VLE Data for the System Hexane (1) + N-Methy1formamide (2) at 363.15 K

Xl PlkPa X, PlkPa Xl PlkPa

0.000 2.01 0.126 189.05 0.675 188.86

0.002 13.51 0.152 189.06 0.736 188.88

0.004 22.47 0.182 189.08 0.789 188.86

0.007 33.12 0.214 189.12 0.837 188.86

0.010 44.93 0.248 189.14 0.879 188.85

0.012 56.36 0.274 188.96 0.913 188.84

0.019 83.32 0.283 189.20 0.941 188.84

0.026 105.96 0.309 188.93 0.959 188.82

0.034 129.69 0.349 188.90 0.971 188.82

0.043 153.13 0.394 188.89 0.981 188.81

0.053 175.07 0.443 188.88 0.988 188.74

0.065 188.98 0.497 188.88 0.994 188.44

0.081 189.04 0.554 188.86 0.997 188.38

0.102 189.05 0.614 188.86 1.000 188.05
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Figure 6-1: Experimental P-x, data for the system n-Hexane (1) + N-Methylformamide (2) at

363.15 K.
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Table 6-6 Isothermal systems measured with the equipment of Hams et al. (2003b)

System

d,1 Menthol (1) + d iso-Menthol (2)

n-Dodecane (1) + 1-0ctadecene (2)

T mln I K

448.15

387.05

T mu I K

constant

463.53

P minI kPa

28.70

3.00

P max I kPa

33.00

constant

High Pressure Systems

Table 6-7 gives the details of the vapour pressures measured as the high-pressure test system.

Table 6-7 Vapour pressures measured as test systems

System

Acetone

6.3 RESULTS

TminI K

327.82

T max I K

414.12

P minI kPa

98.50

Pmax/kPa

995.60

6.3.1 Static Equipment Systems

Systems measured on the equipment ofRarey and Gmehling (1993)

Measurements were conducted as explained in Chapter Three. Tables 6-8 to 6-11 list the

experimental data for the four binary VLE systems, hexane (1) + N-methylformarnide (2),

benzene (1) + N-methylformamide (2), chlorobenzene (1) + N-methylformamide (2) and

acetonitrile (1) + N-methylformamide (2), measured at 363.15 K. The p-xJ data are plotted in

Figures 6-1 to 6-4.
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Table 6-9 VLE Data for the System Benzene (1) + N-Methylformarnide (2) at 363.15 K

Xl PlkPa Xl PlkPa Xl PlkPa

0.000 1.95 0.221 82.85 0.807 129.39

0.002 3.15 0.258 90.36 0.849 130.44

0.004 4.46 0.297 96.99 0.886 131.41

0.007 5.92 0.337 102.82 0.917 132.38

0.010 7.40 0.359 105.32 0.942 133.30

0.012 8.74 0.378 107.84 0.961 134.26

0.021 13.43 0.400 109.72 0.974 135.04

0.032 19.06 0.418 111.99 0.982 135.66

0.046 25.55 0.444 113.66 0.989 136.18

0.061 32.63 0.492 117.17 0.993 136.55

0.080 40.30 0.543 120.18 0.997 136.94

0.101 48.47 0.596 122.75 0.999 137.15

0.125 56.77 0.650 124.87 1.000 137.28

0.154 65.78 0.704 126.62

0.186 74.56 0.757 128.09

1.00.5
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Figure 6-2: Experimental P-x, data for the system Benzene (1) + N-Methylformarnide (2) at

363.15 K.
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Table 6-10 VLE Data for the System Chlorobenzene (I) + N-Methylformamide (2) at 363.15 K

Xl PlkPa Xl PlkPa Xl PlkPa

0.000 2.10 0.189 17.86 0.732 27.17

0.002 2.34 0.223 19.39 0.786 27.44

0.003 2.52 0.260 20.73 0.831 27.65

0.005 2.76 0.299 21.91 0.871 27.85

0.008 3.18 0.330 22.77 0.906 28.03

0.012 3.67 0.338 22.91 0.933 28.18

0.017 4.32 0.369 23.60 0.955 28.30

0.024 5.20 0.378 23.73 0.970 28.36

0.034 6.36 0.413 24.36 0.979 28.39

0.047 7.69 0.417 24.43 0.986 28.39

0.062 9.15 0.460 25.03 0.991 28.38

0.080 10.80 0.511 25.61 0.996 28.36

0.101 12.53 0.564 26.10 0.999 28.34

0.127 14.37 0.620 26.52 1.000 28.33

0.156 16.16 0.676 26.87
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Figure 6-3: Experimental P - Xl data for the system Chlorobenzene (I) + N-Methylformamide

(2) at 363.15 K.
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Table 6-11 VLE Data for the System Acetonitrile (1) + N-Methylformarnide (2) at 363.15 K

XI PlkPa XI PlkPa XI PlkPa

0.000 2.13 0.286 52.47 0.841 113.04

0.005 3.14 0.331 58.76 0.876 116.67

0.008 3.93 0.377 64.74 0.905 119.69

0.013 5.03 0.423 70.38 0.929 122.37

0.018 6.05 0.469 75.64 0.949 124.67

0.026 7.70 0.513 80.51 0.964 126.56

0.041 10.82 0.554 84.93 0.976 128.04

0.058 14.20 0.576 87.31 0.984 129.02

0.080 18.46 0.594 88.97 0.989 129.68

0.105 23.09 0.622 91.93 0.992 130.17

0.133 28.22 0.668 96.46 0.995 130.55

0.165 33.78 0.714 100.85 0.998 130.85

0.200 39.59 0.759 105.10 0.999 131.01

0.242 46.05 0.802 109.19 1.000 131.21
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Figure 6-4: Experimental P - Xl data for the system Acetonitrile (1) + N-Methylformarnide (2) at

363.15 K.
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Systems measured on the equipment ofKo/be and Gmehling (1985)

Measurements were conducted as explained in Chapter Three. Table 6-12 lists the experimental

P-x, data for the three binary VLE systems CO2 (1) + Napthalene (2) measured at T= 372.45 K,

403.85 K and 430.65 K. Table 6-13 lists the experimental dew points measured at T= 372.45 K,

403.85 K and 430.65 K for the system CO2 (1) + Napthalene (2). The p-x] data and dew points

are plotted in Figure 6-5.

Table 6-14 lists the experimental P-Xl data for the three binary VLE systems CO2 (1) + Benzoic

acid (2) measured at T = 403.28 K, 432.62 K and 458.37 K. The p-x] data are plotted in

Figure 6-5.

Table 6-12 P-x, Data for the System CO2 (1) + Napthalene (2)

TIK 372.45 403.85 430.65

XI P IMPa XI PI MPa XI PI MPa

0.000 0.024 0.000 0.024 0.000 0.031

0.003 0.103 0.004 0.164 0.002 0.115

0.032 0.981 0.024 0.835 0.021 0.850

0.106 3.293 0.079 2.767 0.070 2.782

0.133 4.116 0.136 4.818 0.123 4.863

0.191 5.901 0.195 6.914 0.173 6.858

0.261 8.012 0.246 8.788 0.231 9.191

0.325 9.977 0.304 10.910 0.275 10.938

0.393 12.014 0.358 12.956 0.322 12.818

0.458 13.987 0.412 14.991 0.370 14.732

0.521 15.873 0.466 17.037 0.415 16.530

0.580 17.609 0.523 19.168 0.469 18.658

0.644 19.414 0.569 20.878 0.518 20.560
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Table 6-13 Dew points for the system CO2 (1) + naphthalene (2)

T/K 372.45 403.85 430.65

Y, PI MPa Y, P IMPa Y, P IMPa

0.980 18.798 0.980 19.825 0.970 23.404

0.980 18.523 0.980 19.755 0.980 20.933

0.980 20.769

1.00.8

•

o Dew RJints at T = 403.85 K

• x1 at T = 372.45 K

• x1 at T = 403.85 K

o Dew RJints at T =372.45 K

• x1 at T = 430.65 K

c Dew RJints at T = 430.65 K
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• •
• •
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Figure 6-5: Experimental P-Xj and dew points for the system CO2 (1) + Napthalene (2).
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Table 6-14 P-XI Data for the System CO2 (1) + Benzoic Acid (2)

T/K 403.28 432.62 458.37

XI PI MPa xI PI MPa Xl PI MPa

0.000 0.038 0.000 0.014 0.000 0.029

0.011 0.499 0.003 0.149 0.002 0.141

0.020 0.935 0.018 0.825 0.015 0.860

0.066 3.102 0.059 2.756 0.049 2.697

0.107 5.040 0.101 4.724 0.089 4.814

0.147 6.943 0.147 6.870 0.133 7.095

0.194 9.198 0.189 8.920 0.170 9.038

0.233 11.128 0.227 10.797 0.209 11.007

0.274 13.192 0.268 12.856 0.245 12.815

0.317 15.382 0.307 14.822 0.286 14.875

0.350 17.089 0.346 16.862 0.321 16.637

0.385 18.960 0.385 18.921 0.365 18.839

0.403 19.924 0.418 20.712 0.399 20.508
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Figure 6-6: Experimental P-Xl and dew points for the system CO2 (1) + Benzoic Acid (2).
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6.3.2 Dynamic Equipment Measurements

Low Pressure - High Temperature Test Systems

Several test systems were measured as explained in Chapter Three with the equipment of Harris

et al (2003b). Table 6-15 lists the vapour pressure data measured for the test systems n-heptane,

n-decane, n-dodecane, n-hexadecane, 1-octadecene, 1-hexadecan01 and d,l-menthol. Figures 6-7

to 6-19 (odd numbers) compare the measured data to literature and the fitted Antoine Equation.

Figures 6-8 to 6-20 (even numbers) show the deviation (tJ.T) between the measured and the

literature temperature. The Antoine Equation (Equation 6-1)

InP / kPa = A B__
T/K+C

(6-1)

was fitted to all the measured data. The Antoine coefficients are listed in Table 6-16. Unless

otherwise stated, all literature data are from DECHEMA (1999).

Table 6-15 Measured Vapour Pressures

n-heptane n-decane n-dodecane n-hexadecane

TfK. PlkPa TfK PlkPa TfK PlkPa TfK PlkPa

308.33 10.01 373.95 9.99 369.79 1.50 473.45 10.07

317.43 15.02 378.85 12.01 384.61 2.97 479.58 12.07

326.91 22.01 392.55 20.02 396.99 5.07 484.41 14.07

334.79 30.02 404.85 29.99 413.41 10.07 486.38 15.00

342.64 40.00 412.15 40.01 424.66 15.02 489.08 16.06

349.36 50.03 431.99 20.03 492.65 18.06

354.53 60.01 441.82 30.05 529.84 50.02

358.75 70.00 450.98 40.06

363.82 80.01 460.47 50.10

465.47 60.01

469.01 70.05
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Table 6-15 Continued...

1-octadecene 1-hexadecanol d/l- menthol

TfK PlkPa TfK PlkPa TfK PlkPa

466.04 3.02 480.78 3.50 362.23 1.00

480.04 5.02 489.58 5.04 381.23 2.55

490.81 7.60 506.50 10.04 396.96 5.04

497.05 10.10 530.70 20.09 413.87 9.99

505.13 14.05 546.30 30.00 425.30 15.00

517.19 20.07 557.55 45.00 433.09 20.01

524.13 25.05 575.04 60.00 445.14 30.01

530.65 30.03 583.90 80.00 453.95 39.96

537.10 35.04 461.97 50.01

543.85 40.03 467.86 59.95

473.31 69.95

477.72 79.97

481.39 89.93
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Figure 6-7: Measured vapour pressure compared to literature for n-heptane: Measured data = 0,

Literature data = - and Fitted Antoine Equation = ----.
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Figure 6-9: Measured vapour pressure compared to literature for n-decane: Measured data = 0,

Literature data = - and Fitted Antoine Equation = ----.
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Figure 6-10: Deviation (~1) between the measured and the literature temperatures for the vapour

pressure of n-decane.
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Figure 6-11: Measured vapour pressure compared to literature for n-dodecane:

Measured data = 0, Literature data = - and Fitted Antoine Equation = ----.
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Figure 6-12: Deviation (~1) between the measured and the literature temperatures for the vapour

pressure of n-dodecane.
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Figure 6-13: Measured vapour pressure compared to literature for n-hexadecane:

Measured data = 0, Literature data = - and Fitted Antoine Equation = ----.
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Figure 6-15: Measured vapour pressure compared to literature for l-octadecene: Measured data =

0, Literature data = - and Fitted Antoine Equation = ----.
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Figure 6-17: Measured vapour pressure compared to literature for I-hexadecanol:

Measured data = 0, Literature data = - and Fitted Antoine Equation = ----.
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Figure 6-18: Deviation (!i.1) between the measured and the literature temperatures for the vapour

pressure of I-hexadecanol.

100

90

/80

70

co 60
a..
~ 50

a. 40
0/

30
",/

/-/
20 0/

......:::--
0'

10 ,,/
~~

0
-~~~-

350 370 390 410 430 450 470 490

TIK

Figure 6-19: Measured vapour pressure compared to literature for d,l-menthol:

Measured data = 0, Literature data = - and Fitted Antoine Equation = ----.
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Figure 6-20: Deviation (/).1) between the measured and the literature temperatures for the vapour

pressure of d,I-menthol.

Table 6-16 Fitted Antoine Coefficients

System A B C TminI K Tma. I K

n-Heptane 11.7405 1815.32 -116.995 308.33 363.82

n-Decane 11.2034 1819.66 -170.591 373.95 412.15

n-Dodecane 14.1911 3430.79 -125.010 369.79 469.01

n-Hexadecane 11.2801 2280.13 -220.406 473.45 529.84

1-0ctadecene 13.0762 3432.83 -176.926 466.04 543.85

1-Hexadecanol 13.0396 3433.42 -188.697 480.78 583.90

d,l Menthol 14.0927 3430.77 -124.380 362.23 481.39

(+}-isoMenthol

Two isobaric VLE test systems were measured. Table 6-17 lists the measured T-XI-Yl data for the

test system cyclohexane (1) + ethanol (2) measured at 40 kPa. Figure 6-21 compares the

measured T-XI-Yl data to that of Joseph et al. (2001) and Figure 6-22 compares the X,-Y, data to

the literature.
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Table 6-17 Measured T-XI-YI data for cyclohexane (1) + ethanol (2) at 40 kPa

Xl Yl T/K

0.000 0.000 329.55

0.018 0.134 326.00

0.039 0.229 324.15

0.064 0.357 320.85

0.185 0.479 316.85

0.520 0.616 314.87

0.657 0.625 314.56

0.911 0.661 315.23

0.972 0.732 317.32

1.000 1.000 325.55
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Figure 6-21: Measured T-XI-Yl data compared to literature (Joseph et al. (2001)) for the system

cyclohexane (1) + ethanol (2) at 40 kPa.
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Figure 6-22: Measured X'-Yl data compared to literature (Joseph et al. (2001» for the system

cyclohexane (1) + ethanol (2) at P = 40 kPa.

Table 6-18 lists the measured T-Xl data for the test system n-dodecane (1) + l-octadecene (2) at

26.66 kPa. Figure 6-23 compares the measured T-Xl data to that of Jordan and van Winkle (1951)

and Figure 6-24 shows the disparity (11T) between the measured and literature temperatures.

Table 6-18 Measured T-Xl data for n-dodecane (I) + l-octadecene (2) at 26.66 kPa

X 1 T/K X 1 T/K

0.000 527.44 0.884 445.49

0.021 524.47 0.927 444.53

0.074 509.65 0.971 441.79

0.140 497.26 1.000 439.51

0.257 483.74

0.360 471.79

0.554 459.35

0.626 453.49

0.696 451.78

0.793 449.31
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Figure 6-23: Measured T-Xl data compared to literature (Jordan and van Winkle (1951)) for the

system n-dodecane (1) + l-octadecene (2) at 26.66 kPa: 0, Measured Xl data; -, Literature data.
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Figure 6-24: Disparity (AT) between the measured and literature (Jordan and van Winkle (1951))

temperatures for n-dodecane (1) + l-octadecene (2) at P = 26.66 kPa.
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Low Pressure - High Temperature Systems

One new isothermal system and one new isobaric system were measured in the low pressure 

high temperature regime. Table 6-19 lists the measured P-XI-Y' data for the system

d,l-menthol (1) + l-isomenthol (2) at T= 448.15 K. The P-X'-YI data and the XI-YI data are plotted

in Figures 6-25 and 6-26 respectively.

Table 6-19 Measured P-XI-Y' data for d,l-menthol (1) + l-isomenthol (2) at T= 448.15 K

X, Y, PI kPa X, Y, PI kPa

0.000 0.000 28.7 0.661 0.676 30.7

0.184 0.187 29.8 0.770 0.782 31.1

0.206 0.209 30.1 0.872 0.877 31.2

0.272 0.280 30.0 0.929 0.935 31.6

0.491 0.507 30.0 1.000 1.000 33.0

0.570 0.585 30.3
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34.0

33.0

32.0

co 31.0
a..
~ 30.0--a.. 29.0
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27.0
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Figure 6-25: P-X'-YI data for d,l-menthol (1) + l-isomenthol (2) at T= 448.15 K: ., Experimental

xrP data; 0, ExperimentalYrP data.
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Figure 6-26: Xl-Yl data for d,l-menthol (1) + l-isomenthol (2) at T= 448.15 K.

Table 6-20 lists the measured T-Xl data for the system n-dodecane (1) + l-octadecene (2) at

P = 3.0 kPa. The T-Xl data are plotted in Figure 6-27.

Table 6-20 Measured T-Xl data for n-dodecane (1) + l-octadecene (2) at P = 3.0 kPa

X 1 T/K X 1 T/K

0.000 463.53 0.692 401.63

0.089 458.29 0.762 400.03

0.095 456.49 0.792 399.32

0.318 420.86 0.813 398.35

0.402 419.04 0.887 397.91

0.496 410.60 0.920 391.61

0.582 407.68 1.000 387.05

0.643 404.42
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Figure 6-27: T-Xl data for n-dodecane (1) + l-octadecene (2) at P = 3.0 kPa.

High Pressure Systems

Table 6-21 lists the vapour pressure data for acetone measured at high pressures. Figure 6-28

compares the measured data to literature and the fitted Antoine Equation. Figure 6-29 shows the

deviation (!:iT) between the measured and the literature temperature. The Antoine Equation,

(Equation 6-1), was fitted to all the measured data. The Antoine coefficients are listed in Table

6-22. Literature data are from DECHEMA (1999).
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Table 6-21 Vapour pressures measured for Acetone

TI K PI kPa

327.82 98.5

334.05 120.0

340.65 149.7

356.56 230.6

364.79 299.6

381.50 456.6

390.10 546.6

414.12 995.6

1200 --- - -- - - -- - - - -._ - ---..-- - ..- ..--.- --..

800
1lI

Cl.
~ 600

Q
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0
320 340 360
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380 400 420

Figure 6-28: Measured vapour pressure compared to literature for Acetone: Measured data = 0,

Literature data = - and Fitted Antoine Equation = ----.

144



RESULTS

o

o

440420

o

i________.__.. . .J

400380

T/K

o

360

------_."----

3

2.5

2

1.5
~

0

I- 0

<l 0

0.5

0
0

-0.5

-1 ---------

320 340

Figure 6-29: Deviation (111) between the measured and the literature temperatures for the vapour

pressure of Acetone.

Table 6-22 Fitted Antoine Coefficients for Acetone at High Pressure

System A 8 c Tmin I K T ma. I K

Acetone 18.2964 5810.21 95.614 327.82 414.12
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CHAPTER

SEVEN

DISCUSSION

7.1 INTERPRETATION OF EXPERIMENTAL RESULTS

Although the determination of experimental values is an important task, these values need to be

refined by fitting thermodynamic models to them to gain the most use from the data. Fitting

thermodynamic models to raw data is extremely important for many reasons:

• it allows accurate interpolation of the data as well as a limited amount of extrapolation7
,

• it allows one to test the thermodynamic consistency of certain data,

• it allows one to extend binary data to predict multicomponent data,

• it can be used to create and refme VLE predictive methods,

• it makes it possible to determine other thermodynamic properties, and,

• it allows large amounts of data to be summarized very comprehensively and compactly.

The interpolation of VLE data is very important. In the case of isothermal8 data, the data cannot

be used directly to design distillation columns, as these do not themselves operate isothermally

but rather isobaricalll. However, if several (at least two but preferably three) isothermal data

sets exist then these can be modelled. From the model a limited temperature dependence for the

7 Certain models, such as the Wong-Sandler mixing rule, make accurate extrapolation of data over a large

temperature range possible.

8 Abbott (1986) and Van Ness (1995) discuss the benefits of isothermal data over isobaric data. In essence

isothermal data are more useful for modeling purposes and the determination of other thermodynamic

properties such as ;r is all but impossible from isobaric data. Furthermore, the temperature dependence of

the limiting activity coefficient is very important for the design of separation equipment. This dependence

can only be determined from isothermal data sets and not from isobaric data. The pressure dependence of

limiting activity coefficients is almost non-existent.

9 Technically, distillation columns do not operate purely isobarically as there is a small pressure change

along the height of the column due to the packing / trays.

146



DISCUSSION

model parameters can be determined. From the fitted parameters the data can be interpolated to

accurately design distillation columns.

The use of models, to extend binary data to multicomponent data, is very useful.

Multicomponent VLE data are very time-consuming to measure and thus usually only binary data

are measured. However, in most industrial separation processes it is multicomponent streams that

need to be separated. Fortunately there are several techniques for extending the constituent

components' binary VLE data to multicomponent data. (Seader and Henley (1998)).

The importance of developing VLE predictive methods cannot be underestimated. The number

of commercially available chemicals increases every year and thus the number of possible

mixtures and combinations increases too, far beyond the capabilities of laboratories to accurately

measure. Thus, predictive methods are essential for the construction of future processes and

accurate, modelled VLE data are required to create and refine these predictive techniques

(prausnitz (1986), Raal and Miihlbauer (1998) and Fischer and Gmehling (1994) among others).

Although VLE modelling is not the focus of this study, it is a necessary tool to complete the work

presented here and to add meaning to some of the VLE measurements. In this discussion the

results presented in Chapter Six are modelled and some of the values obtained from these models

are analysed and discussed.

7.2 DISCUSSION OF RESULTS FOR MEASUREMENTS UNDERTAKEN ON

THE EQUIPMENT OF RAREY AND GMEHLING (1993)

7.2.1 VLE Data Reduction

In this work experimental VLE data were measured for N-methylformamide + hexane,

N-methylformamide + benzene, N-methylformamide + chlorobenzene and N-methylformamide +

acetonitrile at 363.15 K. The measured data are shown in Chapter Six. The data measured are

x,-P data, thus it was necessary to compute the corresponding vapour phase compositions (as

discussed in Chapter Five). For these data a GE model was used and the vapour phase was

corrected using an EOS. G
E models and EOS are discussed in Chapter Five. For this work the

data were reduced by optimising the objective function
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(7-1)

There are many different objective functions (Appendix B), however, most objective functions

are for Xj-Y,-p data and as the data are Xi-P data the above-mentioned objective function is the best

suited. The importance of modelling the data is discussed above.

For this work the best results were obtained using the NRTL GE model with a virial EOS and

Hayden and O'Connell mixing rules. For the NRTL equation all three parameters (~gI2' ~g21

and a l2 ) were obtained by regression.

The fitted data and their respective ,1[', where

M =?'xpt - P"ale

are shown in the following Figures:

• Hexane (1) + N-methylformamide (2) at 363.15 K [Figure 7-1],

• Benzene (1) + N-methylformamide (2) at 363.15 K [Figure 7-2 and 7-3],

• CWorobenzene (1) + N-methylformamide (2) at 363.15 K [Figure 7-4 and 7-5], and,

• Acetonitrile +N-methylformamide (2) at 363.15 K [Figure 7-6 and 7-7].

(7-2)

The model did not fit the hexane (1) + N-methylformamide (2) well as this system exhibits two

liquid phases. However, of the models used the NRTL fitted the data best.
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Figure 7-1: Experimental and calculated P - x (y) data for the system Hexane (1) +

N-methylformamide (2) at 363.15 K: 0, experimental data; -, NRTL.
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Figure 7-2: Experimental and calculated P - x (y) data for the system Benzene (1) +

N-methylformamide (2) at 363.15 K: 0, experimental data; -===., NRTL.
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Figure 7-3: Pressure difference (M) between actual pressures and NRTL model pressures for

benzene (1) + N-methylformamide (2) at 363.15 K.
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Figure 7-4: Experimental and calculated P - x (y) data for the system Chlorobenzene (1) +

N-methylformamide (2) at 363.15 K: 0, experimental data; -, NRTL.
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cWorobenzene (1) + N-methylformamide (2) at 363.15 K.
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Figure 7-6: Experimental and calculated P - x (y) data for the system Acetonitrile (1) +

N-methylformamide (2) at 363.15 K: 0, experimental data; -===-, NRTL.
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Figure 7-7: Pressure difference (M) between actual pressures and NRTL model pressures for

acetonitrile (1) + N-methylformarnide (2) at 363.15 K.

The regressed NRTL (~glz,~gzl and alZ) and Wilson (Alzand AZl) parameters are given in

Table 7-1.

Table 7-1 Regressed parameters for the experimental VLE data at 363.15 K

System [NRTL] !:J.g12/ J.mor1 !:J.g 21/ J.mor1
IX 12 I!:J.P I.ve.

Hexane (1) + N-methylformamide (2) 8108 7378 0.373 2.29

Benzene (1) + N-methylformamide (2) 6641 2306 0.497 0.39

Chlorobenzene (1) + N-methylformamide (2) 6220 2689 0.503 0.06

Acetonitrile (1) + N-methylformamide (2) 2212 794.7 0.989 0.03

System [Wilson] !:J.J...12 / J.mor1 !:J.J...21 / J.mor1 I!:J.PI.ve.

Hexane (1) + N-methylformamide (2) 9111 15337 3.14

Benzene (1) + N-methylformamide (2) 3915 6017 0.47

Chlorobenzene (1) + N-methylformamide (2) 3785 5265 0.11

Acetonitrile (1) + N-methylformamide (2) 3955 -1352 0.05
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It is important to note that the measured Xi-P data sets are extremely smooth and this makes

accurate modelling of the systems possible. As can be seen from the model-fitting plots, the

NRTL model fits the data superbly with the modelled pressure and measured pressure being in

very good agreement across the entire composition range. Only a single isotherm was measured

for these four systems so it is not possible to determine values such as J? from the data, however,

as the data are new for these systems, they provide valuable information for the understanding of

these chemical combinations.

7.2.2 Infinite Dilution Activity Coefficients

An important aspect of the data is not just the number of points measured for each data set but the

number ofpoints measured in the dilute regions. Of the more than forty data points measured per

VLE set, more than half of the measured points fall in the composition range Xl < 0.1 or Xl> 0.9.

This concentration of data in the dilute regions is important for the design of separation

equipment. From this data we can determine infinite dilution activity coefficients with a high

degree of confidence.

Infinite dilution activity coefficients (r~) were determined from the Wilson and NRTL

parameters and also from the preferred deviation pressure method, all of which are discussed in

Chapter Five. Determination of the limiting values, (FD / XiX j) ~ , according to the method of

Maher and Smith (1979) is demonstrated for the cWorobenzene (1) + N-methylformamide (2)

system in Figure 7-8, as was discussed in Chapter 5. The excellent linearity in the dilute regions

may be noted and was also found for the other systems. These plots for the other systems can be

found in Appendix C.

As discussed by Fischer and GmeWing (1996), derivation ofy~ values from P - X data are difficult

for high boiling substances (such as N-methylformamide) in low boiling components, thus only

y~ values with component 2 (the less volatile component) as the solvent are considered in their

work. Table 7-2 compares the y~ values calculated by these methods for the four binary systems

studied. The reasoning behind this is described in Raal and Ramjugernath (2001).
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If we consider the function (aT) or rather its inverse (ap) it is evident that as Xl ---?O theap x aT
I ~

function (ap) represents the relation of the vapour pressure of the less volatile component (2)aT x
I

to temperature and as X I ---? 1 the function (ap) represents the relation of the vapour pressureaT x,

of the more volatile component (1) to temperature. Now, although the water bath in which the

cell is submersed is kept at a constant temperature, there will always be small fluctuations in

temperature. In the case of (ap) these small temperature fluctuations have very little affectaT x,=O

on the pressure and thus very little effect on the (PD/XiX) values. Consequently it is usually

possible to obtain very linear functions for (PD/ XiX j) vs. Xl as Xl ---? O. For this reason the r;'"

values determined by the method of Maher and Smith (1979) are usually very reliable.

In the case of ( ap) these small temperature fluctuations, however, have a larger effect on theaT x,=!

pressure and thus a larger effect on the (PD/xjx j ) values. Thus the(PD/xjx j ) vs. Xl function

as Xl ---? 1 is not always very linear and thus the r; values determined by the method of Maher

and Smith (1979) are usually not as reliable as the rj'" values.

The (PD/XiX) vs. Xl functions as Xl ---? 1 in this work, however, were very linear (Figure 7-8

and Appendix C) and thus values for both r~ and r; were determined and are presented in

Table 7-2. As mentioned earlier, more than half of the VLE points measured in this work were in

the dilute regions. Due to these concentrations of data in the dilute regions, excellent linear

functions were determined for all the systems at both composition extremes and the IDACs

determined can be reported with a high degree of confidence.

The comparison of the deviation pressure (PD) to the model IDACs show that for r~ there is

good agreement (less than 10 % difference) between the PD method and the Wilson equation for

the chlorobenzene and acetonitrile systems and for the NRTL equation for all four systems. For
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r; there is good agreement (less than 10 % difference) between the PD method and the Wilson

equation for the acetonitrile system only and for the NRTL equation for the benzene system only.

The model IDAC values are usually not accurate for both composition extremes as the model

does not fit the entire curve with the same accuracy. The model usually fits some regions better

than others.
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Figure 7-8: Determination of the limiting values, (PD/XiXj)~' according to the method of

Maher and Smith (1979) for the Chlorobenzene (1) + N-methylforrnamide (2) system.
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Table 7-2 r~ values for the four binary systems determined from VLE data at 363.15 K

System rl~ la) r~ (b) r~ (c)

Hexane (1) + N-methylformamide (2) 43.6 30.9 33.6

Benzene (1) + N-methylformamide (2) 4.8 4.5 4.2

Chlorobenzene (1) + N-methylformamide (2) 5.1 5.1 4.9

Acetonitrile (1) + N-methylformamide (2) 1.8 1.9 1.7

System r; la) ~ (b) r; (c)r2

Hexane (1) + N-methylformamide (2) 523.0 96.9 48.8

Benzene (1) + N-methylformamide (2) 22.6 17.6 18.1

Chlorobenzene (1) + N-methylformamide (2) 16.2 13.8 16.7

Acetonitrile (1) + N-methylformamide (2) 2.4 2.3 7.1

a) Calculated using Wilson parameters

b) Calculated using NRTL parameters

c) Calculated using pressure deviation method of Maher and Smith (1979)
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7.3 DISCUSSION OF RESULTS FOR THE MEASUREMENTS UNDERTAKEN

ON THE EQUIPMENT OF KOLBE AND GMEHLING (1985)

7.3.1 VLE Data Reduction

In Chapter Six experimental isothermal P-x data and dew points are presented for naphthalene +

CO2 at 372.45 K, 403.85 K and 430.65 K and experimental P-x data are presented for benzoic

acid + CO2 at 403.28 K, 432.62 K and 458.37 K. Most of the isotherms measured are new data

and improve the understanding of these systems. Several sets of data exist in literature for the

naphthalene + CO2 system (Barrick et al. (1987), Jan and Tsai (1991) and Yanagiuchi et al.

(1991)), however, the data are not extensive; especially at high pressures. Two data sets for

naphthalene + CO2 at 373.15 K are reported in the literature (Barrick et al. (1987) and Jan and

Tsai (1991)) and are compared to our work at 372.45 K in Figure 7-9. There is very good

agreement between the literature and our work.

25

Figure 7-9: x,-P data for Naphthalene + CO2 at 373.15 K: our work compared to the literature: .,

this work; 0, Barrick et al. (1987); il, Jan and Tsai (1991).
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For modelling purposes data were regressed using the direct method with the Peng-Robinson

cubic EOS with Stryjek-Vera modification as explained in Chapter Five. Both the Huron-Vidal

and the Wong-Sandler mixing rules were used in association with the NRTL GE model. For the

NRTL model an alpha value of 0.5 (Huron-Vidal) and 0.4 (Wong-Sandler) was used,

respectively, as this fitted the data better than the conventional value of 0.3. (The alpha value was

varied in increments of 0.1 from -1.0 to 0.5 to fmd the best value.)

The fitted data (fitted using objective function 7-1) and their respective LJP are shown in the

following figures (for the P-x (y) data only the best fit model is plotted):

• CO2 (1) + Naphthalene (2) at 372.45 K [Figure 7-10 and 7-11],

• CO2 (1) + Naphthalene (2) at 403.85 K [Figure 7-12 and 7-13],

• CO2 (1) + Naphthalene (2) at 430.65 K [Figure 7-14 and 7-15],

• CO2 (1) + Benzoic acid (2) at 403.28 K [Figure 7-16 and 7-17],

• CO2 (1) + Benzoic acid (2) at 432.62 K [Figure 7-18 and 7-19], and,

• CO2 (1) + Benzoic acid (2) at 458.37 K [Figure 7-20 and 7-21].
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Figure 7-10: Experimental and calculatedP - x (y) data for the system CO2 (1) + Naphthalene (2)

at 372.45 K: ., experimental Xl data; 0, experimental dew point data; -==.., modelled data

(Wong-Sandler mixing rule).
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Figure 7-11: Pressure difference (M) between actual pressures and model pressures for CO2 (1)

+ Naphthalene (2) at 372.45 K: 0, Huron-Vidal mixing rule; 0, Wong-Sandler mixing rule.
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Figure 7-12: Experimental and calculated P - x (y) data for the system CO2 (1) + Naphthalene (2)

at 403.85 K: ., experimental XI data; 0, experimental dew point data; ~, modelled data

(Huron-Vidal mixing rule).
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Figure 7-13: Pressure difference (M) between actual pressures and model pressures for CO2 (1)

+ Naphthalene (2) at 403.85 K: 0, Huron-Vidal mixing rule; 0, Wong-Sandler mixing rule.
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Figure 7-14: Experimental and calculated P - x (y) data for the system CO2 (1) + Naphthalene (2)

at 430.65 K: ., experimental Xl data; 0, experimental dew point data; -==.., modelled data

(Huron-Vidal mixing rule).
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The regressed NRTL parameters (~gI2' ~g21 and a 12 ) used in the Huron-Vidal and

Wong-Sandler mixing rules are given in Table 7-3 (including the fitted k l2 parameter for the

Wong-Sandler mixing rule). The average ILlPI values are also listed. Apart from the system CO2

(1) + Naphthalene (2) at 372.45, the Huron-Vidal mixing rule provided the best fit for the

measured data. The direct method models the supercritical VLE system well and the LlP vs. Xl

plots show that both the models provide very good fits for the measured data. There is very little

scatter for the LlP values and it is important to note that the measured data are very smooth. Both

models predict very similarYl values. The regressed parameters vs. T are plotted in the following

figures 1o:

• CO2 (1) + Naphthalene (2) (Huron-Vidal mixing rule) [Figure 7-22],

• CO2 (1) + Naphthalene (2) (Wong-Sandler mixing rule) [Figure 7-23],

• CO2 (1) + Benzoic acid (2) (Huron-Vidal mixing rule) [Figure 7-24], and,

• CO2 (1) + Benzoic acid (2) (Wong-Sandler mixing rule) [Figure 7-25].

Measurements do not extend for the entire composition range as the equipment was not designed

to measure pressures greater than 20 MPa.

10 Wong and Sandler (1992) suggest that the reduced parameters should be constant but this was not found

to be true for our work.
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Table 7-3 Regressed parameters for the experimental VLE data for CO2 (1) + Naphthalene (2)

and CO2 (1) + Benzoic acid (2)

C02 (1) + Naphthalene (2)
Model Parameters

T =372.45 K T =403.85 K T =430.65 K

Huron-Vidal

a12 0.5 0.5 0.5

6. 9 12/ J.mor1 4041.6 4165.4 3734.4

6. 921 / J.mor1 637.6 249.5 335.5

16. PI average / MPa 0.78 0.63 0.29

Wong-5andler

a12 0.4 0.4 0.4

6. 912/ J.mor1 4039.1 2885.2 4772.7

6.921/ J.mor1 467.3 570.1 -57.3

k 12 0.662 0.704 0.650

16. PI average / MPa 0.76 0.63 0.33

Model Parameters
C02 (1) + Benzoic Acid (2)

T =403.28 K T =432.62 K T =458.37 K

Huron-Vidal

a12 0.5 0.5 0.5

6. 9 12/ J.mor1 1735.8 1355.6 886.3

6.921/ J.mor1 1028.0 386.8 2165.7

16. PI average / MPa 0.78 0.52 0.45

Wong-5andler

a12 0.4 0.4 0.4

6. 912/ J.mor1 787.3 -171.2 -207.7

6.921/ J.mor1 1851.8 2262.0 2918.0

k 12 0.690 0.692 0.670

16. PI average / MPa 0.82 0.59 0.45
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The plots of the regressed parameters are useful in several ways. They illustrate that the

parameters change with temperature (temperature dependence), from the plots it is evident that

this dependence is not linear, and, from the plots it is also possible to interpolate values for the

parameters at other temperatures. It is important to note that if only two isotherms had been

measured per point, the resulting temperature dependence would have been represented by a

linear function. If this had been the case, the discrepancy between interpolated parameters would

have been quite large, thus the necessity for at least three isotherms is confrrrned for any

interpolation of temperature dependence of the parameters.

7.3.2 Excess Properties

Excess properties were determined as explained in Chapter Five. The best fitting model

parameters were used in the calculations. Figure 7-26 illustrates the G
E

vs. T relationship for
RT

CO, (1) + Naphthalene (2), which is used to determine [a(G~T)]. Only a rew points ",e

included so as to prevent confusion. The complete set of points and data for these calculations

are given in Appendix C. It is important to note that the temperature dependence displayed in

Figure 7-26 is linear. In some of the other G
E

vs. T plots shown in Appendix C, the linearity is
RT

not so precise. The problem then arises that a small error in the determination of the slope of

G
E

can give a large error in the calculated value for if. It is difficult to assess the accuracy of
RT

these values (calculated from the VLE data) but it is important to note that they should only ever

be used as an indication of the if values. In practice, good results can be obtained when

predicting VLE data from experimental if values (Hanks et al. (1971)).

The predicted if values for CO2 (1) + Naphthalene (2) and CO2 (1) + Benzoic acid (2) are given

in Tables 7-4 and 7-5 respectively. if values are useful in industrial practice in designing

distillation columns. They are used in the enthalpy balances and to calculate the required duty of

the reboiler. TsE properties were also calculated. They are of academic interest only and are not

useful for any industrial design purpose. The excess properties are not predicted for compositions

greater than the composition range measured in the VLE experiments.
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The predicted excess properties (GE
, If and TsE) are plotted in the following figures:

• CO2 (1) + Naphthalene (2) [Figure 7-27, 7-28 and 7-29], and,

• CO2 (1) +Benzoic acid (2) [Figure 7-30, 7-31 and 7-32].
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Figure 7-27: Predicted excess properties (GE
, If and TsE) for CO2 (1) + Naphthalene (2) at

372.45 K: 0, GE
; 0, If and *, TsE,
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Figure 7-32: Predicted excess properties (GE
, .Er and TsE) for CO2 (1) + Benzoic acid (2) at

458.37 K: D, d; 0, .Er and *, TsE.

7.2.3 Henry's Constants

Henry's constants (H;) were calculated as discussed in Chapter Five. As explained previously,

the Henry's constant can be used to describe the phase equilibria in the CO2 dilute region (P < 0.5

to 1 MPa). The Henry's constant is useful as it is simple to use and for low CO2 concentrations it

is sufficiently accurate. The Henry's coefficients (HI) for CO2 (1) + Naphthalene (2) and CO2 (1)

+ Benzoic acid (2) are given in Tables 7-6 and 7-7 respectively. The relationship HI vs. T for

CO2 (1) + Naphthalene (2) and CO2 (1) + Benzoic acid (2) is plotted in Figures 7-33 and 7-34

respectively.
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Figure 7-33: HI vs. Tfor CO2 (I) + Naphthalene (2).

Table 7-7 Henry's Constants (HI) for CO2 (I) + Benzoic acid (2)

T/K

403.28

432.62

458.37

174
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H 1/ MPa = O.1428.(T / K) - 12.321
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Figure 7-34: HI vs. Tfor CO2 (1) + Benzoic acid (2).

From the linear approximations for both HI vs. T functions we can see that HI increases with an

increase in temperature. This trend indicates that the solubility of the CO2 in both Naphthalene

and Benzoic acid decreases with increasing temperature. From Figure 7-33 it is seen that the

linear approximation for the HI vs. T relationship for CO2 (1) + Naphthalene (2) gives a

reasonably good fit. Thus interpolation and even some extrapolation for the Henry's constant can

be performed with confidence. The linear approximation for the HI vs. T relationship for CO2 (1)

+ Benzoic acid (2) is a poor fit. For interpolative purposes a quadratic function would be more

accurate.
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7.4 DISCUSSION OF RESULTS FOR THE MEASUREMENTS UNDERTAKEN

ON THE EQUIPMENT OF HARRIS ET AL. (2003B)

As this equipment was new and its development of a pioneering kind, most of the data measured

with it was not new but rather systems found in literature, which were used as test systems. A

large number of vapour pressure measurements were conducted to assess the operation and

performance of the equipment over a large range of temperatures. Some VLE data was measured

and compared to literature data to assess the performance of the equilibrium cell in separating the

phases and two new VLE systems were measured.

7.4.1 Vapour Pressures

Low-Pressure High-Temperature VP

Vapour pressures for seven systems were measured in the low-pressure region. The vapour

pressures are compared to literature data in Chapter Six. These vapour pressure measurements

were across a large range of temperatures and were used to determine:

• an operating procedure for the general use of the equipment,

• an operating procedure for troublesome chemicals such as those which solidify at

ambient temperature,

• the effect that different charge volumes have on the measured properties, and,

• the accuracy and precision of the measurements performed with the new still.

The lowest pressure measured was 1.00 kPa and the temperatures ranged from 308.33 K to

583.90 K (Table 6-4). By comparing the measured vapour pressures to literature data it is

possible to assess the accuracy of the measured data. It is important to note the accuracy over the

entire range of chemicals measured so as to determine the capabilities of the still. Most of the

measured vapour pressures compared well to literature. Table 7-8 shows the average temperature

deviations for the chemicals measured.

From Table 7-8 it can be seen that there is good agreement for n-heptane, n-decane and

n-hexadecane. There is reasonable agreement for l-hexadecanol and d,l-menthol and poor

agreement for n-dodecane and l-octadecene. A possible explanation is that there are fewer

literature data available (and thus less confidence in the literature) for the chemicals that were not

fitted well. Most important to note from the results, which fitted well, is that the comparison to
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literature is good across the entire temperature range. From this we can conclude that the

equipment measurements across a large temperature range have reasonable accuracy.

Table 7-8 Average temperature deviation from literature (DECHEMA (1999)) for measured

vapour pressures

System lA Tlaveragel K

n-Heptane 0.15

n-Decane 0.56

n-Dodecane 4.55

n-Hexadecane 0.20

1-0ctadecene 2.99

1-Hexadecanol 1.95

d,1 Menthol 1.55

In Chapter Six Antoine equations were fitted to the measured data. The scatter in these fits can

be used to determine the precision with which the new equipment is able to measure data. The

difference between the accuracy of the equipment and its precision is important for measurement

of new data as it allows us to determine the degree of confidence for the measurements.

Figure 7-35 compares the measured data to the fitted Antoine equations across the entire

temperature range. This plot is then divided into three sections (for added clarity) and plotted

separately as follows:

• T< 373.15 K [Figure 7-36],

• 373.15 Ks T< 473.15 K [Figure 7-37], and,

• T2:473.15 K [Figure 7-38].

The average temperature deviations for these three divisions are given in Table 7-9.
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Table 7-9 Average temperature deviation from fitted Antoine equation for vapour pressures

Division

T < 373.15 K

373.15 K < T < 473.15 K

T>473.15K

0.38

0.90

1.07

From Table 7-9 it can be seen that as the temperature increases, the scatter increases. The scatter

for temperatures over 473.15 K is just over one Kelvin which is less than 0.25% of the measured

.value (in Kelvin). The effect that this scatter has on the data is best visualized by inspecting the

(ap). (ap)term - agam. For large - values a 1 K scatter can have a large effect on the
aT x,=! aT x,=l

measured pressure, whereas for small (ap) values the effect may be negligible.
aT x,=l

High-Pressure VP

Acetone's vapour pressure was measured at pressures up to 1 MPa and compared to literature in

Chapter Six. The measurement of the vapour pressures for acetone was to determine the

capabilities of the still at high pressures. Although the still was designed for much higher

pressures than 1 MPa it was not possible to approach these pressures. The equipment exhibited

certain problems with temperature measurement, which are discussed later. These problems

made it difficult to extend the vapour pressure measurement for acetone to higher pressures. The

problem with designing the equipment for pressures larger than practically necessary is discussed

later. The comparison of the measured data to the literature data (Chapter Six) is satisfactory.

The scatter of the measured data around the fitted Antoine equation for the acetone system is

shown in Figure 7-39. The values are within the above-mentioned averages. From this result it

can be seen that the still works as well at elevated pressures as at the lower pressures.
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at pressures up to 1 MPa.

7.4.2 VLE Data Reduction

Test Systems

The data for the test systems are presented in Chapter Six. The first test system measured was

cyclohexane (1) + ethanol (2) at 40.0 kPa. This system has been used many times as a test system

in our laboratory (Joseph (2001), Sewnarain (2001), Harris (2001a» as it exhibits non-ideal

behaviour and high relative volatilities near the limits (i.e.: as Xl -+ 0 and as XI -+ 1). The system

boils at low temperatures and was used to test the basic functioning of the still and the

equilibrium chamber's ability to separate the vapour and liquid phases. The data were regressed

with the combined method using GE models and a virial equation of state with Hayden and

O'Connel! correlation as discussed in Chapter Five. The two best models are plotted as follows:

• T-xrYI for cyclohexane (1) + ethanol (2) at 40.0 kPa [Figure 7-40],

• XrYI for cyclohexane (1) + ethanol (2) at 40.0 kPa [Figure 7-41], and,

• I:::.T for the models and measured data for cyclohexane (1) + ethanol (2) at 40.0 kPa

[Figure 7-42].
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0, Wilson and 0, NRTL.

The fitted parameters are given in Table 7-10.

Table 7-10 Regressed parameters for the experimental VLE data at 40 kPa

System [NRTL]

Cyclohexane (1) + Ethanol (2) 4195 8830

(I 12 Id nave. / K

0.063 1.00

System [Wilson]

Cyclohexane (1) + Ethanol (2)

dA12/ J.mol-1

1396

dA21/ J.mol-1

11265 0.42

From the table it is evident that the Wilson model provides the best fit for the data. The measured

data compares well with the literature data of Joseph et al. (2001). Furthermore, the models

provide good fits for the measured data. From these results it is possible to conclude that the

equipment works well at these conditions (low-temperature and low-pressure). During the

experiment various variables were assessed:
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• the effect charge volume has on VLE measurement,

• the effect the heaters have on the still operation,

• the operating procedure,

• the condenser temperature and its effects, and,

• the sampling procedure.

From this experiment it was found that operation and measured variables were not drastically

affected for still charge volumes between 100 to 140 rnI. The heaters are very sensitive and it

was found that if the external heater is set too high it could cause the entire contents of the

reboiler to vaporize thus destroying the experiment. Setting of the heaters requires careful

adjustment and some knowledge of prior operating conditions. The condenser temperature did

not affect the operation of the still provided that the condenser was kept at least 15 to 20 K colder

than the equilibrium temperature. However, when comparing the amount of material drained

from the still to the amount added in the beginning, it was found that small amounts of material

were lost over long operation periods. Hence, the interior heat exchange coil discussed in

Chapter Four was added to the interior of the condenser. From the sampling procedure the vital

conclusion was reached that a minimum height difference between sampling point and the top of

the reboiler (as discussed in Chapter Four) was needed. The vapour sampling point had to be

heightened to conform with this finding and only after the modification could accurate vapour

phase compositions be measured.

The data for the high temperature test system n-dodecane (1) + l-octadecene (2) at 26.66 kPa are

recorded in Chapter Six. There were severe difficulties in measuring the vapour phase

composition. Despite several attempts to remedy the situation, it was not possible to obtain

vapour composition values. This problem occupied a large amount of time during

experimentation and is discussed in detail later in this Chapter. For the present discussion it is

important to note that only x,-P data was measured and that models fitted to this data were used to

calculate the vapour phase compositions as explained I Chapter Five.

The data were regressed by:

i.) the direct method using the P-R EOS with Twu and Coon mixing rules, and,

ii.) the combined method using d models with a Virial EOS,

as explained in Chapter Three. The regressed data are presented as follows:
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• T-XrYl data for n-dodecane (1) + l-octadecene (2) at 26.66 kPa fitted with P-R EOS

[Figure 7-43],

• XrYl data for n-dodecane (1) + l-octadecene (2) at 26.66 kPa fitted with P-R EOS

[Figure 7-44],

• Regressed parameters for the EOS [Table 7-11],

• T-XrYl data for n-dodecane (1) + l-octadecene (2) at 26.66 kPa fitted with GE models

[Figure 7-45],

• XrYl data for n-dodecane (1) + l-octadecene (2) at 26.66 kPa fitted with GE models

[Figure 7-46],

• Regressed parameters for the GE models [Table 7-12],

• Deviation (~7) for the regressed data and measured data for n-dodecane (1) +

l-octadecene (2) at 26.66 kPa [Figure 7-47], and,

• Deviation (~Yl) for the regressed data and literature data for n-dodecane (1) +

l-octadecene (2) at 26.66 kPa [Figure 7-48].
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Figure 7-43: T-XrYl data for n-dodecane (1) + l-octadecene (2) at 26.66 kPa fitted with P-R

EOS: 0, Experimental values; -==-, Literature (Jordan and van Winkle (1951)); - - -, P-R EOS.
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Figure 7-44: XrYJ data for n-dodecane (1) + l-octadecene (2) at 26.66 kPa fitted with P-R EOS:

-, Literature (Jordan and van Winkle (1951)); - - -, P-R EOS.

Table 7-11 Regressed parameters for the P-R EOS with Twu and Coon mixing rules for

n-dodecane (1) + l-octadecene (2) at 26.66 kPa

n-dodecane (1) + 1-octadecene (2)
Model Parameters

P =26.66 kPa

NRTL parameters

0.12

/1 9 12 I J.mor1

/1921 I J.mor1

EOS parameters

IIj

k 1j

1/1 naverage I K

186

0.31

14047

995.5

-0.012

-0.035

1.00
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Figure 7-45: T-xrY, data for n-dodecane (1) + l-octadecene (2) at 26.66 kPa fitted with d
models: 0, Experimental values; -, Literature (Jordan and van Winkle (1951 )); - - -, Wi1son;

"', NRTL.
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Figure 7-46: XrY, data for n-dodecane (1) + l-octadecene (2) at 26.66 kPa fitted with d models:

-===., Literature (Jordan and van Winkle (1951)); - - -, Wi1son; "', NRTL.
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Table 7-12 Regressed parameters for the experimental VLE data for n-dodecane (1) +

l-octadecene (2) at 26.66 kPa

System [NRTL]

n-dodecane (1) + 1-octadecene (2)

System [WlIson]

n-dodecane (1) + 1-octadecene (2)

-10352 5020

A)., 12 1J.mol-1 A)., 21 1J.mol-1

·3190 3367

a12 IAn .... / K IAY11 ....

0.300 1.73 0.021

lA n .... / K IAY11.ve.

1.20 0.009

3
0

2
0 IQ

1
0

t;. t;. t;. 0
0

Q .
0

~
0 t;. 0

0

f- -1 t;.

<l t;. t;. & t;. 0
0
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Figure 7-47: Deviation (liD for the regressed data and measured data for n-dodecane (1) +

l-octadecene (2) at 26.66 kPa: Li, P-R EOS; 0, Wilson and 0, NRTL.

188



DISCUSSION

0.1

0
0.08

0

0.06
0

~ 0.04
A A

0
0 A

6- 0

0.02 0

0 ~

~ ~ e 0 1!I '"

-0.02

0 0.2 0.4 0.6 0.8

X1

Figure 7-48: Deviation (~YJ) for the regressed data and literature data (Jordan and van Winkle

(1951)) for n-dodecane (1) + l-octadecene (2) at 26.66 kPa:

0, NRTL.

~, P-R EOS; 0, Wilson and

From the fitted data it can be seen that the P-R EOS provides the best fit for the T-XI data while

the Wilson GE model provides the best prediction for the vapour phase composition compared to

literature. From the measured data we can see that the equipment measures the VLE data with a

reasonable degree of accuracy when compared to the literature. However, the scatter of the data

when compared to the fitted models is quite large (in excess of 3 K at some points) but on

average it is within the values observed for temperature measurement deviation for the vapour

pressure measurements.

Low-Pressure - High- Temperature Systems

Two high temperature systems were measured with the new equipment:

i.) n-dodecane (1) + l-octadecene (2) at 3.00 kPa, and,

ii.) d,l-menthol (1) + l-isomenthol (2) at 448.15 K.
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The data for the high temperature system n-dodecane (1) + l-octadecene (2) at 3.00 kPa are

recorded in Chapter Six. Originally only isothermal data was supposed to be measured but the

temperature problem:>, which are discussed in detail later, made this impossible and thus a single

isobar was measured instead.

These are new data, which have not been measured previously. AB mentioned earlier, problems

were encountered in measuring the vapour phase composition, which will be discussed later.

Thus the data measured are Xi-P data. The regressed model fits were used to predict vapour phase

compositions.

The data were regressed by:

i.) the direct method using the P-R EOS with Twu and Coon mixing rules, and,

ii.) the combined method using GE models with a Virial EOS,

as explained in Chapter Three.

The regressed data are presented as follows:

•

•

•
•

•

T-xrY, data for n-dodecane (1) + l-octadecene (2) at 3.00 kPa fitted with P-R EOS

[Figure 7-49],

XrY, data for n-dodecane (1) + l-octadecene (2) at 3.00 kPa fitted with P-R EOS

[Figure 7-50],

Regressed parameters for the EOS [Table 7-13],

T-xrY, data for n-dodecane (1) + l-octadecene (2) at 3.00 kPa fitted with G
E

models

[Figure 7-51],

XrY, data for n-dodecane (1) + l-octadecene (2) at 3.00 kPa fitted with G
E

models

[Figure 7-52],

• Regressed parameters for the GE models [Table 7-14],

• Deviation (~1) for the regressed data and measured data for n-dodecane (1) +

l-octadecene (2) at 3.00 kPa [Figure 7-53], and,
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Figure 7-49: T-XrYl data for n-dodecane (1) + l-octadecene (2) at 3.00 kPa fitted with P-R EOS:

0, Experimental values; - - -, P-R EOS.
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Figure 7-50: XrYl data for n-dodecane (1) + l-octadecene (2) at 3.00 kPa fitted with P-R EOS:

-, P-REOS.

191



DISCUSSION

Table 7-13 Regressed parameters for the P-R EOS with Twu and Coon mixing rules for

n-dodecane (1) + l-octadecene (2) at 3.00 kPa

n-dodecane (1) + 1-octadecene (2)
Model Parameters

P =3.00 kPa

NRTL parameters

/1912' J.mor1

/1921' J.mor1

EOS parameters

1/1 11 average , K

500

480

-0.11

-20307

-7590

-0.030

-0.062

2.70
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Figure 7-51: T-XrYl data for n-dodecane (1) + I-octadecene (2) at 3.00 kPa fitted with d

models: 0, Experimental values; - - -, Wilson; "', NRTL.
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Figure 7-52: XrYJ data for n-dodecane (1) + l-octadecene (2) at 3.00 kPa fitted with GE models:

- - -, Wilson; "', NRTL.

Table 7-14 Regressed parameters for the experimental VLE data for n-dodecane (1) +

l-octadecene (2) at 3.00 kPa

System [NRTL]

n-dodecane (1) + 1-octadecene (2) -34646 -153.9 0.298 2.27

System [Wilson] odAl21 J.mol-1 odA211 J.mol-1 lod 71 .... 1 K

n-dodecane (1) + 1-octadecene (2) -6100 6468 2.92
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Figure 7-53: Deviation (111) for the regressed data and measured data for n-dodecane (1) +

l-octadecene (2) at 3.00 kPa: 11, P-R EOS; 0, Wilson and 0, NRTL.

From the regressed data it can be seen that the NRTL GE model provides the best fit for the T-x/

data. From the results obtained for the isobar at 26.66 kPa it is safe to assume that the predicted

vapour phase compositions are reasonably accurate. Cause for concern, however, is the large

scatter in the measured temperatures (almost three times larger than in previous measurements)

when compared to the fitted models. As the models were able to fit this same binary system at a

different pressure, it is unlikely that the problem lies with the models. The only suggestion is that

the (aTJ values at this lower pressure are much higher than at the higher pressure and thus theap x,

temperature could exhibit greater scatter.

The data for the high temperature system d,l-menthol (1) + l-isomenthol (2) at 448.15 K are

recorded in Chapter Six. It was possible to measure vapour composition values for this data and

thus the Xi-Yi-P data are presented.

The data were regressed by the combined method using GE models with a Virial EOS as

explained in Chapter Three. The regressed data are presented as follows:
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• P-XrYl data for d,l-menthol (1) + l-isomenthol (2) at 448.15 K fitted with c;E models

[Figure 7-54],

• XrYJ data for d,l-menthol (1) + l-isomenthol (2) at 448.15 K fitted with GE models

[Figure 7-55],

• Deviation (M) for the regressed data and measured data for d,l-menthol (1) +

l-isomenthol (2) at 448.15 K [Figure 7-56],

• Deviation (~Yl) for the regressed data and measured data for d,l-menthol (1) +

l-isomenthol (2) at 448.15 K [Figure 7-57], and,

• Regressed parameters for the GE models [Table 7-15].
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Figure 7-54: P-XrYl data for d,l-menthol (1) + l-isomenthol (2) at 448.15 K fitted with GE

models: ., Experimental Xl values; 0, ExperimentalYl values; - - -, Wilson; "', NRTL.
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Figure 7-55: XrYJ data for d,l-menthol (1) + l-isomenthol (2) at 448.15 K fitted with er models:

0, Experimental values; - - -, Wilson; "', NRTL.
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Figure 7-56: Deviation (/}.7) for the regressed data and measured data for d,l-menthol (1) +

l-isomenth01 (2) at 448.15 K: 0, Wilson and 0, NRTL.
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Figure 7-57: Deviation (~YJ) for the regressed data and measured data for d,l-menthol (1) +

l-isomenthol (2) at 448.15 K: 0, Wilson and 0, NRTL.

Table 7-15 Regressed parameters for the experimental VLE data for d,l-menthol (1) +

l-isomenthol (2) at 448.15 K

System [NRTL]

n-dodecane (1) + 1-octadecene (2)

System [Wilson]

n-dodecane (1) + 1-octadecene (2)

-28631 21403

dA,f2/ J.mol-1 dA,2f/ J.mol-1

-1651 1651

0.041 0.20 0.012

0.49 0.013

From the table it is evident that the NRTL model provides the best fit for the data. This system,

however, is a good example of the sort of problems that data scatter can cause. As the system is

comprised of two isomers, it is expected that the system should be almost ideal in behaviour and

exhibit a very small relative volatility. It is quite possible that the data are accurate within a

certain degree of error. The problem, however, is that this system exhibits a very small pressure

range. The system pressure range and degree of error are of the same magnitude. Furthermore,

the precision of the measurements in the previous systems have been shown to have some scatter,
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which is also of the same degree of magnitude of the system pressure range. Thus, in all

likelihood, the shape of the measured VLE curve is completely wrong. This assumption is given

further weight by comparing the different shapes of the model fits. Although the NRTL provides

a better fit, the model exhibits a deflection in the middle of the X'-Yi plot, which is not correct.

From this result it is concluded that the equipment is not precise enough to measure data over

such a small pressure range for systems with such a small relative volatility.

7.4.3 Problems Associated with the Equipment

Although VLE measurements were possible, there were two persistent problems which could not

be remedied:

i.) Temperature fluctuations, and,

ii.) Vapour phase composition measurement problems.

Temperature Fluctuations

From the outset the equipment displayed a tendency towards temperature fluctuations. That is, at

equilibrium, the temperature was not steady. (It is important to note that the fluctuations were

much larger than the stated 0.75% accuracy of the device.) Although the temperature fluctuated,

the average temperature taken over a time period at equilibrium was relatively steady. The

temperature fluctuations increase as the equilibrium temperature increases:

• At T < 373.15 K, I1T-;:::; 0.2 K (where T= T± 111),

• At 373.15 K ~ T< 473.15 K, I1T-;:::; up to 1.0 K, and,

• At T? 473.15 K, I1T-;:::; up to 2.5 K.

The fluctuations are regular and sinusoidal in shape. This phenomenon decreases the accuracy of

the measurements. Several possible causes and solutions were investigated:
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Possible Cause

• Volume of material in the reboiler is

insufficient - the reboiler is not operating

properly.

• The cool condensed vapour return is

disrupting reboiler operation.

• Too much heat IS being lost from the

system.

DISCUSSION

Possible Solution

• Several charge volumes were tried

ranging from 90 m! to 200m! their

effect was negligible.

• The vapour return line was insulated and

heated - the effect was positive but very

small.

• The entire equipment was insulated with

thick cladding. There was a marked

improvement but the fluctuation was still

evident.

As the problem still persists it is assumed that the large bulk of the equipment (approximately

50 kg of Stainless Steel") is causing the temperature fluctuation. The only solution is to redesign

the equipment with much thinner walls and thus decrease the maximum pressure capacity.

Vapour Phase Composition Measurement Problems

The vapour phase composition determination was very accurate for the low temperature test

system (cyclohexane (1) + ethanol (2», however, for the high temperature test system

(n-dodecane (1) + l-octadecene (2» it was impossible to measure accurate vapour compositions.

The longer the equipment was left to equilibrate, the more the vapour composition tended to be

equivalent to the liquid phase composition (YI -+- XI) despite the high relative volatility of the test

system. The problem was not evident for the d,l-menthol (1) + l-isomenthol (2) which has a very

low relative volatility (al2 < 1.15) and which was measured over a shorter time span. Possible

causes and solutions are listed below:

11 This large mass of metal has a large heat capacity (mCp ); it requires a large amount of energy to heat it up

and a large amount of energy is given off when it cools down. The heat capacity of the equipment is most

probably more than 500 times larger than that of the contents and thus if it is too hot or too cold it has a

large effect on the operation of the still. This large heat capacity is the likely cause of the large T

fluctuations observed with large temporal delay.
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Possible Cause

• Volume of material in the reboiler is

insufficient - the reboiler is not operating

properly.

• The reboiler charge is boiling material up

the vapour return line.

• The superheat from the Cottrell tube is

being conducted into the base of the

equilibrium chamber. This heats the

metal above the equilibrium temperature

and thus the liquid returning is being

flashed off (Figure 7-58).

• The insulation is retaining too much heat

even with the cooling vent.

DISCUSSION

Possible Solution

• Several charge volumes were tried

ranging from 90 ml to 200ml - their

effect was negligible.

• A non-return valve was added to the

juncture of the reboiler and the vapour

return line. The non-return valve had no

effect on the problem.

• A vent was drilled through the cladding

and cool compressed air was used as a

cooling fluid to try and cool the base of

the equilibrium chamber (Figure 7-58).

The effect was negligible.

• Two VLE points were measured for the

acetone (1) + methanol (2) system. The

points were very accurate when

compared to the literature. However, this

system is at a low temperature and was

measured in a short space of time.

As the problem persists it is assumed that the base of the equilibrium chamber is heated by

conduction not just from the superheat of the fluid travelling up the Cottrell tube but also from

excess heat from the external reboiler heater. The cooling effect of the compressed air is not

sufficient to cool the base and thus returning liquid is being flashed and contaminating the vapour

phase composition. The longer the equipment is used without a break the worse the heat build up

is. For the acetone (1) + methanol (2) system and the cyclohexane (1) + ethanol (2) test system

the heat build up was minimal as these systems were measured over a short space of time and at

low temperatures and, thus, the vapour phase composition was not affected. For high-boiling

mixtures the still was run with a shut-down between each point. This, however, did not solve the

problem as the base of the equilibrium chamber heats up too much before equilibrium is reached

and thus the problem mentioned above persists.
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Cool compressed air
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Figure 7-58: Superheating of the equilibrium chamber.

The smoothness of the measured VLE data is poor for this equipment when compared to the very

smooth VLE curves determined with the apparatus of Rarey and Gmehling (1993). In general,

the results show that the equipment can measure VLE within a certain degree of accuracy.

However, the precision of the data is not sufficient to be able to use measured VLE data to

determine other thermodynamic quantities as was done with the data measured with the

equipment of Rarey and Gmehling (1993) and the modified equipment of Kolbe and Gmehling

(1985).
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CHAPTER

EIGHT

CONCLUSIONS

8.1 INTRODUCTION

VLE measurements were performed on three different pieces of equipment. The measurements

ranged from 1.00 kPa to 20.8 MPa and from 308.33 K to 583.90 K. In total nine vapour pressures

and fourteen sets of VLE data were measured. Eleven of the fourteen sets of VLE data

represented previously unmeasured data. All of the VLE data was modelled using

thermodynamic relationships discussed in Chapter Five.

8.2 EQUIPMENT OF RAREY AND GMEHLING (1993)

P-XI data were measured for the four binary VLE systems, hexane (1) + N-methylformamide (2),

benzene (1) + N-methylformamide (2), chlorobenzene (1) + N-methylformamide (2) and

acetonitrile (1) + N-methylformamide (2), at 363.15 K. All four VLE systems represent new

data. The systems were modelled very successfully and the best fit was with the NRTL equation

using the virial equation with the Hayden and O'Connell correlation to describe the vapour phase.

The NRTL model provides the best fit for the data within 1.5 kPa (for pressure) for systems

N-Methylformamide + benzene, + cWorobenzene and + acetonitrile as shown in Chapter Seven.

The model does not fit the N-Methylformarnide + hexane system well, however, out of the

models assessed it gave the best fit. The N-Methylformamide + hexane system forms two liquid

phases as is indicated in Figure 7-1.

Most significantly, more than forty VLE data points were measured per system. Furthermore,

more than half of these points were in the dilute regions (Xl < 0.1 and Xl > 0.9). This

concentration of data in these regions provides a very accurate description of phase behaviour in

the dilute regions and is essential for the design of efficient separation processes. From the VLE
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data y~ values were calculated for all four systems, both from the fitted GE models (Wilson and

NRTL equations) and from the generally more reliable method of Maher and Smith (1979). The

different methods give better comparisons for the yt values and only give comparable values for

N-methylformamide + benzene and N-methylformamide + chlorobenzene for the Y2~ values.

This work was published in the Journal ofChemical Engineering Data (Harris et al. (2003a)) and

presented at the ICCT conference in Rostock, Germany (Harris et al. (2002b)).

8.3 EQUIPMENT OF KOLBE AND GMEHLING (1985)

p-x/ data were measured for the two binary VLE systems, CO2 (1) + Naphthalene (2) at T =

372.45 K, 403.85 K and 430.65 K and CO2 (1) + Benzoic acid (2) at T= 403.28 K, 432.62 K and

458.37 K. Experimental dew points were measured at T= 372.45 K, 403.85 K and 430.65 K for

the system CO2 (1) + Naphthalene (2). Apart from CO2 (1) + Naphthalene (2) at T = 372.45 K,

these isotherms measured are new data and improve the understanding of these systems. The

systems were modelled and fitted with the Stryjek-Vera modification of the P-R EOS using

Huron-Vidal mixing rules and Wong-Sandler mixing rules incorporating the NRTL equation.

The data are especially useful for determining thermodynamic properties as:

• The data are smooth and well-fitted by the EOS used for the data regression.

• The data covers a large range of pressures from P < 0.05 l\ifPa to P > 20 MPa. When

compared to the literature for naphthalene + CO2 at 373.15 K (Barrick et al. (1987) and

lan and Tsai (1991)) it is seen that our data have double the pressure range of the

literature data.

• Three isotherms were measured for each binary system. This makes it possible to

determine the temperature-dependence of properties such as the mixing rule parameters

and the excess thermodynamic properties.

From the VLE data, Henry's constants were determined and if, GE and TsE values were

predicted for CO2 (1) + naphthalene (2) at 372.45 K, 403.85 K and 430.65 K and for CO2 (1) +

benzoic acid (2) at 403.28 K, 432.62 K and 458.37 K.
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This work is in the process of being published (Harris et al. (2003d)) and was presented at

Venice, Italy (Harris et al. (2002d)).

8.4 EQUIPMENT OF HARRIS ET AL. (2003B)

Vapour pressures and VLE systems were measured on the new equipment of Harris et al.

(2003b). Vapour pressures were measured for n-heptane, n-decane, n-dodecane, n-hexadecane,

l-octadecene, 1-hexadecanol, d,l-menthol and l-isomenthol at low pressures and acetone at high

pressures. These vapour pressure measurements were used as test systems and ranged from

1.00 kPa to 1 000 kPa and from 308.33 K to 583.90 K. In conclusion, although most of the

vapour pressure systems show good agreement with literature, it is important to note that the

equilibrium temperature at high temperatures was not stable and fluctuated in a sinusoidal pattern.

Two isobaric VLE test systems were measured. The measured T-Xl-YJ data for the test system

cyclohexane (1) + ethanol (2) at 40 kPa compares very well with that of Joseph et al. (2001) and

from this it can be seen that the equipment measures highly non-ideal low-pressure, low

temperature systems well.

The measured T-x, data for the test system n-dodecane (1) + l-octadecene (2) at 26.66 kPa was

compared to the literature data of Jordan and van Winkle (1951). The measured temperatures do

not compare very well with the literature. The measured vapour pressures for the two

components showed marked disparity with literature while the VLE data shows a disparity of up

to 7 K with the literature. From these measurements the following could be concluded:

• that the equipment could not measure the vapour phase accurately for systems with a

relative volatility greater than 1.15 at temperatures exceeding 400 K.

• Accurate temperature measurement is difficult at high temperatures as the measured

temperature fluctuates.

• The T-xJ data are modelled and the vapour phase compositions are predicted; these

predictions agree well with the literature values.
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P-XI-Yl data for the system d,l-menthol (1) + l-isomenthol (2) were measured at T= 448.15 K.

This is new data. T-Xl data were measured for the system n-dodecane (1) + l-octadecene (2) at

P = 3.0 kPa. It was not possible to accurately measure the vapour phase compositions. Similar

problems to those detailed above were experienced and thus it is possible to conclude that these

problems are not system specific.

Some of this work was presented at ICCT Rostock, Germany (Harris et al. (2002c», Pisa, Italy

(Harris et al. (2003c» and at Natmeet Sun City, South Africa (Hams et al. (2003b».

Initially, the equipment was designed to measure data ranging from zero to 35 MPa and from 300

K to 650 K. The DRVS design was used as it allows for rapid equilibration of the system and, as

it disengages the liquid and vapour phases, easy phase composition measurement. Due to the

high pressure rating the equipment was made from 316 SS. Large billets were used to machine

the thick-walled reboiler and equilibrium chamber. The still weighs approximately 50 kg. As

discussed in Chapter Seven, the large weight of the still causes the temperature to fluctuate and

makes the determination of vapour phase composition for most systems at temperatures greater

than 400 K impossible.

The conclusion of this work is that a DRVS with very large pressure and temperature ranges such

as those aimed for is impractical. Recommendations are given in Chapter Nine for a suitable

DRVS with practical applications. From the work performed the following points can be

concluded:

•

•

•

A DRVS type still is not practical for high temperature - high pressure measurements

as the mass of the still required to make it safe has a very large heat capacity. This

makes accurate and precise temperature measurements all but impossible. In its

present form the still could be used for measurements such as those conducted on the

apparatus ofRarey and Gmehling (1993) in this work.

Chemicals, which have high vapour pressures at low temperatures, are usually gases

at ambient temperatures (e.g.: CO2). These chemicals carmot be used in the DRVS

type still as measurement of the vapour phase composition requires complete

condensation of the stream (Chapter Three).

A stainless steel DRSV type still would best be suited to measurements of systems at

pressures up to 3 MPa.
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• The still worked extremely well for chemicals thal temperature.

The insulation and heating of the still made possibh '.Jifficult task of

measuring vapour pressures and VLE for chemicl \ :ch are solid at room

temperature. Unlike the glass stills, solidification of the still contents or heating of

the still to maintain the chemicals as liquids did not damage the stainless steel still. It

must, however, be noted that, while the stainless-steel still can be used to measure

these chemicals with greater ease than the glass still, the equipment of Kolbe and

GmeWing (1985), with modifications, was also used to measure such chemicals (that

are solid at ambient temperature) and exhibited no problems with these

measurements.

• The interior insulation of the equilibrium chamber with a graphite composite was a

useful innovation that should be incorporated in a lower-pressure version of the still.
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CHAPTER

NINE

RECOMENDATIONS

9.1 INTRODUCTION

Chapters Seven and Eight discuss some of the problems associated with the still. In Chapter

Seven some of the solutions and possible solutions, which, were tried, are discussed. However, in

Chapter Eight it is concluded that the still is not suitable to high-temperature measurements in its

present form. Below are some recommendations for major modifications, which would improve

the operation of the equipment.

9.2 REBOILER AND EQUILIBRIUM CHAMBER MODIFICATIONS

As is mentioned in Chapter Seven and eight it is the large mass of steel used in the construction

of the reboiler and equilibrium chamber which cause temperature fluctuations and the errors in

vapour phase composition measurements. As mentioned previously it is reasoned that that the

metal heats up to temperatures greater than the equilibrium temperature. This causes erratic

behaviour in the equilibrium chamber and prevents accurate measurement of the equilibrium

temperature and vapour phase composition. The most obvious solution is to reduce the metal

mass by re-designing these two components with thinner walls. The flanges can be dispensed

with by incorporating two halves that screw into each other. With these modifications the

pressure rating would be drastically reduced. However, a piece of equipment, which could

handle high temperatures and moderate pressures and could produce rapid equilibration, would be

very useful. As a guideline, the equipment could be constructed from 316 SS with a wall

thickness of 5 mm. By having two pieces that screw into each other (Figure 9-1) it is possible to

greatly reduce the amount of metal needed as the flanges constitute a large part of the bulk of the

equipment. Thus one is able to reduce the heat capacity of the equipment as a whole and this

should make the heating up and cooling down of the equipment less problematic.
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316 SS

316 SS

Figure 9-1: Suggested modification to eradicate the flanges in the reboiler and equilibrium

chamber.

Another modification that would limit the conduction of superheat from the Cottrell tube to the

base of the equilibrium chamber is to bring the inlet of the Cottrell pump in through the side of

the equilibrium chamber as in the equipment of Wisniewska et al (1993) which is discussed in

Chapter Two.

A useful modification would be to incorporate a view glass (possibly a sapphire view glass) in the

equilibrium chamber. This, however, provides added complications such as:

• it makes sealing of the chamber difficult;

• it adds bulk to the chamber as the glass needs to be relatively thick, and,

• it creates structural complications.

None of these modifications were undertaken in this work as equipment construction is

performed in-house and requires a large amount of time.
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9.3 SAMPLING

For high-temperature measurements the sampling equipment and technique discussed in Chapter

Three is used. This requires the use of a septum. At high temperatures and with repeated

sampling the septurn breaks down which affects the control of the equipment and the

reproducibility of the samples. It is recommended that the high-pressure sampling device be used

as the default for all measurements.

As mentioned above, the addition of a view glass to the equilibrium chamber is difficult. An

easier option is to include glass inserts in the vapour and liquid return lines. These inserts would

make it possible to approximate the flow rates in these lines and monitor any changes in the

fluid's appearance during experimentation.

9.4 PRESSURE CONTROL

Presently, twenty-five litres of ballast are used to maintain a stable pressure for the low-pressure

measurements. For the high-pressure measurements no ballast was used and a nitrogen cylinder

was connected directly to the still. It is recommended that a stainless-steel ballast tank be

constructed for the high-pressure measurements. This will need to be outsourced, as such

construction needs to be x-rayed for safety reasons.
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CHAPTER

TEN

PUBLICATIONS AND CONFERENCE PROCEEDINGS

RESULTING FROM THIS WORK

The work detailed in this thesis resulted in several publications and conference proceedings.

These are listed below:

Harris, R.A., Wittig, R., Letcher, T.M., Ramjugemath, D., and Raal, J.D., 2002b, "Vapour-Liquid

Equilibria for Four Binary Systems at 363.15 K: N-Methylformarnide + a) Hexane,

b) Benzene, c) Chlorobenzene and d) Acetonitrile", 17th IUPAC Conference, Rostock,

Germany.

Harris, R.A., Ramjugemath, D., Raal, J.D. and Letcher, T.M., 2002c, "Design and Construction

of Equipment to determine Vapour - Liquid Equilibrium at Extreme Conditions", 17
th

IUPAC Conference, Rostock, Germany.

Harris, R.A., Wilken, M., Fischer, K., Gmehling, J., Letcher, T.M., Raal, J.D. and

Ramjugemath, D., 2002d, "High Pressure VIe Measurements Of Naphthalene + CO2 And

Benzoic Acid + CO2 Binary Systems Using A Static Synthetic Apparatus", ICheaP 5 

The Fifth Italian Conferrence on Chemical and Process Engineering, Venice, Italy.

Harris, R.A., Wittig, R., Letcher, T.M., Ramjugemath, D., and Raal, J.D., 2003a, "Vapour-Liquid
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b) Benzene, c) CWorobenzene and d) Acetonitrile", Journal of Chemical Engineering

Data, 48, 341-343.

Harris, R.A., Ramjugemath, D., Raal, J.D. and Letcher, T.M., 2003b, "Robust Equipment for the

Measurement of Vapour-Liquid Equilibrium at High Temperatures and Pressures",

SAIChE 2003 - South African Chemical Engineering Congress, Sun City.
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APPENDIX

A

CALLIBRATIONS

A.l CALIBRATIONS FOR THE EQUIPMENT OF KOLBE AND GMEHLING

(1986)

A.l.l Pressure Calibration

Accurate pressure measurement is vital for the VLE measurements performed on this equipment.

Not only is it necessary to know the pressure in the cell accurately but it is also important to know

the pressure in the CO2 pump very accurately. The pressure in the pump is used to calculate the

amount of CO2 injected into the system. The calibration curves for the cell and pump pressure

transducers are given in Figure A-I and A-2 respectively.
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Figure A-I: Calibration curve for the cell pressure transducer.
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Figure A-2: Calibration curve for the CO2 pump pressure transducer.

A.1.2 Cell Volume Calibration

The cell volume was calibrated by injecting distilled water into the evacuated cell. The water was

injected into the cell using a pump kept at constant temperature. The cell was kept at a constant

temperature and water was injected until the pressure in the cell was 2 MPa. The volume of

water injected into the cell was calculated from the volume indicator on the pump. From the PVT

data for pure water the amount of water injected into the cell can be calculated and from the

temperature and the pressure in the cell the cell volume can be calculated.

Cell volume = 112.82 ml.
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A.2CALIBRATIONS FOR THE EQUIPMENT OF HARRIS ET AL. (2003B)

A.2.1 Pressure Calibration

As mentioned above, pressure calibration is essential for accurate VLE measurements. The

pre~sure transducer for this equipment was calibrated using a Cole-Palmer (model P-68037-05)

pressure module which is NIST traceable. The pressure calibration curve is given below in

Figure A-3.

120
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Figure A-3: Calibration curve for the still pressure transducer.

A.2.2 Temperature Calibrations

As with pressure it is important to calibrate the temperature probe. The original temperature

probe used in the equipment was a Pt-lOO. Figure A-4 shows the plot of actual temperature

versus the resistance of the Pt-lOO. The Pt-lOO probe proved to be too fragile for the equipment

and thus had to be replaced with a thermocouple. To measure the temperature with a

thermocouple it is important to measure the temperature at the junction of the thermocouple and
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the volt meter. The thermocouple voltage can be equated to the temperature difference (t:..TTc)

between the measured temperature (T) and the junction temperature (TJ). Thus the temperature is

expressed as:

(A-I)

The junction temperature was measured with a Pt-lOO. Figure A-5 shows the relationship of t:..Trc

to the voltage of the thermocouple and Figure A-6 is the temperature calibration of the Pt-lOO.

Thermocouples were used to measure the temperature at various points on the equipment. They

were calibrated very roughly (Figure A-7).

All temperature probes were calibrated using a Cole-Palmer (model P-68037-05) temperature

module which is NIST traceable.
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Figure A-4: Temperature calibration for Pt-lOO temperature probe.
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Figure A-6: Temperature calibration for Pt-lOO at thermocouple junction.
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Figure A-7: Temperature calibration for thermocouples used on the equipment.

A.2.3 GC Calibration

GC Calibration is discussed in Chapter Four. The GC calibrations require a pair of plots and a

table detailing the GC settings and are given for the systems as follows:

• Cyclohexane (1) + ethanol (2) [Table A-I, Figure A-8 and A-9],

• n-Dodecane (1) + l-octadecene (2) [Table A-2, Figure A-lO and A-ll], and,

• d,l-Menthol (1) + l-isomenthol (2) [Table A-3, Figure A-12 and A-l3J.

. F.
Table A-4 summarises the GC calibration results for the systems. If the difference between _1

F2

1
and --- is less than 1%, then the GC Calibration can be assumed to be linear across the

(F2 / F.J
entire mole fraction range.
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Table A-I GC Specifications and setup for cyclohexane (1) + ethanol (2)

Hardware

GC

Bus

Integrater

GC Column

Control Mode

Detector

Column Pressure

Column Flow

Linear Velocity

Total Flow

Split Ratio

Injection Port Temperature

Column Oven Temperature

Detector Temperature

Detector Range

Detector Attenuation

Shimadzu GC 17A

Shimadzu CBM 101 Connection Bus Module

Shimadzu Software - Pro Line 486

Ohio Valley Capillary Column
30m x 0.53mm

1.0 Micron Film BONDED

GC Program / Settngs

Split

FID

122 kPa

4.42mllmin

30.41 cm/sec

128 mllmin

1:28

473.15 K

313.15K

523.15 K

N/A

N/A
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Figure A-8: A/A] vs. x/x] for cyclohexane (1) + ethanol (2).
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Table A-2 GC Specifications and setup for n-dodecane (I) + l-octadecene (2)

Hardware

APPENDIX A

GC

Bus

Integrater

GC Column

Control Mode

Detector

Column Pressure

Column Flow

Linear Velocity

Total Flow

Split Ratio

Injection Port Temperature

Column Oven Temperature

Detector Temperature

Detector Range

Detector S

Varian 3000

N/A

Pentium 11 PC

30 m Megabore
Capillary column with

007-FFAP on fused silica

GC Program / Settngs

Split

FID

133 kPa

4 ml/min

N/A

40 ml/min

1:10

473.15K

423.15 K

483.15 K

9

16
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Figure A-tO: A/A] vs. x/x] for n-dodecane (1) + l-octadecene (2).
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Table A-3 GC Specifications and setup for d,l-menthol (1) + l-isomenthol (2)

APPENDIX A

Integrater

GC Column

Control Mode

Detector

Column Pressure

Column Flow

Linear Velocity

Total Flow

Split Ratio

Injection Port Temperature

Column Oven Temperature

Detector Temperature

Detector Range

Detector S

Shimadzu Software - Pro Line 486

Ohio Valley Capillary Column
30m x 0.53mm

1.0 Micron Film BONDED

GC Program / Settngs

Split

FID

122 kPa

4.42ml/min

30.41 cm/sec

128 ml/min

1:28

473.15 K

453.15 K

523.15 K

N/A

N/A
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Figure A-12: A/A] vs. x/x] for d,l-menthol (1) + l-isomenthol (2).
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Figure A-13: A]IA I vs. x]lxI for d,l-menthol (1) + l-isomenthol (2).

236



APPENDIX A

Table A-4 GC calibrations summary

System F1 / F2 F2 / F1 1/(F1 / F2) "10 Diff. Comment

Cyclohexane (1) + Ethanol (2) 4.0747 0.2446 4.0883 0.33 Linear

n-Dodecane (1) + 1-Octadecene (2) 0.9873 1.0071 0.9930 0.57 Linear

d,l-Menthol (1) + l-isoMenthol (2) 0.9970 1.0070 0.9930 0.40 Linear
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B

THEORY

B.l STANDARD STATE FUGACITY

The standard state fugacity,!!, is used in Chapter Five to simplify the relationship between the

vapour phase and liquid phase compositions:

(5-9)

By substituting for the standard state fugacity,!!,

(5-10)

If Tsystem < T ci the activity coefficient is normalized as in Equation B-1:

(B-I)

Thus as the composition tends towards that of the pure component J;l --7 xilio. This convention

is referred to as symmetric normalization.

For noncondensable components, i.e.: T,ystem> T ci the normalization is given in Equation B-2:

1imr/=1
Xi-}O
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Thus ]/ ~ xJ/ as the component mole fraction becomes infinitesimally small. This

convention is referred to as unsymmetric. This concentration region can be defined by Henry's

Law:

where Hi is Henry's constant.

A

H. =lirn f = fO
I Xi~O x. I,

(B-3)

The standard states are thus dependent on the system temperature as well as the component

properties. For binary systems containing both a condensable and non-condensable component

both Equation B-1 and B-2 are used. Since normalization is not the same for both components

they are said to follow the unsymmetric convention.

B.2 MIXING RULES

Mixing rules are used to determine the am and bm parameters used in the cubic EOS as discussed

in Chapter Five. The classical mixing rules are given in Chapter Five. Apart from the classical

mixing rules, there are local composition (LCMR), density dependent (DDMR), composition

dependent (CDMR) and density independent mixing rules (DIMR) as well as various

combinations of the listed rules. The following mixing rules were used in this work and are

discussed here:

• Huron and Vidal (1979) [LCMR],

• Wong and Sandler (1992) [DIMR], and,

• Twu and Coon (1996) [DIMR].

B.2.! Huron-Vidal Mixing Rules

Special mention must be made of the LCMR developed by Huron and Vidal (1979) as it was used

in this study. Huron and Vidal (1979) proposed the first LCMR by relating the excess Gibbs free

energy (GE
) to the pure component (fj>;) and mixture fugacity coefficients (rjJ):
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(5-35)

Equation B-4 relates the fugacity coefficients to GE models which are discussed in Section 5.3.3.

The fugacity coefficients are soley dependent on the EOS used and am and bmare related to the GE

at infinite pressure:

(5-36)

where GE
<Xl is the excess Gibbs free energy in the limit of infinite pressure and /). is a constant

dependant on which EOS is used as explained by Raal and Miihlbauer (1998). In our work

/). = In 2.

The bm parameter is identical to the classical mixing rule term:

and thus Equation 5-36 can be rewritten as:

[2: aGE]a =b X.---.!...+~
m m I b. /).

I

(5-27)

(5-37)

B.2.2 Wong-Sandler Mixing Rule

Wong and Sandler (1992) proposed a mixing rule, which is valid at both low and high densities

without being density dependent. They equate the virial EOS B coefficient with cubic EOS

parameters as in Equation 5-38:

(5-38)
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where

(B-4)

(B-5)

The composition dependence for the second virial coefficient is quadratic thus:

(B-6)

where (b-a/R1);} is the composition-independent cross second virial coefficient which is related to

the pure component parameters as shown in Equation 5-39:

(5-39)

Where kij is a second virial coefficient binary interaction parameter.

The excess Helrnholtz free energy (A E
) can be related to the am and bmparameters by equating the

A
E

at infinite pressure from an EOS to that of a liquid phase model:

A E = [am _"" x. a;]o
~ b LJ lb.

m I

where Q is a constant which depends on the EOS used.

Wong et al. (1992a, b) have shown that:
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CE(T, P = 1 bar, x) = AE(T, P = 1 bar, x) =AE(T, P = high, x)

as AE is essentially pressure-independent.

APPENDIX B

(5-41)

Combining Equations B-6, 5-40 and 5-41 results in the mixing-rule parameters being defmed as

follows:

and

where

and

am -M N-- --
RT 1-N

b =~
m 1-N

(5-42)

(5-43)

(5-44)

(5-45)

For the P-R EOS n =lln(J2" -1)jJ2 and the CE can be modeled using anyone of the models

discussed in 5.3.3.

B.2.3 Twu and Coon Mixing Rule

Twu and Coon also based their mixing rules on the Helrnholtz free energy relationship as was

discussed above. They developed the following equations for am and bm:
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b -ab = _---.,..-m....;..v_dw__m....;.,v_dw_-,-

m l_[am•vdw +~ A':]
bmvdw CRT

a = b [am
•
vdw +~ A': J

m m b C RT
m,vdw
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(5-46)

(5-47)

where C is dependent on the EOS (C = lln(fi - 1)jJ2)and A': is determined as explained

above. The Qm,vdW and bm,vdW are the mixing parameters derived from the van der Waals (or

classical) mixing rules:

(5-48)

and

(5-49)
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B.3 VIRIAL EOS CORRELATIONS

Two virial EOS correlations were used in this work. They are:

• The Common Tsonopolous correlation, and,

• The more complex Hayden and O'Connell correlation.

B.3.1 Tsonopolous Correlation

The general Tsonopoulos (1974) correlation is:

BP = B(O) +UJB(I)

RT

where

B(O) =0.1445- 0.33 _ 0.1385 0.0121 0.000607
T T 2 T 3 TB

r r r r

and

(5-54)

(5-55)

(5-56)

B.3.2 Hayden and O'ConneIl Correlation

The Hayden and O'Connell (1975) correlation is more complex, containing its own terms for

cross second virial coefficients, and is used for predicting pure and cross second virial

coefficients for a larger variety of fluids. The correlation requires only the critical temperature

and pressure of the component(s), mean radius of gyration, dipole moment and (if necessary) a

chemical association parameter. The correlation assumes the virial coefficient to be the sum of

two types of interactions:
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(5-57)

where

(B-7)

and

(B-8)

Subscript F refers to the relatively "free" molecules (weak physical forces), and D refers to the

"bound" or "dimerised" molecules ("chemical" forces).

Temperature-dependent corelations are used to calculate individual contributions to the second

virial coefficient:

( ) _ [ (15007]ij)]
Bchem;cal ij - boijEij 1- exp T
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(B-IQ)

(B-1!)

(B-12)



The temperature-independent parameters used in Equations B-9 to B-14 are:

bOij = 1.26184(J"~

APPENDIX B

(B-l3)

(B-14)

(B-15)

.' .
f.1ij = f.1ij

=0

=f.1~ - 0.25

f.1~ < 0.04

0.04 ~ f.1~ < 0.25

0.25 ~ f.1~

(B-16)

or

Eij = exp 17ij 650 -4.27

(; )+300
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for 17y < 4.5

(B-17)

(B-18)

(B-19)

(B-20a)



where

E.. =exp 7J..
lj lj

42800 -4.27

(~ )+22400

for 7Jij ~ 4.5

APPENDIXB

(B-20b)

T temperature (K)

(~) -

(Jij

l1ij

characteristic energy for the i-j interaction (K)

molecular size (angstroms)

dipole moment of component i (Debye)

association parameter (i=}); solvation parameter (it})

nonpolar acentric factor

(E.]For i=), parameters ~ ,(J;; and lil; are predicted from the pure component properties:

OJ;; = 0.006026RD, + 0.02096R';, -0.001366R;,

( E
ii J'=r.[0.748+0.91OJ.- 0.477ii ]

k Cl 11 2 20+ OJ;i

, {r.JYJ
(Y;; =(2.44-OJ;i\1.0133 ~:
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(B-22)

(B-23)

(B-24)

(B-25)



for J.1i < 1.45

~ = 1.7941xl07
J.1j4

[(
2.882 - 1.882UJij ]Ta-:

6 (Eij J']
0.03+0)" Cl 11 k

11

16+ 400UJ
C - 11
1-

10 + 400UJii

3
c2 =----

10+ 400UJij

for J.1j ~ 1.45

APPENDIX B

(B-26a)

(B-26b)

(B-27)

(B-28)

Pure component properties that are required for Equations B-2l to B-28 are:

critical temperature of component i (K)

critical pressure of component i (bar)

mean radius of gyration of component i (angstroms)

Cross parameters (~ ]. (J ij and "ti (iF;) are calculated using suitable mixing rules and pure

component parameters given by Equations B-21 to B-28:

where
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(B-32)

(B-33)

or

or

(
E )X

Ji. 2 -.l!!.. (}"~
) k Y

C;' - ....-....-..:'--"------
- (E.. )' ,.

-.!L (}"..
k Y

for Ji.; ~ 2 and Ji. j = 0

for Ji. j ~ 2 and Ji.i =0

(B-34a)

(B-34b)

~'= 0.0 for all other values of III and Ilrp

, 16 + 400liJij
Cl =

10 +400liJij

, 3
c2 =

10 +400liJij
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BA OBJECTIVE FUNCTIONS

The objective function is defined as (Van Ness and Abott (1982»:

F = I(y"xPI - Yeafe J2
J'.XPI

(B-37)

where Y is a measured variable. Models are fitted to the data by minimizing F. Below are some

of the more common objective functions in use:

F = I (PexP1 -pealc ]2
P.XPI

F =I(YeXPI - Yeafe J2
Yexpl

2

(B-38)

(B-39)

F=I RT expl RT cafe

GE

RT expl

(B-40)

VLE data sets for which both pressure and vapour composition were measured can be regressed

by minimising both the pressure and the vapour mole fraction functions simultaneously. The

functions must be normalised if they are to be compatible for simultaneous treatment. This is

accomplished with the aid of normalising factors (w) and the corresponding objective function is:

(B-4I)
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Van Ness and Abbott (1982) recommend that Wy is usually set equal to the root-mean-square

value of (Yexpt - Ycu/c) resulting from the minimisation of F =L (y.xPt - Y;,u/c r.
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c

AUXILLARY CALCULATIONS

C.1 DETERMINATION OF IDAC BY THE METHOD OF MAHER AND SMITH

(1979)

The use of the deviation pressure method for determining IDAC is discussed in Chapter Five.

The plots of the linear function PD vs. XI or X
1
X

2 vs. XI are shown as follows:
X1X2 PD

• Hexane (1) + N-methylformamide (2) at 363.15 K [Figure C-1 and C-2],

• Benzene (1) + N-methylformamide (2) at 363.15 K [Figure C-3 and C-4],

• CWorobenzene (1) + N-methylformarnide (2) at 363.15 K [Figure C-5 and C-6], and,

• Acetonitrile + N-methylformamide (2) at 363.15 K [Figure C-7 and C-8].

Table C-1 lists the limiting values of (:: J ,(:: J ,(X:2J or (X:2J and the
1 2 x=o 1 2 x=l D x=o D x=l

IDAC for the systems mentioned above.

Table C-2 compares the IDAC values calculated by the method of Maher and Smith (1979) with

values calculated from the Wi1son and NRTL regressed parameters.

252



APPENDIX C

0

0

-0.0005
0

-0.001 '9
X1X2

PD
-0.0015 - q

",- ,
"

-0.002
0

-0.0025

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014

X1

Figure C-l: x,x2 vs. XI as XI- 0 for Hexane (1) + N-methy1fonnamide (2) at 363.15 K.
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• X1X 2Figure C-2: T vs. XI as XI - 1 for Hexane (1) + N-methy1fonnamide (2) at 363.15 K.
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Figure C-3: PD vs. Xl as Xl - 0 for Benzene (1) + N-methy1formamide (2) at 363.15 K.
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Figure C-5: PD vs. XI as XI -+ 0 for Ch1orobenzene (1) + N-methy1forrnamide (2) at 363.15 K.
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D

255



APPENDIXC

-84

-86

-88

-90

o 0.01 0.02 0.03 0.04 0.05 0.06 0.07

p,
Figure C-7: _D_ vs. Xl as Xl ---+ 0 for Acetonitrile + N-methylforrnarnide (2) at 363.15 K.
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Table C-l Limiting values obtained from the plots in Figures C-I to C-8

APPENDIX C

P D/(X l X 2) (x lX 2X )/P D

System
Xl =0 Xl =1 Xl =0 Xl =1

Hexane (1) + N-methylformamide (2) 0.000163 0.0104

Benzene (1) + N-methylformamide (2) 434.4 33.33

Chlorobenzene (1) + N-methylformamide (2) 109.0 0.0304

Acetonitrile (1) + N-methylformamide (2) 88.43 0.0770

Table C-2 Y- values for the four binary systems determined from VLE data at 363.15 K

System YI- (a> y~ (b) y~ (c)

Hexane (1) + N-methylformamide (2) 43.6 30.9 33.6

Benzene (1) + N-methylformamide (2) 4.8 4.5 4.2

Chlorobenzene (1) + N-methylformamide (2) 5.1 5.1 4.9

Acetonitrile (1) + N-methylformamide (2) 1.8 1.9 1.7

System Y; (a> - (b) Y; (c)Y2

Hexane (1) + N-methylformamide (2) 523.0 96.9 48.8

Benzene (1) + N-methylformamide (2) 22.6 17.6 18.1

Chlorobenzene (1) + N-methylformamide (2) 16.2 13.8 16.7

Acetonitrile (1) + N-methylformamide (2) 2.4 2.3 7.1

d) Calculated using Wilson parameters

e) Calculated using NRTL parameters

f) Calculated using pressure deviation method
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C.2 EXCESS THERMODYNAMIC PROPERTIES

The calculation of excess thermodynamic properties is explained in Chapter Five. The fIrst step

is to determine the GE values from the regressed parameters. The GE values are then used to plot

the G
E

vs. Trelationship for several xl values. The well-known Gibbs-Helmholtz equation
RT

(5-101)

nE G
E

l' hi . this then used to calculate the n value where the slope of the - vs. T re atIons p gIVes e
RT

value ofra(G;TJ1· T5' values are calculated using Equation 5-102:

(5-102)

The G
E

vs. T relationship is plotted for CO2 (1) + Naphthalene (2) and CO2 (1) +
RT

Benzoic acid (2) in Figures C-9 and C-lO respectively. GE
, if and TsE values for CO2 (1) +

Naphthalene (2) are given in Table C-3 and for CO2 (1) + Benzoic acid (2) in Table C-4.

258



APPENDIXC

0.6

0.5

0.4

0.3

...---------.--
---------

.--~

-------JI

• x1 = 0.1

• x1 = 0.2

• x1 = 0.3

RT
0.2

o x1 = 0.4

!:J. x1 = 0.5

• x1 = 0.6

0.1

440430420410400

T/K

390380370

OL.-----'-------'-----'-__-'--__I.....-_--l.__---'--_---J

360

Figure C-9: G
E

vs. Trelationship for CO2 (1) + Naphthalene (2).
RT

259



APPENDIX C

0.25

•
<>

0.2

0.15

RT

0.1

--~------- ---

•
-
------------------ .

------~

• x1 = 0.1

• x1 = 0.2

... x1 = 0.3

<> x1 = 0.4

• x1 = 0.5

0.05

470460450430 440

TIK

420410

OL-__-"--__--'-__-'-__--'-__---' J..-_-..l

400

Figure C-IO: G
E

vs. Trelationship for CO2 (1) + Benzoic acid (2).
RT

260



APPENDIX C

Table C-3 Calculated GE
, ff and T:t values for CO2 (1) + Naphthalene (2)

Excess Properties / J.mor1

X1

GE HE TS E

T =372.45 K

0.0 0.0 0.0 0.0

0.1 697.6 858.1 160.4

0.2 1152.9 1348.2 195.3

0.3 1415.2 1581.2 166.0

0.4 1520.8 1630.8 110.0

0.5 1496.5 1545.4 49.0

0.6 1362.6 1360.9 -1.7

T =403.85 K

0.0 0.0 0.0 0.0

0.1 664.5 1008.8 344.4

0.2 1097.7 1585.1 487.4

0.3 1346.1 1859.0 512.9

0.4 1444.1 1917.3 473.2

0.5 1417.9 1817.0 399.1

0.6 1287.7 1600.0 312.4

T =430.65 K

0.0 0.0 0.0 0.0

0.1 652.4 1147.2 494.8

0.2 1091.1 1802.5 711.4

0.3 1353.2 2114.0 760.8

0.4 1467.1 2180.3 713.2

0.5 1454.7 2066.2 611.5

0.6 1333.5 1819.5 486.0
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Table C-4 Calculated GE
, F and rsE values for CO2 (I) + Benzoic acid (2)

Excess Properties / J.mor1

X 1

GE HE TS E

T =403.28 K

0.0 0.0 0.0 0.0

0.1 290.4 615.2 324.8

0.2 509.0 985.7 476.7

0.3 659.3 1150.7 491.4

0.4 744.2 1153.4 409.2

0.5 766.5 1034.4 267.9

T =432.62 K

0.0 0.0 0.0 0.0

0.1 225.0 708.0 483.0

0.2 396.6 1134.4 737.7

0.3 516.4 1324.2 807.8

0.4 585.8 1327.3 741.5

0.5 605.9 1190.4 584.4

T =458.37 K

0.0 0.0 0.0 0.0

0.1 236.3 794.8 558.5

0.2 429.0 1273.4 844.4

0.3 575.4 1486.5 911.1

0.4 672.5 1490.0 817.5

0.5 717.0 1336.3 619.3

262


	Harris_Roger_A_2004.front.p001
	Harris_Roger_A_2004.front.p002
	Harris_Roger_A_2004.front.p003
	Harris_Roger_A_2004.front.p004
	Harris_Roger_A_2004.front.p005
	Harris_Roger_A_2004.front.p006
	Harris_Roger_A_2004.front.p007
	Harris_Roger_A_2004.front.p008
	Harris_Roger_A_2004.front.p009
	Harris_Roger_A_2004.front.p010
	Harris_Roger_A_2004.front.p011
	Harris_Roger_A_2004.front.p012
	Harris_Roger_A_2004.front.p013
	Harris_Roger_A_2004.front.p014
	Harris_Roger_A_2004.front.p015
	Harris_Roger_A_2004.front.p016
	Harris_Roger_A_2004.front.p017
	Harris_Roger_A_2004.front.p018
	Harris_Roger_A_2004.front.p019
	Harris_Roger_A_2004.front.p020
	Harris_Roger_A_2004.front.p021
	Harris_Roger_A_2004.front.p022
	Harris_Roger_A_2004.front.p023
	Harris_Roger_A_2004.front.p024
	Harris_Roger_A_2004.front.p025
	Harris_Roger_A_2004.front.p026
	Harris_Roger_A_2004.front.p027
	Harris_Roger_A_2004.front.p028
	Harris_Roger_A_2004.front.p029
	Harris_Roger_A_2004.front.p030
	Harris_Roger_A_2004.front.p031
	Harris_Roger_A_2004.front.p032
	Harris_Roger_A_2004.front.p033
	Harris_Roger_A_2004.front.p034
	Harris_Roger_A_2004.p001
	Harris_Roger_A_2004.p002
	Harris_Roger_A_2004.p003
	Harris_Roger_A_2004.p004
	Harris_Roger_A_2004.p005
	Harris_Roger_A_2004.p006
	Harris_Roger_A_2004.p007
	Harris_Roger_A_2004.p008
	Harris_Roger_A_2004.p009
	Harris_Roger_A_2004.p010
	Harris_Roger_A_2004.p011
	Harris_Roger_A_2004.p012
	Harris_Roger_A_2004.p013
	Harris_Roger_A_2004.p014
	Harris_Roger_A_2004.p015
	Harris_Roger_A_2004.p016
	Harris_Roger_A_2004.p017
	Harris_Roger_A_2004.p018
	Harris_Roger_A_2004.p019
	Harris_Roger_A_2004.p020
	Harris_Roger_A_2004.p021
	Harris_Roger_A_2004.p022
	Harris_Roger_A_2004.p023
	Harris_Roger_A_2004.p024
	Harris_Roger_A_2004.p025
	Harris_Roger_A_2004.p026
	Harris_Roger_A_2004.p027
	Harris_Roger_A_2004.p028
	Harris_Roger_A_2004.p029
	Harris_Roger_A_2004.p030
	Harris_Roger_A_2004.p031
	Harris_Roger_A_2004.p032
	Harris_Roger_A_2004.p033
	Harris_Roger_A_2004.p034
	Harris_Roger_A_2004.p035
	Harris_Roger_A_2004.p036
	Harris_Roger_A_2004.p037
	Harris_Roger_A_2004.p038
	Harris_Roger_A_2004.p039
	Harris_Roger_A_2004.p040
	Harris_Roger_A_2004.p041
	Harris_Roger_A_2004.p042
	Harris_Roger_A_2004.p043
	Harris_Roger_A_2004.p044
	Harris_Roger_A_2004.p045
	Harris_Roger_A_2004.p046
	Harris_Roger_A_2004.p047
	Harris_Roger_A_2004.p048
	Harris_Roger_A_2004.p049
	Harris_Roger_A_2004.p050
	Harris_Roger_A_2004.p051
	Harris_Roger_A_2004.p052
	Harris_Roger_A_2004.p053
	Harris_Roger_A_2004.p054
	Harris_Roger_A_2004.p055
	Harris_Roger_A_2004.p056
	Harris_Roger_A_2004.p057
	Harris_Roger_A_2004.p058
	Harris_Roger_A_2004.p059
	Harris_Roger_A_2004.p060
	Harris_Roger_A_2004.p061
	Harris_Roger_A_2004.p062
	Harris_Roger_A_2004.p063
	Harris_Roger_A_2004.p064
	Harris_Roger_A_2004.p065
	Harris_Roger_A_2004.p066
	Harris_Roger_A_2004.p067
	Harris_Roger_A_2004.p068
	Harris_Roger_A_2004.p069
	Harris_Roger_A_2004.p070
	Harris_Roger_A_2004.p071
	Harris_Roger_A_2004.p072
	Harris_Roger_A_2004.p073
	Harris_Roger_A_2004.p074
	Harris_Roger_A_2004.p075
	Harris_Roger_A_2004.p076
	Harris_Roger_A_2004.p077
	Harris_Roger_A_2004.p078
	Harris_Roger_A_2004.p079
	Harris_Roger_A_2004.p080
	Harris_Roger_A_2004.p081
	Harris_Roger_A_2004.p082
	Harris_Roger_A_2004.p083
	Harris_Roger_A_2004.p084
	Harris_Roger_A_2004.p085
	Harris_Roger_A_2004.p086
	Harris_Roger_A_2004.p087
	Harris_Roger_A_2004.p088
	Harris_Roger_A_2004.p089
	Harris_Roger_A_2004.p090
	Harris_Roger_A_2004.p091
	Harris_Roger_A_2004.p092
	Harris_Roger_A_2004.p093
	Harris_Roger_A_2004.p094
	Harris_Roger_A_2004.p095
	Harris_Roger_A_2004.p096
	Harris_Roger_A_2004.p097
	Harris_Roger_A_2004.p098
	Harris_Roger_A_2004.p099
	Harris_Roger_A_2004.p100
	Harris_Roger_A_2004.p101
	Harris_Roger_A_2004.p102
	Harris_Roger_A_2004.p103
	Harris_Roger_A_2004.p104
	Harris_Roger_A_2004.p105
	Harris_Roger_A_2004.p106
	Harris_Roger_A_2004.p107
	Harris_Roger_A_2004.p108
	Harris_Roger_A_2004.p109
	Harris_Roger_A_2004.p110
	Harris_Roger_A_2004.p111
	Harris_Roger_A_2004.p112
	Harris_Roger_A_2004.p113
	Harris_Roger_A_2004.p114
	Harris_Roger_A_2004.p115
	Harris_Roger_A_2004.p116
	Harris_Roger_A_2004.p117
	Harris_Roger_A_2004.p118
	Harris_Roger_A_2004.p119
	Harris_Roger_A_2004.p120
	Harris_Roger_A_2004.p121
	Harris_Roger_A_2004.p122
	Harris_Roger_A_2004.p123
	Harris_Roger_A_2004.p124
	Harris_Roger_A_2004.p125
	Harris_Roger_A_2004.p126
	Harris_Roger_A_2004.p127
	Harris_Roger_A_2004.p128
	Harris_Roger_A_2004.p129
	Harris_Roger_A_2004.p130
	Harris_Roger_A_2004.p131
	Harris_Roger_A_2004.p132
	Harris_Roger_A_2004.p133
	Harris_Roger_A_2004.p134
	Harris_Roger_A_2004.p135
	Harris_Roger_A_2004.p136
	Harris_Roger_A_2004.p137
	Harris_Roger_A_2004.p138
	Harris_Roger_A_2004.p139
	Harris_Roger_A_2004.p140
	Harris_Roger_A_2004.p141
	Harris_Roger_A_2004.p142
	Harris_Roger_A_2004.p143
	Harris_Roger_A_2004.p144
	Harris_Roger_A_2004.p145
	Harris_Roger_A_2004.p146
	Harris_Roger_A_2004.p147
	Harris_Roger_A_2004.p148
	Harris_Roger_A_2004.p149
	Harris_Roger_A_2004.p150
	Harris_Roger_A_2004.p151
	Harris_Roger_A_2004.p152
	Harris_Roger_A_2004.p153
	Harris_Roger_A_2004.p154
	Harris_Roger_A_2004.p155
	Harris_Roger_A_2004.p156
	Harris_Roger_A_2004.p157
	Harris_Roger_A_2004.p158
	Harris_Roger_A_2004.p159
	Harris_Roger_A_2004.p160
	Harris_Roger_A_2004.p161
	Harris_Roger_A_2004.p162
	Harris_Roger_A_2004.p163
	Harris_Roger_A_2004.p164
	Harris_Roger_A_2004.p165
	Harris_Roger_A_2004.p166
	Harris_Roger_A_2004.p167
	Harris_Roger_A_2004.p168
	Harris_Roger_A_2004.p169
	Harris_Roger_A_2004.p170
	Harris_Roger_A_2004.p171
	Harris_Roger_A_2004.p172
	Harris_Roger_A_2004.p173
	Harris_Roger_A_2004.p174
	Harris_Roger_A_2004.p175
	Harris_Roger_A_2004.p176
	Harris_Roger_A_2004.p177
	Harris_Roger_A_2004.p178
	Harris_Roger_A_2004.p179
	Harris_Roger_A_2004.p180
	Harris_Roger_A_2004.p181
	Harris_Roger_A_2004.p182
	Harris_Roger_A_2004.p183
	Harris_Roger_A_2004.p184
	Harris_Roger_A_2004.p185
	Harris_Roger_A_2004.p186
	Harris_Roger_A_2004.p187
	Harris_Roger_A_2004.p188
	Harris_Roger_A_2004.p189
	Harris_Roger_A_2004.p190
	Harris_Roger_A_2004.p191
	Harris_Roger_A_2004.p192
	Harris_Roger_A_2004.p193
	Harris_Roger_A_2004.p194
	Harris_Roger_A_2004.p195
	Harris_Roger_A_2004.p196
	Harris_Roger_A_2004.p197
	Harris_Roger_A_2004.p198
	Harris_Roger_A_2004.p199
	Harris_Roger_A_2004.p200
	Harris_Roger_A_2004.p201
	Harris_Roger_A_2004.p202
	Harris_Roger_A_2004.p203
	Harris_Roger_A_2004.p204
	Harris_Roger_A_2004.p205
	Harris_Roger_A_2004.p206
	Harris_Roger_A_2004.p207
	Harris_Roger_A_2004.p208
	Harris_Roger_A_2004.p209
	Harris_Roger_A_2004.p210
	Harris_Roger_A_2004.p211
	Harris_Roger_A_2004.p212
	Harris_Roger_A_2004.p213
	Harris_Roger_A_2004.p214
	Harris_Roger_A_2004.p215
	Harris_Roger_A_2004.p216
	Harris_Roger_A_2004.p217
	Harris_Roger_A_2004.p218
	Harris_Roger_A_2004.p219
	Harris_Roger_A_2004.p220
	Harris_Roger_A_2004.p221
	Harris_Roger_A_2004.p222
	Harris_Roger_A_2004.p223
	Harris_Roger_A_2004.p224
	Harris_Roger_A_2004.p225
	Harris_Roger_A_2004.p226
	Harris_Roger_A_2004.p227
	Harris_Roger_A_2004.p228
	Harris_Roger_A_2004.p229
	Harris_Roger_A_2004.p230
	Harris_Roger_A_2004.p231
	Harris_Roger_A_2004.p232
	Harris_Roger_A_2004.p233
	Harris_Roger_A_2004.p234
	Harris_Roger_A_2004.p235
	Harris_Roger_A_2004.p236
	Harris_Roger_A_2004.p237
	Harris_Roger_A_2004.p238
	Harris_Roger_A_2004.p239
	Harris_Roger_A_2004.p240
	Harris_Roger_A_2004.p241
	Harris_Roger_A_2004.p242
	Harris_Roger_A_2004.p243
	Harris_Roger_A_2004.p244
	Harris_Roger_A_2004.p245
	Harris_Roger_A_2004.p246
	Harris_Roger_A_2004.p247
	Harris_Roger_A_2004.p248
	Harris_Roger_A_2004.p249
	Harris_Roger_A_2004.p250
	Harris_Roger_A_2004.p251
	Harris_Roger_A_2004.p252
	Harris_Roger_A_2004.p253
	Harris_Roger_A_2004.p254
	Harris_Roger_A_2004.p255
	Harris_Roger_A_2004.p256
	Harris_Roger_A_2004.p257
	Harris_Roger_A_2004.p258
	Harris_Roger_A_2004.p259
	Harris_Roger_A_2004.p260
	Harris_Roger_A_2004.p261
	Harris_Roger_A_2004.p262

