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Abstract

To measure phase equilibrium data in mixtures containing electrolytes
and nonelectrolytes, an experimental apparatus is designed and constructed.
The composition of both phases is analyzed from small samples. A circula-
tion system mixes the components to ensure equilibrium. The equipment can
withstand conditions of 250°C and 140 MPa. Experimental safety is a key
element of the design. It can be used for systems containing combustible
gases; the first application is to measure the solubility of CH, in NaCl solu-
tions at high pressures.

Phase equilibria are predicted from a new equation of state applicable to
high pressures and all practical fluid densities. The Helmholtz energy of a
mixture of electrolytes and nonelectrolytes is calculated from molecular
theory. Pure-component and binary parameters are used to adjust the equa-
tion of state to experimental data. The model predicts the solubility of CO,
in pure water at pressures up to 100 MPa with a maximum deviation of less
than 0.3 mole percent. When applied to ternary mixtures containing electro-
lytes, the salting-out effect is represented correctly even at high pressures.



1. Introduction

- Molecular thermodynamics emphasizes the powerful combination of
theoretical tools and experimental findings. While phase equilibria are
elegantly described by classical thermodynamics, application of theory to
practice is not straightforward. Abstract thermodynamic quantities must be
related to physical phenomena.

The macroscopic properties of substances (for example, density or vapor
pressure) are determined by interactions on a microscopic level. Molecular
theory interprets and correlates the forces between elementary particles and
relates them to thermodynamic variables such as energy and entropy. Reli-
able experimental data are essential for such interpretation and correlation.
Thermodynamic models for phase equilibria must be critically evaluated and
adjusted on the basis of experimental facts.

Phase equilibria in systems containing aqueous electrolytes and nonelec-
trolytes at high pressures are of interest in several areas. Economically
significant quantities of natural gas are dissolved in geopressured brine reser-
voirs, called aquifers. Precise knowledge of the phase equilibria in such sys-
tems will be important to the use of aquifers as an energy resource. In addi-
tion, the formation of crystals in geothermal brines is largely governed by the
solubility of both electrolytes and nonelectrolytes in aqueous phases, often at
high temperatures and pressures. New insight into such systems will help the
understanding of geochemical processes.

Progress in this field must be made in two aspects. Experimental data
for the solubility of gases in salt solutions is still relatively scarce, especially
at extreme conditions of temperature and pressure. Furthermore, better ther-
modynamic models must be developed to predict phase equilibria in such sys-
tems over a wide range of conditions. Both the experimental and the theoret-
ical side are addressed in this work.

Chapter 2 describes design and construction of an experimental apparatus
to investigate fluid-phase equilibria at high pressures. Designed for aqueous
mixtures containing salt and volatile nonelectrolytes, this apparatus is
intended to provide data for the compositions of both the liquid and the vapor
phase.



The engineering application of molecular thermodynamics follows from
its ability to predict phase equilibria, using a minimum of experimental infor-
mation. Based on molecular theory, we developed a model for systems con-
taining both electrolytes and nonelectrolytes. Chapter 3 describes our model,
which uses an equation of state applicable to vapor and liquid phases and
which may include. supercritical components.



2. An Experimental Apparatus for Measuring High-Pressure Vapor-
Liquid Equilibria in Systems Containing Aqueous Electrolytes

2.1. Introduction

Experimental data are essential to understanding nature’s behavior. Suit-
able models to describe natural phenomena must be based on reliable meas-
urements. For equilibrium thermodynamics, we require an accurate descrip-
tion of the behavior of pure substances as well as mixtures."

The equipment devéloped in this work is useful for measuring vapor-
liquid equilibria in systems with three components: water, salt, and a volatile
nonelectrolyte. The first application is for the mixture H,O, NaCl, and CH,.

The thermodynamic state of a stable ternary fluid phase can be described
by five independent variables; pressure P, temperature T, molar volume v,
and two compositions z;. The concentration of the third component follows
from the requirement that the sum of the individual mole (or weight) fractions
add up to unity. In general, two different methods are available to collect
vapor-liquid equilibrium data:

1. Following the synthetic procedure, carefully measured amounts of each
component are injected into a vessel of determined size, providing a mix-
ture of known molar volume and global composition. Starting with the
sample present in a homogeneous state, temperature and pressure in the
experimental vessel are varied until a phase transition occurs. This tran-
sition may be detected by direct observation or by tracking a suitable
property, such as the electrical conductivity. Temperature and pressure
at this point are registered. Together with the known molar volume and
composition of the sample, they provide a single point on the phase
envelope. Using an experimental cell of variable volume, such as a
cylinder with matching piston, several isochores of the system can be
measured with just one synthetic mixture. However, except for the
binary case, no information about the individual compositions of the
corresponding phases is available. Systems of three or more components
possess more internal degrees of freedom than can be controlled in this
type of experiment.



2. In the analytic method, two phases are allowed to equilibrate in a suit-
able vessel at constant temperature and pressure. Small samples are
drawn from both phases and analyzed for composition, often by chroma-
tographic methods. These analyses provide one point for each ternary

phase in the (P, T,z z,) phase diagram. Data for the individual molar
volumes are more difficult to obtain by this procedure. The global com-
position of the mixture originally introduced into the vessel must be
known. The position of the phase boundary must be measured to indi-
‘cate the volume of each phase. In addition, a suitable expression is
required for the partial molar volumes of the components in one of the
phases.

To develop an equation of state which describes vapor-liquid equili-
brium, we require precise data for the compositions of both phases. Accord-
ingly, the apparatus developed and constructed in this work uses the analytic
method. Phase equilibrium is reached in a high-pressure autoclave; a circula-
tion system allows for sufficient mixing of the components. Separate samples
can be drawn from both phases and analyzed for composition in a gas
chromatograph. No attempt is made to measure liquid or vapor phase densi-
ties. The equipment is designed for temperatures from ambient to 250°C and

pressures to 140 MPa.

2.2. Equilibrium Cell and Circulation System

The equipment necessary to maintain the phase equilibrium is contained
in a main oven which is a constant-temperature bath of nitrogen gas. It is
shown in Figure 2-1.

The central corhponent is a high-pressure vessel of approximately 100

cm’ internal volume, designed and manufactured by Autoclave Engineers of

Erie, Pennsylvania. Because of the high pressure and the presence of
chloride ions, the material used is annealed, age-hardened K-Monel 500, a

- corrosion-resistant nickel alloy of high strength. The cell consists of a

cylindrical body with 3.25-inch (82.6-mm) external diameter and 1.25-inch
(31.8-mm) bore.
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A self-sealing closure (Autoclave Engineers) forms its top end. The internal
pressure forces a cover body into a conical seal ring and presses it against the
outside cylinder. Both the cover and the ring are also made of K-Monel.

By the use of slightly different angles between the surfaces of the cover,
seal ring, and body, line contact results to form the seal. Both ends of the
autoclave have appropriate connections for high-pressure tubing.

The liquid and vapor phases occupy approximately equal portions of the
vessel volume. To ensure that material equilibrium between the two is
reached shortly after the temperature and pressure of the cell have been
adjusted, the mixture must be agitated. The thick walls of the autoclave and
the corrosive nature of the salt solution make the use of a magnetic stirrer
impossible. Instead, we include a circulation line with a piston pump. Some
of the vapor phase is drawn off the vessel’s top and pumped back into the
bottom, where it bubbles through the liquid, providing good mass transfer
between the phases and reducing the time necessary to reach equilibrium.
Before sampling, the circulation must be turned.off for several minutes to
allow the system to settle. '

A schematic diagram of the piston pump is shown in Figure 2-2. It is
specifically designed for this apparatus, although similar instruments have
been used elsewhere.! The body is again made of K-Monel 500, which is
paramagnetic. It is sealed by a metal-to-metal conical closure. The inner
bore of the pump is honed to a diameter of 0.375-inch (9.5-mm). A piston
made of solid nickel fits into the cylinder with a very close tolerance. No O-
rings of elastomeric materials could be used to seal between the two because
of the high temperatures and because methane gas might cause swelling.

Nickel is ferromagnetic and attracted to the field of a ring magnet placed
outside the pump body. Moving the magnet up and down causes the pump-
ing action; two ball-type check valves ensure that flow occurs only in the
upward direction. The lower valve closes upon the downstroke while the
other opens, thus transferring the gas from below to above the piston. The
situation reverses on the upstroke, forcing the gas around the circulation line
and simultaneously filling the lower pump chamber with a new charge.
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A piston rod connects the permanent magnet to the driving assembly located
above the equilibrium oven. It is powered by a gearmotor with variable
speed turning an eccentric disc. Both the frequency and the amplitude of the
piston’s motion can be adjusted to give optimum performance. Typical pump
rates range from 30 to 60 strokes per minute.

All the high-pressure lines in the experiment are 1/4-inch tubing with an
internal diameter of 0.083 inch (2.1 mm), the connections are metal-to metal
and of the cone type. The lines which may come in contact with chloride
ions, such as the circulation path, are made of Monel. Stainless steel is used
for the remaining parts.

Several additional connections are necessary. A two-stage air-driven
compressor pumps pure methane into the system; the pressure can be finely
adjusted with a cylinder of variable volume, attached to the same line. To
empty the cell between experiments, a vacuum pump is connected via a suit-
able valve. Not shown in Figure 2-1 is the line to charge the vessel with an
initial salt solution and to drain the liquid after a run. The gas can be
released to the open atmosphere outside the building through a vent valve and
suitable exhaust pipe.

2.3. Sampling and Analysis

To analyze for the compositions using a gas chromatograph, small
volumes must be drawn from the phases at equilibrium, preferably directly
from the autoclave. For this purpose, thin capillary lines extend into both
ends of the pressure cell. Running inside the high-pressure tubing, these lines
end at appropriate sampling valves. Here, the inner and the outer tube are
hard-soldered together, forming a tight seal. During sampling, flow occurs
only through the capillary line whereas the external thick wall carries the
stresses from the high pressure. Figure 2-3 shows a cross section of the
assembly. This design has several advantages. There is no pressure
difference across the walls of the sampling lines, allowing for very fine tub-

ing.
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We use capillaries with an internal diameter of 0.012 inch (0.3 mm),
manufactured from corrosion-resistant Inconel alloy 600. Only a very small

volume (approximately 0.1 cm?® for the longer of the two lines) must be
purged before obtaining the equilibrium phase from the autoclave. As a
result, upon sampling, the pressure drop in the cell is kept to a minimum,
leaving equilibrium conditions nearly unaltered.

The capillary runs through a tee coupling which joins the high-pressure
lines of the circulation and from the sampling valve. Thus, both lines share
one connection at each end of the autoclave.

A second nitrogen bath keeps the lines and valves necessary for sampling
at a suitable temperature. This oven is shown in Figure 2-4. V5 and V6 are
the primary sampling valves for the vapor and liquid phase, respectively. By
opening one of these valves, the corresponding phase from the cell is allowed
to fill the short piece of tubing to the secondary valve, V7 or V8. Closing the
primary and opening the secondary valve expands the sample into the flash
tank. The surrounding oven is kept at a temperature high enough to prevent
condensation of water in the lines or the flash tank. The salt, virtually all of
which is found in the liquid phase, crystallizes upon the expansion and does
not reach the gas chromatograph. The solid salt has to be cleaned out regu-
larly; the appropriate valves and lines are easily accessible.

Helium is used as the carrier gas for the analysis. It dilutes the sample
and raises the pressure in the flash tank to 60 psi (0.4 MPa) as required by
the gas chromatograph. Valve V11 connects the helium cylinder to the flash
tank. By opening valve V9, some of the gaseous mixture is then allowed to
fill the sample loop on a six-way valve. Turning the latter, this volume is
injected into the carrier-gas stream to the chromatograph. The line from the
sampling oven to the inlet port of the chromatograph is covered with electri-
cal heating tape, preventing condensation of water in the tubing.

Essentially all of the salt is in the liquid phase. Its concentration only
needs to be measured initially, when charging the cell with solution. Also,
the percentage of the cell volume originally occupied by the liquid phase
must be known. Then, using the known vapor pressure of water, allows us to
adjust for the change in salinity at higher temperatures.
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The pressure in the autoclave is monitored with a strain-gauge transducer
connected to a digital readout. Its range extends up to 170 MPa with a max-
imum uncertainty of 0.5 MPa at the highest reading.

At several locations within the main oven, the temperature is measured
using chromel-alumel thermocouples. to ensure that undesirable temperature
gradients in the nitrogen bath are detected. The temperature at equilibrium is
recorded by a thermocouple located in a small hole in the thick wall of the
autoclave. The measurements have an accuracy of better than 1 percent over
the range room temperature to 250°C.

2.4. Temperature Control

Both ovens employ the same principle to provide isothermal conditions.
They are heated by electric resistance heaters, equipped with fins of sheet
metal to provide for good heat transfer. A narrow duct with openings at
etther end surrounds the heaters. The gas inside the oven is drawn through
this channel by suitable circulation fans, resulting in a forced-convection
heating assembly. An additional fan in the larger, main oven helps to
disperse the gas inside and to minimize temperature gradients.

For each oven, some of the heaters are permanently connected and can
be adjusted by rheostats. The others are switched on and off by a tempera-
ture controller, which in turn uses the signal from a thermocouple to maintain
isothermal conditions. The fraction of on-time of the controlled heaters can
be influenced by adjusting the rheostats on the manual circuits to give
optimum results.

2.5. Safety Measures

The experiment incorporates several factors which require special atten-
tion regarding safety. Most important are the very high pressures and the
presence of methane, a combustible gas. Also, the elevated temperatures in
the two ovens and the danger of corrosion need to be considered. Much of
the effort in designing the equipfnent was directed towards safe control of
these factors and towards the protection of workers and instruments.

All equipment intended to contain gases at high pressures must be ini-
tially pressure-tested using a liquid content. The autoclave, rated to a



- 16 -

maximum working pressure of 25000 psi (172 MPa) was hydrotested by the
supplier. After assembly of all high-pressure components, a further test of
the entire system is necessary. The volume is evacuated and subsequently
filled with water. As the compressibility of water is very small, the hand-
operated spindle compressor can be used for the test. A suitable maximum
testing pressure is 1.3 times the highest value reached in the experiment.
There must not be any leaks at this testing pressure. In addition, the diame-
ters of the autoclave and the circulation pump are measured before, during,
and after the test. After depressurization, the vessels must return to their ori-
ginal sizes, indicating that there was no permanent deformation.

All components are protected against overpressure by rupture discs.
These are thin metallic plates carefully manufactured to burst at a pressure
lower than the limit of the component they protect. They are mounted
between the system on one side and atmospheric vent lines on the other side. -
These vents release the gas to the outside of the building. |

The apparatus includes a total of five rupture discs. Two discs, rated for
24000 psi (165 MPa), protect the experimental cell and the line from the
compressor, respectively. In addition, the lines leading from high-pressure to
low-pressure sections are equipped with suitable rupture discs of lesser rat-
ings. In case a valve is accidentally opened (such as the one connecting the
vacuum pump to the circulation line), these discs prevent overloading the
low-pressure components.

Two valves, leading to the exhaust pipes, allow venting of the high-
pressure sections manually at all times during the experiment. The gas can
be safely released after a run or in case of any difficulty.

Due to the presence of methane gas, there is danger of forming combus-
tible mixtures when a leak occurs. To prevent this, both ovens are purged
with nitrogen, forming a buffer between the methane and atmospheric oxygen.
To detect a leak quickly, a combustible gas sensor is installed inside the main
oven. It sounds an alarm if traces of methane gas are found in the nitrogen
bath.

Overheating the ovens is prevented by two methods: The temperature
controllers include circuit breakers that turn off all power should the tempera-
ture exceed a preset upper limit. In addition, only a portion of the heaters is
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automatically switched. Even if a controller should fail while in the ON-
position, the resulting steady-state temperature will not rise dramatically
above the intended value.

As a protection against an unforeseen accident, the entire apparatus is
contained inside a sturdy safety barricade. It consists of a large steel-frame
box with three rigid walls and a thick door to allow walk-in access to the
ovens. The roof is covered with heavy gauge steel mesh; the entire structure
is bolted to the floor. All controls necessary to conduct the experiment are
extended to outside the enclosure; including valve handles, switches for heat-
ing and the circulation pump, as well as the gas chromatograph.

2.6. Experimental Procedure

Before an experiment, all components of the equipment must be tested
for leaks using nitrogen gas. Then the equilibrium cell and the circulation
line are evacuated.

After a salt solution is prepared, it must be degassed in a special tank
outside the main oven. Degassing is achieved by drawing vacuum or by
stripping with methane gas. The solution is transferred into the autoclave
through a charging line and valve by applying a small pressure of methane on
the degassing tank. The volume transferred into the cell must be monitored
to ensure that approximately half of the high-pressure system is filled with
liquid. A small portion of the liquid is drawn back out of the cell through a
drain valve and analyzed for its concentration using atomic absorption spec-
trophotometry. This analysis is necessary because some water evaporates
when degassing the liquid, changing its salinity.

The system is now ready for pressurizing with methane. It is advanta-
geous to use the air-driven compressor to fill only the line up to valve V3,
then turn off the compressor and slowly release the gas into the equilibrium
cell. This procedure avoids hard pumping strokes acting directly on sensitive
- parts of the system, such as the pressure transducer.

Water and methane can form solid hydrates at low temperatures and high
pressures. Therefore, the system should be pressurized to approximately 7
MPa and then heated to its final temperature before raising the pressure to
higher values.
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At all times when charging gas into the system, the piston of the circula-
tion pump should be in its bottom position and valve V4 above the pump
should be closed. These precautions prevent the piston from being driven out
of the field of the permanent ring magnet and into the top end of the cylinder.
The inside surface of the cylinder could not be honed to the end of the bore
so that the piston may be trapped when it travels too high.

The final pressure in the autoclave may be closely adjusted by using the
manual compressor to force the last portion of gas into the system. Then
valve V3 is closed and the circulation is turned on to mix the vapor and
liquid phases. Typically, equilibrium should be reached in 30 minutes.
Before sampling, the pump is turned off and the system is allowed to settle.
Samples from both phases are drawn in sequence and in a similar fashion.

The volume inside the capillary lines is purged by briefly opening the
corresponding primary sampling valves (V5 or V7). After the sampling lines
and the flash tank have been evacuated by opening valve V11, a sample is
allowed to fill the small volume between the primary and secondary valve
(i.e. V5 and V7 for the vapor phase). The primary valves must be opened
very carefully when drawing the sample to avoid a sudden pressure drop
across the capillary lines. These valves are equipped with special regulating
stems which offer good control over the flowrate.

The sample is expanded into the flash tank through the secondary valve
and subsequently mixed and diluted with helium by opening valve VI11.
Through valve V9, a small portion of the mixture is allowed to enter the eva-
cuated samp'le loop on the six-way valve. For analysis, we use a dual column
gas chromatograph (Varian) with thermal conductivity detectors and Poropak
Q column packing. Several samples from the flash tank should be examined
in sequence to ensure reproducibility of the results. '

After both equilibrium phases have been sampled and analyzed, the con-
ditions in the cell are changed to the next desired setting. It is advantageous
to measure the equilibrium along isotherms with increasing pressure. More
methane is forced into the system from the compressor line. To reduce the
equilibrium pressure, some of the vapor phase should be vented to the atmo-
sphere instead of cranking back the hand-operated compressor. Water from
the equilibrium vapor could condense if drawn into the cold section of the
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pressurizing line outside the equilibrium oven.

When discharging the system after a run, the pressure has to be released
before lowering the temperature to avoid formation of hydrates. After most
of the gas is vented to the atmosphere, the liquid can be drained through the
appropriate valve.
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3. An Equation of State for Mixtures Containing Aqueous Electrolytes
and Supercritical Gases

3.1. Introduction

The macroscopic thermodynamic properties of matter are determined by
the interactions of molecules or ions. Molecular thermodynamics provides a
method to model equilibrium phenomena in mixtures containing widely
different components, such as aqueous solutions of electrolytes. The forces
between elementary particles are calculated and averaged according to the
principles of statistical mechanics. Classical thermodynamics, coupled with
molecular physics, is used to determine macroscopic equilibrium properties.

This work presents an equation of state applicable to all fluid densities
from the ideal-gas limit to liquid-like densities. The properties of both
phases are calculated from the same equation of state.

The framework using an equation of state is essential for application to
mixtures which contain both subcritical and supercritical components. Calcu-
lations over wide ranges of temperature and pressure are possible.

An equation of state is most conveniently constructed by expressing the
Helmholtz energy of a particular system. After a brief review of the thermo-
dynamic background, this chapter presents several contributions to the
Helmbholtz energy resulting from different molecular interactions. Two terms
describe the nonionic forces in a fluid phase. Others, concermed with per-
manent charges of ions, give rise to two additional terms of Helmholtz
energy.

The equation of state is applied to the system of H,O, NaCl, and CO,.
Calculated results for the binary mixtures of H,O / CO, and H,O / NaCl are
compared with experimental data. In a further step, the model is used to
predict the solubility of CO, in aqueous NaCl solutions. Deviations between
experimental data and calculated properties form the basis for a critical
analysis of our model and indicate the direction of future work to overcome
present limitations.
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3.2. Thermodynamic Framework

Equilibrium between two phases L and V in a system containing m
different components is described by m+2 equations:

TL =TV (3-1)
PL =pV (3-2)
pb=pY  foralli . | (3-3)

Nearly all existing equilibrium models for systems containing electrolytes use

activity coefficients to calculate the chemical potential u{‘ of the components
in the liquid phase. A separate model, usually the ideal gas law, is used for
the vapor phase. '

At high pressures, or when supercritical components are present, equili-
brium must be calculated from an equation of state. For most practical situa-
tions, the equation of state is an explicit function for pressure with tempera-
ture T, volume V, and the vector of mole numbers n; as independent vari-
ables. When the Helmholtz energy A is expressed in terms of T, V, and n;,
it 1s a thermodynamic potential. All quantities necessary for phase equili-
brium calculations can be determined directly from A. The equation of state
follows from

JA
P=-|= = P(T,V,n 3-4
V| 7. ( n;) (3-4)
and the chemical potential u; is given by
| dA
My = (a (3'5)
n' V,T,nj,,-
U, can be written in terms of fugacity f;:
f.
u; = u,-o + RT ln——;- (3-_6)
fi

Superscript 0 denotes the standard state, which is the pure ideal gas at tem-
perature T and a pressure of 1 bar.
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_Substituting into equation (3-3), the condition for material equilibrium of
component i becomes

fF=r" (3-7)

or, using fugacity coefficients ¢;,

¢ P =¢y P (3-8)
where x; and y; denote liquid and vapor phase mole fractions, respectively.

We write the Helmholtz energy as the sum of terms that result when the
system is changed stepwise from pure ideal gases to the real mixture

m

i=l1
0
1
state. AA; denotes the change in free energy when the pure ideal gases are

where a; is the molar Helmholtz energy of pure species i in the standard

mixed at 1 bar and compressed to total volume V:

m n;RT
( (3-10)

i=1

R denotes the gas constant. The remaining terms in equation (3-9) are due to
the interaction of particles in the mixture and to the charges of the ions.

The residual Helmholtz energy A" is defined as the Helmholtz energy
difference between the real system and a mixture of ideal gases at the same

temperature T, volume V, and composition n;:

r _ _ L 0
i=1

This work presents an expression for the residual Helmholtz energy of a mix-
ture. The model is sufficiently general to include ionic components and vola-
tile nonelectrolytes in addition to solvent molecules such as water.
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We compute fugacity coefficients ¢; and pressure P from

Jd(A'/RT) | PV
Ing, = | ————— -1 3-12
n¢, an,- V,T’,,j:‘, n )'IRT ( )
and
: 0A” nRT
P =- + 3-13
1% T,n; 4 ( )

where n is the total number of moles. The electrolyte species.are considered
to be completely dissociated into ions.

To calculate phase equilibria from an equation of state, equation (3-3)
must be solved simultaneously for all components i. Topliss2 developed a
systematic procedure for this task. Extending his computer programs, we
were able to include electrolyte components in the calculations. Appendix 1
gives a brief description of the necessary computations for phase equilibria.
In Appendix 2, we describe the implementation of the equation of state into
computer programs which interface with Topliss’ procedure. This appendix
also includes a listing of our routines.

3.3. An Equation of State for Nonelectrolyte Components

In a first step, we describe the uncharged molecules in the equilibrium
mixture. We account for all contributions to the Helmholtz energy except
those which result from the electric charges of the ions. We calculate the
Helmholtz energy contributions of the intermolecular forces from a Lennard-
Jones potential. Using perturbation theory, the potential is divided into two
parts, a reference and a perturbation term.

The reference term accounts for the repulsive forces between the parti-
cles, the forces which determine the structure of the liquid. The steep repul-
sive portion of the Lennard-Jones potential is approximated by a hard sphere
potential with diameter o;. Barker and Henderson3 give a procedure for
choosing the optimum o; as a function of temperature. We use the functional
form given by Cotterman:*

5 = o 1+0.29770F (3-14)

"1+0.33163T +0.0010477 T2
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which accurately reproduces the results of Barker and Henderson’s more

complicated method. Here o; is the size parameter in the Lennard-Jones
potential; it is an adjustable parameter for each pure component.

T is a reduced temperature defined by

T = % (3-15)

where k is Boltzmann’s constant and ¢ is the Lennard-Jones energy parame-
ter. '

The Lennard-Jones potential in our model accounts for all attractive
forces between uncharged molecules, including hydrogen bonding and mul-
tipole interactions. Therefore, we allow g of each nonionic component to
depend on temperature:

E.
—k'— =e{® + eVexp (s,-(z)

T
T ] (3-16)

ci
where T, is the critical temperature of component i and e,-(o), ei(l), and s,-(z)
are adjustable parameters.

' The Helmholtz energy for the reference mixture of hard sphereé (relative
to the mixture of ideal gases at the same temperature and density) is calcu-
lated from the Boublik-Mansoori>® extension of the Carnahan-Starling equa-
tion

3DE, _E> E>
' F F? F? E3
AA; = nRT -1 In(1-8)| 3-17)

" (1= (1-&?% | F?

m m m

D=3 xo0; E =) xof; F=) xo}
i=1 i=l i=1
T

§=EPNAVF; p=nlV

Here, x; = n;/n is the mole fraction of species i, p is the molar density and
N4, is Avogadro’s number.
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The perturbation term gives the influence of attractive molecular forces.
Barker and Henderson? showed that the contribution to the Helmholtz energy
could be expressed as a series expansion in reciprocal temperature.

Truncating after the second term, we get

ORI

a and a® in equation (3-18) are functions of reduced molar density g,
which is given by

m
5 = Ny, 3 5,07 (3-19
i=1

7

Barker and Henderson used Monte Carlo computer simulation to evaluate

a'V and a® over a range of conditions. We express these functions as poly-
nomials fitted to their results by Cotterman.*

a¥ = —6.0782p - 227125% - 0.75194 5% + 2.5713 5%  (3-20)
a® = —134885 + 4.98625% —7.854553 +3.97605%  (3-21)

The sum of contributions AA;; and AAj,; provides a versatile equation of
state for nonelectrolyte substances. To apply it towards equilibrium calcula-
tions, the parameters for each component must be known.

3.4. Evaluation of Parameters for Pure Components and Mixtures

For each nonelectrolyte component i, the four parameters o;, €9, £V,

and ei(z) are adjusted to experimental data. Topliss developed computer pro-
grams which minimize the root-mean-square deviation between measured and
calculated properties; his programs use a modified Levenberg-Marquardt algo-
rithm from the MINPACK library of mathematical subroutines. For water,
pure-component parameters are fit to vapor pressures and to vapor and liquid
phase densities. Over the temperature range 0 to 320°C, we represent the
vapor pressures with a mean deviation of 0.6% and liquid densities with a
mean deviation of 2.4%.



- 26 -

Because the critical temperature of CO, (31°C) is near ambient condi-
tions, we fitted the parameters for pure CO, to its critical properties as well
as to its vapor pressure. This approach is vital to the representation of CO,
solubility in aqueous mixtures in the temperature range of interest here.
However, it sacrifices some accuracy in the calculation of liquid and super-
critical densities of pure CO,. Table 3-1 shows the pure-component parame-
ters for H,O and CO,. |

Table 3-1:‘ Pure-Component Parameters for H,O and for CO,
Parameter - H,O CoO,

o (1078 cm) ~3.0133 4.1254
e (K 56.374 150.00

e (K) 640.93 177.28
e? (- 0.2925 0.9391

T. (K) 647.35 304.20

For water, the energy parameter ¢;/k is in the range of 550 to 625 K and
decreases with rising temperature, as is expected for a hydrogen-bonded fluid.
The temperature dependence of ¢; for CO, is significant only at low tempera-
tures; €;/k is close to 150 K for all the conditions relevant in this work.

To extend the equation of state to systems containing several com-
ponents, a suitable method to calculate the Lennard-Jones parameter for the
mixture, £

is required. g, is then used in equation (3-15) to determine

mix mix
the dimensionless temperature T. Following Van der Waals’ one-fiuid

theory, we use a volume fraction mixing rule:

m
z xxae

$ao

Epmix = (3-22)



L

O;i =

fi (Gi + O'])

N | —

o;; 1s the arithmetic average of the hard-sphere diameters of components i
and j. The energy parameter g;; for the attraction between two unlike
molecules is given by a corrected geometric-mean combining rule:

g = Ne g (1= k) (3-23)

L2

kij = k5D + —’%—— (3-24)

For the mixture HyO / CO,, the temperature-dependent k;; 1s fitted to solubil-
ity data at various conditions obtained from the publications of Takenouchi
and Kennedy® and Wiebe and Gaddy.%-10-11 We obtain

-69.51

kD = -0.0586 ; kP

The equation of state described above can be used to predict equilibrium
properties of the binary mixture of H,O and CO,. Generally, this system is
difficult to describe because the physical properties of the pure substances are
markedly different. At room temperature, water is a hydrogen-bonded liquid
whereas CO, is a volatile gas. Although CO, is itself a weak electrolyte, we
neglect the formation of ions when it is dissolved in water. The molecular
and ionic species of CO, in aqueous solution are not distinguished. This
approach is justified because the dissociation constant is small.

We consider the variation with pressure of CO, solubility in aqueous
solution . The points in Figure 3-1 represent experimental data at 150°C,
measured by Takenouchi and Kennedy.® In comparison, the continuous curve
shows the prediction from our model. As the mole fraction of CO,
approaches zero, the pressure must reduce to the vapor pressure of pure water
at 45°C (0.096 bar). Our model describes the shape of the solubility curve
adequately, the deviations in the liquid phase mole fraction of CO, are less
than 0.003 at all pressures below 100 MPa. Since only one temperature-
dependent binary parameter was used for the mixture, this result is encourag-
ing.
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Figure 3-1: CO, Solubility in Water at 150°C
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The next section discusses the effects of charged particles on the solution.

Parameters o; and g; for the ions are required because the ions also contri-
bute to the reference and perturbation terms AA;; and AA;;. We use values

from crystal diffraction experiments12 for the hard-sphere diameter 0',-*. The

Lennard-Jones parameter ¢; for ions is then calculated using dispersion
theory:13’ 14

8.
-kL =2.2789x1078 o> Z* (67) 6 o (3-25)

Here, Z; is the number of electrons and «; is the polarizability for an ion /.

The numerical constant in equation (3-25) has units of (K cml's).

Table 3-2 gives values of o;, ¢;, Z;, and ¢, for sodium and chloride ions.

Table 3-2: Parameters for Na* and Cl~ ions

Parameter Na™* Cl-
o, (1078 cm) 1.90  3.62
e® (K 147.4 225.5
Z (-) 10 18

o,  (107%6cm?) 21.0 30.2
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3.5. Contributions from Electrolyte Components

In this section, we examine the effect of assigning permanent electric
charges to the ions in solution. This effect produces two important contribu-
tions to the Helmholtz energy of the mixture. The first describes the
influence of ionic charges. The second reflects the electrostatic forces
between the ions. |

For the nonelectrolyte contributions to the equation of state, we used a
- discrete model of individual molecules for the fluid. Helmholtz energies AAj;
and AA,;, were calculated on a particle basis, directly expressing the interac-
tion between two molecules. In principle, a similar picture could be used to
describe ions in solution. Such a discrete-solvent model is shown schemati-
cally in the upper portion of Figure 3-2. However, at present we have no
statistical-mechanical method for such systems which would give the analytic
expressions for Helmholtz energy, as required for an equation of state.

Instead, we now regard the nonionic components in the miX;ure as a con-
tinuum. This assumption is called the primitive model, as pictured in the
lower half of Figure 3-2. The influence of the solvent on the electrolyte con-
tributions to the Helmholtz energy is expressed in the dielectric constant. We
use a procedure developed by Harvey and Prausnitz!3 to calculate the dielec-
tric constant of a mixture as a function of temperature, density, and composi-
tion.

AAp, 1s the contribution to the Helmholtz energy that results from
assigning a permanent charge to the ions in the solution. It reflects the
interactions of the electrolytes with the bulk solvent phase, characterized by

the dielectric constant D. For charging a sphere of diameter o,-“ ) in a contin-
uum, an expression derived by Born!6 gives

N ,e2 m Nz
AA = Av 2 14 (3-26)
D i=1 O-i(i)

Here, e is the unit charge of an electron, 1.602 x 10™!° Coulomb, and z; is the
charge number of ionic species /.

»
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Figure 3-2: Models for lonic Contributions
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In our model, the ions are hard spheres of diameter 0',-(i ) which occupy

cavities of diameter 5{°) in the fluid. The dielectric constant of the cavity is
that of a vacuum, Dy,.,,» = 1. The bulk phase outside the cavity has the
dielectric constant D of the continuous solution. From Born’s expression, we
obtain

m 1 1 1
AA = Ny,e? Y n;z? + - : (3-27)
i=1

DO',-(C ) o-i(i) o-i(c )

We use the crystal-diffraction results for o) of the ions. Rashin and
Honig!7 give values for the cavity diameter 0',-(6). They argue that O'i(c) for

anions is essentially the same as the crystal diameter c,-(i ), while for cations,
the cavity is larger than the particle, due to the orientation of water molecules
around a positive charge. Table 3-3 shows the diameters used for the calcula-

tion of the Helmholtz energy that results from charging Na* and Cl~ ions.

Table 3-3: Crystal and Cavity Diameters for Na* and CI” ions
Diameter, 1078 cm Na* CI-
ol 1.90 3.62
o e 3.14 3.62

The electrostatic forces between ions in the mixture give rise to the term
AAy for Helmholtz energy. In their well-known model, Debye and Hiickell8
describe the interactions between a central ion and a surrounding charge
cloud. Pitzer!? 20 extended this approach in a virial expansion of electrolyte
concentration. He obtained good results for solutions in pure solvents up to
moderate molalities by adjusting parameters to experimental data.

To apply this method to systems containing more than one solvent,
parameters for the salt in each of the pure solvents must be fitted. The
parameters in the mixed-solvent system must then be calculated from
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arbitrary mixing rules. This approach was used by R'aatschen21 to describe
the ternary system water/methanol/LiBr.

If considerable amounts of a supercritical gas are dissolved in an aqueous
phase, the above method fails because no data exist for the salt in the pure
supercritical component. Mixtures like H,O/NaCl/CO, at high pressures
must be treated by a different approach. '

The Mean Spherical Approximation (MSA) is used for the equation of
state in this work. This theoretical model has been solved for systems con-
taining electrolytes of different sizes by Blum.22 However, his expressions for
the thermodynamic properties are too complicated to use in an equation of
state. Instead, we use a simplified model which treats all ions as spheres of
equal size with a mean ionic diameter, as given by Waisman and Lebowitz.23
The influence of the solvent is determined only from the dielectric constant;
no data for the salt in the pure solvents are required. The corresponding
expression for the Helmholtz energy resulting from ion-ion interactions is

- @D + 1.5Tof™)
v 12nN4,p

(3-28)

I" is called the screening length, it is given by

r=—1 («/1 +20{mx - 1] (3-29)

2™

In equations (3-28) and (3-29), G,-(”') is the mean ionic diameter, calculated by
averaging only over the mole fraction of ions. If p ionic species are present

in the solution,
i x,- O'i(i)

i=1
i Xj
i=1

Again, we use the values given in Table 3-3 for diameter ") of the ions.

oim = (3-30)
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3.6. Results for Solutions of Electrolytes

The equation of state containing Helmholtz energy terms AA;, to AAy is
useful in predicting vapor-liquid equilibria for electrolyte solutions. We
examine first results for the binary system H,O / NaCl, and second for the
ternary mixture H,O / NaCl / CO,.

Vapor-liquid equilibria in salt solutions are conveniently described in
terms of the osmotic coefficient Q. For a 1:1 electrolyte, it is given by
1 Py

Q= - In
2mW
Ky PsO

(3-31)

Subscript s indicates the solvent, W is its molecular weight. The concentra-
tion of electrolytes is given in terms of molality m (moles salt / kg solvent)
of the undissociated salt. The vapor pressure of the solution P, is smaller

- than the vapor presure PSO of the pure solvent at the same temperature. At
infinite dilution, the osmotic coefficient approaches unity.

Figure 3-3 shows experimental and predicted results for aqueous solu-
tions of sodium chloride. The dotted line drawn through data points from the
compilation of Hamer and Wu?* exhibits a minimum at low molalities and a
steady increase with higher concentrations. The predicted osmotic
coefficients from our model are plotted in the dashed line; they show the
correct behavior at very low concentrations. At higher molalities, the calcu-
lated values are clearly too small, indicating positive deviations of the calcu-
lated vapor pressure from the measured data.

An additional investigation showed, however, that a model using only the
Debye-Hiickel theory for ion-ion interactions gives even lower values for the
osmotic coefficients. The extension due to Pitzer!® improves the results of
the Debye-Hiickel theory somewhat; however, the osmotic coefﬁcients-
obtained from the Mean Spherical Approximation come closest to the experi-
mental data. The shape of the curves obtained from the simple and extended
Debye-Hiickel theories is similar to the plot for the Mean Spherical Approxi-
mation.
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Figure 3--3: Osmotic-Coefficient Prediction for NaCl / Water at 25°C



- 36 -

Apparently, our model does not account for all attractive intermolecular
forces that prevail in the solution. Due to the limitations of the primitive
model, we have not included short-range ion-solvent interactions such as
hydration. In the direct vicinity of an ion, the polar water molecules are

oriented by the permanent charge. For example, a positive cation attracts the

more negative oxygen atom of the water molecule. These orientation effects
probably lower the fugacity of the water in all but extremely dilute solutions,
resulting in a lower vapor pressure for the mixture.

To test this hypothesis, we simulated hydration effects by adjusting a

binary parameter k; from equation (3-23) for the water-salt pairing.
Although hydration is not a Lennard-Jones type interaction, this method
results in effective attraction between the salt and the solvent. Using the
same value for both the H,O / Na* and the H,O / C1™ pairs, the experimental
data was best represented with a k;; = —0.35. '

The continuous line in Figure 3-3 shows the predicted osmotic
coefficients when hydration is taken into account. This line is much closer to

the experimental values than the previous result, indicating a deficiency of the

primitive model. Short-range interactions between the ions and the surround-
ing water molecules appear to play an important role for phase equilibria of
aqueous solutions; they cannot be neglected in model calculations.

When electrolytes are added to a binary solvent, the liquid phase concen-
tration of the solvent with the lower dielectric constant usually decreases
while its vapor phase concentration increases. This is the well-known
salting-out effect. The liquid mixture effectively increases its dielectric con-
stant, thereby lowering the Helmholtz energy of the charge of the ions and of
the ion-ion interactions. This effect has been shown experimentally for many
systems of electrolytes in mixed solvents.

At low pressures, the solubility of nonpolar gases in aqueous solutions
follows Henry’s law. The fugacity of the dissolved gas in the liquid phase is
given by

fE=H,;x (3-32)

where x; is the mole fraction of dissolved gas. We let H,-0 denote the Henry’s

o«
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constant for the gas dissolved in pure water.

When a dissolved gas is salted out of solution, its Henry’s constant H;
increases. The empirical Setchenow equation relates the change in Henry’s
constant to the concentration of salt in solution. '

H;
log| —| = k;m (3-33)
HP

The concentration is usually given in terms of molality (moles salt / kg sol-
vent); k; is the empirical Setchenow coefficient, its units are inverse concen-
tration. While £ is strictly defined as m—0, the same value will often fit
data up to moderate salt concentrations. Long and McDevit?3 evaluated
experimental solubility data at 25°C to obtain a k; of 0.101 (mol/kg)~! for
CO, in NaCl solutions.

The equation of state presented in this work is used to determine Henry’s
constants for CO, in pure water and in dilute NaCl solutions. The model

gives a Setchenow coefficient of 0.115 (mol/kg)~! at 25°C, which is in good
agreement with the experimental value.

Next, we predict the effect of salt on the solubility of CO, in water up to
high pressures. If we do not account for hydration (k;; = 0 for HyO / salt
interactions), the calculated curve in Figure 3-1 is shifted slightly toward
higher CO, mole fractions when salt is added. This is contrary to experimen-
tal findings, again indicating that the primitive model neglects important con-
tributions to the Helmholtz energy of the mixture.

The calculations were repeated using the binary parameter obtained ear-
lier (k;; = —0.35) to simulate hydration of the salt. The solid line in Figure
3-4 again shows the solubility of CO, in pure water at 150°C; the open points
are experimental data for 6 and 20 weight percent salt solutions, measured by
Takenouchi and Kennedy.26 Similar results are calculated at 200 and 250°C.
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The solubility of CO, decreases drastically when ions are introduced into
the solution. Including the hydration term, our equation of state gives the
dashed and the dotted lines for solutions of the given concentrations. The
curves are correctly shifted to lower CO, mole fractions in the liquid phase as
salt is added, indicating the salting-out effect. At pressures up to approxi-
mately 100 MPa, we predict the change in CO, solubility well when 6 weight
percent salt is added to the system. For the solution of 20 weight percent
salt, the calculated decrease in CO, mole fraction is somewhat smaller than
the experimental values. As the solution becomes more concentrated in salt,
further interactions which our equation of state does not take into account
may become important. For example, at higher salt concentrations, the
charged particles in the solution may influence the forces between the water
and C02 molecules. These are in effect three-body interactions which cannot
be described with an equation of state using only binary parameters. Also,
the curve of predicted osmotic coefficients showed deviations at higher salt
concentrations; ion-solvent interactions are not represented adequately in this
region.

At the highest pressures shown in Figure 3-4, our model predicts too
much salting-out; the calculated decrease in CO, solubility is larger than indi-
cated by the experiments. As the correction for hydration presented here is
only preliminary, this result is not surprising. The high pressures are likely
to influence the short-range interactions between ions and solvent molecules;
such effects cannot be described by modelling hydration as a Lennard-Jones
type interaction.
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4. Conclusions

This work contributes to both the experimental and the theoretical studies
of phase equilibrium thermodynamics for mixtures containing aqueous elec-
trolytes and volatile components. ‘ '

An apparatus was designed and constructed to measure reliable composi-
tion data for both vapor and liquid equilibrium phases. It can be used for
mixtures of aqueous electrolytes and nonelectrolytes from ambient to 250°C
and 140 MPa. The components in the equilibrium chamber are mixed by a
circulation system. Small samples from both phases can be drawn through
capillary lines and analyzed in a gas chromatograph. The salt concentration
i1s measured when initially charging the mixture into the equilibrium cell.

Experimental safety is crucial to high-pressure equipment, especially if
combustible gases are present. A prime factor in the design of the apparatus
is secure control over potential dangers. ‘

Molecular-thermodynamic models for vapor-liquid equilibria are based
on results from statistical mechanics. In this work, an equation of state is
developed for calculation of equilibria in mixtures of aqueous electrolytes and
nonelectrolytes over a wide range of conditions. Based on an expression for
the Helmholtz energy, it is applicable to all practical fluid densities. A sim-
ple correction is used to overcome deficiencies in the primitive model. Using

only binary data, we successfully describe salting-out behavior at pressures

up to 100 MPa for the ternary system H,O / NaCl / CO,.
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5. NOMENCLATURE

A Helmholtz energy

D dielectric constant

D.E.F defined in Equation (3-17)
H Hénry’s constant

Ny, - Avogadro’s number
pressure

gas constant

temperature

total volume

molecular weight

N <NV

number of electrons on ion

molar Helmholtz energy
functions in Equation (3-18)
unit electronic charge
fugacity

Boltzmann’s constant

> &> & o 8

~
~.

adjustable binary parameter in Equation (3-23)

>~

-

Setchenow coefficient
molality

number of components
number of moles

number of ionic species
Amolar volume

mole fraction in liquid phase

mole fraction in vapor phase

N e X o< T O 3 O3

mole fraction in either phase

[ ]

charge number



Greek Letters:

Superscripts:

0’1<l—1

o

0).(1).(2)

~
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polarizability

parameter in Equation (A2-4)

energy parameter in Lennard-Jones potential
déﬁned after Equation (3-29)

chemical potential

fugacity coefficient

molar density

cavity diameter

ionic diameter

mean ionic diameter

temperature-dependent hard-sphere diameter

adjustable Lennard-Jones distance parameter

reduced density parameter in Equation (3-17)
screening length

osmotic coefficient

liquid phase
vapor phase
residual

standard state
quantity in pure solvent

number of adjustable parameter

reduced quantity (used on temperature and density)



Subscripts:
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component i or j

interaction between molecules i and j
solvent

contributions to A"

vector quantity
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Appendix 1: Phase-Equilibrium Calculations from an Equation of State

The number of degrees of freedom f in a system containing m com-
ponents in p phases is given by Gibbs’s phase rule:

f=m-p+2 (Al-1)

If f conditions are specified, the remaining thermodynamic quantities which
describe the phase equilibrium can be determined from an equation of state

(EOS).

As an example, we consider a vapor-pressure calculation for a mixture
of m components. Temperature T and m —1 liquid phase concentrations x;
are fixed, x,, follows because the sum of mole fractions must add up to unity
for each phase. We have to solve for m +2 unknowns, the pressure P, m —1

vapor phase concentrations, and the molar densities of both phases, p" and

pL. For this equilibrium problem, m+2 independent equations must be

satisfied simultaneously. For each of the m components, we have
fi=1f (A1-2)

where the fugacities f,-L and f ,V are found from the EOS. The remaining two
constraints result from the determination of vapor and liquid densities from
the EOS.

In practice, equilibrium calculations follow an iterative procedure. For
the vapor-pressure problem, we start from initial guesses for pressure P and
the vector of vapor mole fraction Yi- Next, the EOS is solved for the densi-
ties of both phases. As density is an independent variable in the EOS, a
trial-and-error solution must be used for this step. When the values of T, p,

and composition z; are fixed for each phase, fugacity coefficients ¢,-L and ¢,-V

can be calculated.

The condition for material equilibrium as given by equation (3-6) is
written as '
of
yi= % (Al-3)
;
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providing a new estimate for the vapor-phase composition. The above calcu-
lations for p and ¢; are repeated until the iteration converges on a vector of
mole fractions y’;. However, unless the initial guess for the vapor pressure
P was correct,_the sum of y’; will not be equal to unity, as required. The
algorithm chooses a new value for P and the iteration for the vapor-phase
composition is entered again. When the sum of calculated y’; converges to

unity, the equilibrium problem is solved and the desired values for

P,pV, pt, and Y; are determined.

The computational effort for determining phase equilibria from an equa-
tion of state is large. In a typical calculation as illustrated above, the EOS is
evaluated for pressure well over 100 times. Computational efficiency is very
. important when implementing an EOS into computer programs. In Appendix
2, we outline the procedure used in this work, which was suggested by
Topliss.

(%
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Appendix 2: Implementation of the Equation of State into Computer
Programs

The equations given in section 3.2 use an equation of state (EOS) of the
form

P =P(TV.n) (A2-1)

where n; is the vector of mole numbers. For computational purposes, the
function

P =P(T,p,.z) (A2-2)

is much more convenient. The two are directly related; the density p is given

by p=V/n and the mole fraction z; is defined as z; = n;/ n, where n is the
total number of moles.

Accordingly, our implementation uses an expression for the Helmholtz
energy of the form

A=AT.p.z) (A2-3)

to evaluate the pressure and the fugacity coefficients.

By including the partial derivatives of the fugacity coefficients with
respect to temperature, pressure, and composition, the efficiency of calculat-
ing phase equilibria can be greatly increased. Also, in the critical and retro-
grade regions, the computation does not easily converge without these deriva- ‘
tives.

Partial derivatives can be calculated numerically using finite-difference
approximations. However, an analytical method where explicit expressions
for the derivatives are evaluated is often more precise. If a systematic pro-
cedure is used, the computational effort of finding the partial derivatives of
the fugacity coefficients with respect to composition analytically from an EOS
"is not exceedingly large.

In his dissertation, Topliss suggests parameterization of the EOS for
computational efficiency. To use his model for phase equilibrium calculations
and for fitting adjustable parameters to experimental data, an EOS must be
written as
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A=ATp,B8) (A2-4)

B; is a vector of composition-dependent parameters which can be chosen
arbitrarily for a particular EOS. These parameters may also depend on den-
sity or temperature, as is often necessary for complicated equations of state.
However, the computation is most efficient if the f; are functions only of
composition. '

The computer programs of the EOS evaluate the expressions for the
parameters f3; and calculate the function A = A(T,p,f8;). In addition, the
necessary partial derivatives of A and of B; are implemented as explicit func-
tions. The routines from Topliss’ procedure use these values to solve a given
equilibrium problem.

The curves for solubility of CO, in water and aqueous salt solutions
were generated with the aid of a multicomponent flash routine written origi-
nally by Topliss and modified to work with systems containing salt.

Due to the iterative nature of finding the denSity p from an EOS when
the pressure P, temperature T, and composition z; are specified, the EOS is
often evaluated repeatedly for the same values of T and z;, but at different
values of p. Therefore, the EOS is best implemented as two separate rou-
tines, the first of which determines only those expressions that do not depend
on density. Then it calls the second routine, which calculates the density-
dependent terms. A density-finding algorithm can evaluate the second routine
repeatedly without repeating unnecessary calculations. Once the algorithm
has converged on a value for the desired density, the first routine is called
again with a different control flag. This time it calculates the terms necessary
to find the fugacity coefficients and their respective partial derivatives at the
specified density, as required for phase-equilibrium calculations.

In addition to the two routines described above, our implementation
includes two more subroutines which are used to initialize EOS-specific quan-
tities before a calculation. The following are brief descriptions of our rou-
tines; the listings of the programs are available upon request.
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EOSRD
This routine reads pure-component and binary parameters from an
INPUT data file, stores them in corresponding variables and writes the on
4 an OUTPUT file for reference. The routine needs to be executed only
once for each application of the EOS to a particular system.

EOSINT
This routine stores pure-component and binary parameters in appropriate
COMMONS-blocks for the main EOS-routines. It is executed only once
in normal applications, however, when the EOS is used to adjust parame-
ters to experimental data, this initialization routine is called for each new
set of parameters.

EOS
The main EOS-routine serves two purposes. In its upper portion, it
evaluates all terms for the EOS which are necessary to calculate the pres-
sure, but which do not depend on density p. This is in preparation for
the call to routine PRES. In its lower part, EOS evaluates all expres-
sions necessary to calculate the fugacity coefficients and their partial
derivatives for a given density p.

PRES
The routine PRES calculates the pressure of a pure component or mixture
at specified conditions of (T, p,z;). PRES is the routine which is called
most frequently in equilibrium calculations from the EOS.
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