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Abstract
This thesis 1is a exhaustive study ¢f the phase
equilibria 1in the system water—hydrogen sulphide. Initially
a thorough review of the 1literature wvas condu’ ted. As a

result of this search and subseguent analysis of the data,

some inconsistencies in the established phase behavior were
found. New experimental data were obtained to supplement the
existing data. Thermodynzmi~ models were used toO correlate
virtually all of the data. Smoothed values were not used.
Other data were found to be of poor guality and were
rejected. What resulted, this thker is the definitive
study of the phase equilibria for the s,..em water-hydrogen
sulphide.

High pressure fluid phase equilibria (vapour-liquid.
liguid-ligquid and vapour-ligquid-liquid) were modelled us'ng
a modified Peng-Robinson equation of state. The solubility
of hydrogen sulphide was modelled using the Henry's law
approach. The pressure and temperature along the th: :e-phase
loci were correlated empirically. The composition oi the
hydrate was calculated wusing a mo¢*fied wvan der Waals-
Platteeuw method.

Many investigators have attempted to correlate the
phase equilibria for this system. Unfortunately, those
studies were severely impaired by their unguestioning
reliance on the smoothed data of Selleck et al. This study
does not make that mistake. In fact errors in the smoothing

of Selleck et al. are clearly demonstrated.
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I. Introduction

The system water—hydrogen sulphide 1is an important
system worthy of a thorough investigation. Although this
system has been studied quite often, there exists much
controversy. An examination of previous work revealed <some
misinterpretation of the experimental observations. This
work presents some new eXxperimental measurements of the
LA—LS-V, L,~H-V and LS—H—V loci and a thorough review of the
literature. As a result, a new description is presented for
the phase equilibria for this system.

The remainder of this chapter 1is an overview of
hydrogen sulphide-water phase equilibria in general and some
of the areas where its application is important. Chapter 1II
reviews the copious literature. New experimental work is
presented in Chapter III. A detailed review of the work of
Selleck et al. (1951,1952), one of the most important
studies of this system, is given in Chapter IV. Fluid phase
equilibrium calculations are presented in Chapters V of and
V1. Chapter V details the wuse an equation of state and
Chapter VI discusses the use of Henry's law. Finally, the
hydrate formation is covered in Chapter VII. Throughout this
thesis the phases will be designated as follows: S = solid
HyS, I - ice, H - hydrate, L, - aqueous liquid, Lg -
st-rich liguid and V - vapour.



A. Phase Equilibria

In a landmark work in the area of fluid phase
equilibria, Scott and van Konynenburg (1970) [also see wvan
Konynenburg and Scott (1980)] used the van der Waals (1873)
equation of state to predict qualitatively most of the known
types of fluid phase equilibria. As a result of their work
an often used system of classification was developed. Their
system 1is summarized in Table 1.1 and Fig. 1.1. The system
hydrogen sulphide-water 1is Type III in this system of
classification. The system hydrogen sulphide-water has an
interrupted critical locus (that is, its critical locus does
not extend between the two pure-component critical points).
Also, it exhibits liquid-liguid immiscibility. A small
critical 1locus extends from the critical point of hydrogen
sulphide to the three-phase (Lp-Lg-V) critical end point. A
second critical 1locus extends from the critical point of
water to lower temperatures and higher pressures.

Another of the interesting features of the phase
behavior in the system H,O0-H,S is the formation of a gas
hydrate. Hydrates belong to a class of compounds called
inclusion compounds or clathrates. A guest molecule, in this
case H,S, fits into a chamber formed by the host molecules,
water. At the right conditions, and often well above the
freezing point of pure water, the hydrate becomes stable and
precipitates. Gases can form two hydrate structures, types I
and Il. Hydrogen sulphide forms a type I hydrate. In a type

I hydrate, 46 water molecules are hydrogen bonded to form



Table 1.1 The Classsification of Fluid Phase Equilibria
Based on Scott and van Xonynenburg

Type I: One critical locus from CP; to CP,

Type 11: Two critical loci
- from CP, to CP,

- starts at K and extends to high pressure

Type I1I: Two critical loci
—from CP; to K

-starts at CP, and extends to high pressure

Type IV: Three critical loci
-starts at K; and extends to high pressure
-from K, to CcpP,
-from CP,; to Kj

Type V: Two critical loci
-from Ky to CP2
-from CP1 to Kz

Type VI: Two critical loci®
-from CP1 to CPz
~from K1 to Kz

CP; - critical point of pure i
K - three-phase critical end point

* - not predicted by Scott and van Konynenburg (1970),
see Rowlinson and Swinton (1982).
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P

Fig. 1.1 The Classification of Fluid Phase Behavior Based on
Scott and van Konynenburg (1970)



eight polyhedra: two dodecahedra (12 sides, all regular
pentagons) and six tetrakaidecahedra (14 sides, two regular
hexagons and twelve recular pentagons). This structure for
the type 1 hydrate results in two different sized cages.
Hydrogen sulphide is sufficiently small that it can occupy
both cages. Lerger molecules car. only occupy the large
cages. Even larger molecules form type 1II hydrates which
have larger caces. Molecules which are larger still do not
form hydrates. This results in a theoretical feormula of
8 H,S5-46 H,0 or H5;5-5.75 H50; but hydrates are
non-stoichiometric. Stable crystals form without a guest
molecule in all of the cages. The degree of saturation is a
function of temperature and pressure. A mWore detailed
discussion of gas hydrates is given by van der Waals and
Platteeuw (1959).

Combining fluid phase equilibria with those involving
solids reveals the complex eguilibria for this system. Fig.
1.2 depicts schematically the pressure-temperature diagram
for the system water-hydrogen sulphide. This figure shows
the two-phase loci for the pure compeonents and the
three-phase loci for the binary. The Gibbs phase rule says
that for a two-component system the possibility exists for a
quadruple point (four phases in equilibrium). Such a point
would represent a single point on the temperature-pressure
projection and the compositions of all of the phases are
fixed - there are zero degrees of freedom. A quadruple pcint

is at the intersection of four three-phase loci. The system
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hydrogen sulphide-water has four such points: (1) Lp~Lg-H-V
(2) Lp-V-I-H, (3) Lg-S-H-V and (4) S-I-H-V. The first two
have been studied, but the other two have not been found
experimentally. The Gibbs phase rule also says that a
guadruple point is impossible for a one-component system.
Table 1.2 lists the pressure and temperature at some of the
fixed points. Table 1.3 lists equations for some of the
three-phase 1loci in P-T space. These were obtaired in this
werk and the details of their derivations are presented
later. A few sections (pressure-composition and temperature-
composition) were then taken from this diagram. These are
shown on Figs. 1.3 through 1.13. These plots are not drawn
to scale, but the appropriate pressures or temperatures are
indicated. Note the diversity of phase equilibria
encountered.

The system hydrogen sulphide-water behaves similarly to
the system carbon dioxide-water. However, there is some
controversy about the exact behavior of the fluid phase
equilibrium for the system CO,-H5O. Experimental studies
have been reported by Todheide and Franck (1964) and
Takenouchi and Kennedy (1964) for the high pressure fluid
phase equilibrium. Although quantitatively these studies
disagree, Qualitatively they give a similar description.
Song and Kobayashi (1984) report equilibria involving solid

phases. This description is analogous to the one presented

here for st-HZO.



Table 1.2 Fixed Points on the Pressure—-Temperature
Plane for the System Hydrogen Sulphide-Water

Temp Press Ref
(°c) (MPa)
Triple Point of H,S -85.5 0.02320
Triple Point of H,0 0.01 6.113x10"%
Critical point of H,S 100.3 8.963
Critical Point of H,O 374.2 22.09
H-1-Lp -V Quadruple Point -0.4 0.0931
Lp-Lg-H-V Quadruple Point 29.4 2.23
Lp-Lg-V Critical End Point 106.2 ©.39
1 - This Work
2 - Keenan et al. (1978)
3 - Goodwin (1983)
4 - Korvezee and Scheffer (1931)



Table 1.3 Three—-Phase Loci on the Pressure—Temperature
Plane for the System Hydrogen Sulphide-Water

1n P = 14.836 - 2156.9/T
302.6 < T < 380.1 K
Lg—R-V
in P = 14.5229 - 2061.05/T
278.0 < T < 302.6 K
Lp—H-V
in P = -26.8952 + 0.15139 T + 2788.88/T - 3.5786 1n T
272.7 < T < 302.6 K
Lg~Lp~H
P = 11083 T -3352515
302.6 < T < 305.4
H-1-V
ln P = 15.8059 - 3070.13/T
243.2 < T < 272.7 K
—_—T %
Ly=I1-V

ln P = 3347.944 - 12.2581 T
272.75 < T < 273.16 K

where P is in kPa and T in K

* — estimated
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Fig. 1.3 Schematic Pressure-Composition Diagram for the

System Hydrogen Sulphide-Water at -1°C

10



| 1.07 MPa

§ 1.03 MPa

w .
5%
2 :
i -_, 101 kPa
Jem
o f
§ 99 kPa
§ 0.7 kPa
| 0.61 kPa
HZO HZS

Composition

Fig. 1.4 Schematic Pressure-Composition Diagram for the
System Hydrogen Sulphide-Water at g°c

11



12

| 3.55 Mpa

§ 3.50 Mpa

Pressure

{ 12.4 kPa

Composition
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System Hydrogen Sulphide-Water at 105°C
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Fig. 1.9 Schematic Temperature-Composition Diagram for the
System Hydrogen Sulphide-Water at 101.325 kPa
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B. Applications

The system water-hydrogen sulphide is an important one
in industrial practice. Several situations where both water
and hydrogen sulphide occur will be discussed. a thorough
understanding of the phase behavior in this system 1is

important for the understanding of these processes.

Petroleum Reservoir Engineering

Petroleum reservoir fluids are complex mixtures
composed of many components (both hydrocarbons and
non-hydrocarbons) occurring in one or more phases. Two

important components are water and hydrogen sulphide.

Petroleum reservoirs are marine in origin and thus
usually have some water (usually brine) associated with
them. Since water and petroleum are essencially immiscible,
they form separate phases, with the water usually underlying
the petroleum. Production of water is an indication of the
behavior of the reservoir.

Perhaps the most common method of secondary recovery is
waterflooding. Water 1is 1injected 1into the formation to
increase the fluid pressure and thus increase oil
production. An important thermal recovery method 1irivolves
the injection of steam 1into the reservoir. This is
accomplished by injecting the steam into the formation and
producing the fluids via the same well (called "huff and
puff"). Alternatively, separate wells for 1injection and

production may be used ("steam flood"). The steam heats the
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viscous reservoir fluid, thus decreasing its viscosity and
making it flow more easily. The steam also increases the
reservoir pressure.,

In general, phase behavior 1is very important in
petroleum engineering. Thus the understanding of the phase
equilibrium in the system H,5-H,0 provides another volume in
the library of systems of importance to the o0il and gas

industry.

Natural Gas Processing

Hydrogen sulphide and carbon dioxide are common
components in natural gas, especially in Alberta. When they
are in contact with water, they form weak acids and thus
they are called "acid gases". When natural gas contains
hydrogen sulphide it is called "sour gas". The acid gases
must be separated from the hydrocarbons for several reasons.
Hydrogen sulphide must be removed because of its toxicity,
corrosivity, offensive odour and because it is a valuable
source of suiphur. The common methods for separating the
acid gases from the hydrocarbons use agueous-based solvents.

Two general types of gas sweetening solvents are
(1) chemical and (2) physical. Physical solvents simply
dissolve the acid gases. Chemical solvents react with the
acid gases, thus greatly increasing the solubility,
especially at low acid gas pressures. The chemical solvents
form basic solutions and, since the sour gases form acidic

solutions, the reactions involve proton tranfers. Typical
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chemical solvents are monocethanolamine (MEA), diethanolamine
(DEA) and methyldiethanolamine (MDEA). Selexol (dimethyl
ether of polyethylene glycol), Purisol (n-methyl-
2-pyrrolidone) and Rectisol (methancl) are examples of
physical solvents.

Regardless of whether a chemical or a physical solvent
is wused, the process involves the same two basic steps. The
first step is the absorption of the acid gas by the solvent.
The sour gas is contacted with 1lean solvent producing
"sweet” gas and spent scolvent. The spent solvent is sent to
the second step. Here, 1in the regeneration, the hydrogen
sulphide and/or carbon dioxide are stripped from the
solvent. The purified solvent is returned to the absorption
stage and the 1liberated acid gas is sent for further
processing (for example tc a Claus plant where hydrogen
sulphide 1is oxidized to elemental sulphur). Fig. 1.14
depicts a simplified flowsheet for this process. Details of

these processes can be found in Kohl and Riesenfeld (1985).

Heavy Water Production

Hydrogen sulphide and water are important components in
the production of heavy water. The dual-temperature process
(also known as the Girdler-Sulphide (GS) process) involves
the exchange of deuterium between the hydrogen sulphide and
the water. Fig. 1.15 shows schematically a single stage 1in
the GS process. At low temperatures the deuterium moves to

the hydrogen sulphide and at high temperatures to the water.
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Temperatures in the cold section are typically 30° to 40°C
and 120° to 140°C in the hot. Since the reactions occur in
the agueous phase, it is desirable to operate at as high
pressure as possible. Pressures in the cold section are
limited by the formation of a third phase (either a hydrate
or H,S-rich liguid). Natural, fresh water, which contains
minute amounts of deuterium, (typically 130 to 150 ppm
deuterium as HDO) 1is fed to the process. The deuterium is
concentrated in the product stream and a waste stream
containing "light" water results. To produce pure heavy
water several of these stages are placed 1in series. Since
the transfer rates are guite low, this process is carried
out in many tall tray towers. Therefore accurate phase and
chemical equilibrium data are needed for optimal design and
operation of these plants.

More information about the GS process can be found in
Bebbington and Thayer (1959), Haywood and Lumb (1975) and
Icely and Grange (1975).

Sour Water Stripping

Two important processes during the upgrading of crude
oil are desulphurization and denitrogenation. Undesirable
by-products from these processes are hydrogen sulphide and
ammonia, which usually find their way into aqueous waste
streams. Thus these wastes are called "sour water". Before
the sour water can be reused or discarded, the hydrogen

sulphide, ammonia and other components (such as phenols)
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must e stripped from the water. Because the concentration
of hydrogen sulphide and ammonia in the water must be
reduced to very low levels, accurate solubility and chemical
equilibrium data are required for the design of these
strippers.

Typically, sour water stripping takes place 1in two
steps. The first is the removal of hydrogen sulphide which
takes place at about 40°C and 700 kPa. The &wJueous ammonia
stream 1is then sent to an ammonia stripper. The ammonia 1is
stripped at about 100°C and 35C kPa. The produced water
contains 1less than 300 ppm ammonia and less than 100 ppm

hydrogen sulphide. A detailed design procedure is given in

Beychok (1967).

Paper Pulp Production

The kraft process 1is the most common process for
producing wood pulp. Details of this process can be found in
Kline (1982). It will be described briefly here. A NaOH/Na,S
solution (called white liquor) is fed along with wood <chips
into a digestor. The hydroxide breaks down the lignin (a
phenolic substance that "glues™ the wood fibers together and
typically makes up 20 to 40% of the wood) into simple
components. The sulphide performs two functions: (1) it
reacts with the simpler lignin molecules to make them more
soluble and (2) it helps to maintain the desired pH level
(which in turn reduces damage to the pulp due to low pH).

The effluent from the digestor (called brownstock) 1is sent
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to washers. Here the sodium salts and sulphurized iignin
compounds are washed out of the pulp, producing weak black
liguor. The pulp is sent on for further processing. The weak
black liguor 1is first concentrated in an evaporator, which
produces strong black liquor, and then further concentrated
in a furnace to produce slag. Sodium sulphate is added to
the strong black liquor and in the furnace the sulphate 1is
reduced to sulphide. The slag is mixed with lime to produce
a solution containing NaOH and Na,S (called green liquor).
The green 1liquor 1is sent to a clarifier where the calcium
compounds are recovered and fresh white liquor is produced.
In turn, the white liguor is fed to the digestor.

Many undesirable sulphur compounds, including H,S, are
produced during this process. These sulphur compounds
contribute to the odour associated with pulp mills. The
chemistry of these compounds, including their solubility in
water, is important for thorough understanding of the kraft

pulping process.

Hydrometallurgy

Hydrometallurgy 1is :toe extraction and production of
metals from ore or waste utilizing reactions in an aqgueous
media. Usually hydrometallurgy is employed with poorer
grades of ore where pyrometallurgy (the traditional
extraction with heat) is too expensive.

The first step in the process is to leach the desired

minerals from the undesired gangue. A metal-rich (pregnant)
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solution 1is thus produced. This solution, rarely containing
only one metal, must be separated and purified. Several
processes are possible at this stage, but only precipitation
will be discussed here. A reagent 1s added to the pregnant
solution which will precipitate selectively metal compounds.
The precipitate may contain either the desired product or
the impurities. Hydrogen sulphide is an important reagent
for this purpose. With the proper pH adjustment, metal
sulphides can be selectively precipitated quite efficiently.
For example, H,S is used commercially to separate copper
from a solution containing copper and nickel. The
solubilities of the copper sulphides are several orders of
magnitude smaller than those of nickel. The solubility of
hydrogen sulphide in water is an important parameter in such
an extraction method.

Jackson (1986) explains in detail many hydrometal-
lurgical processes and Simmons (1964) expounds the use of

hydrogen sulphide as a hydrometallurgical reagent.

Geological Processes

The system water-hydrogen sulphide is also of
geochemical interest for more than just petroleum geology.
Many mineral deposits are formed by the precipitation of
solids from hot agqueous (hydrothermal) solutions. If these
solutions are in contact with hydrogen sulphide, the
formation of sulphide minerals may result. Thus a thorough

understanding of the- phase behavior in the system



30

water—-hydrogen sulphide 1is important for the accurc:e
analysis of these mineral forming processes. Anderson (1983)
explains the importance of hydrogen sulphide 1in these
hydrothermal processes.

Also, these hydrothermal reservoirs are important
sources of energy. One of the problems with the further
develocpment of these resources is the presence of hydrogen
sulphid: 1in the produced steam (Parkinson, 1982). Processes
must be developed to strip the hydrogen sulphide from the

geothermal steam without drastically reducing its energy

value.

C. Summary

From the discussion just presented, it 1is clear that
the syst=2m hydrogen sulphide-water is important from both a
scientific and technological point of view. Thus it 1s not
surprising that this system has been studied often. The next

chapter reviews the vast literature of investigations of

this systeu.



I11. Literature Review
The importance of the system water-hydrogen sulphide is
reflected by the large number of investigations of this

system and by the range of the fields of journals that

publish this information. This chapter is an attempt to
review all of the work on this system. It is separated into
four sections depending upon the type of investigation

undertaken and furtlher subdivided chronologically.

A. High Pressure Studies

One of the first investigations of the phase behavior
in the system water—hydrogen sulphide was by Scheffer
(1911a,b,1913). He measured the three-phase 1loci in the
region near the L,-Lg~H-V guadruple point. He found this
guadruple point to be at 29.5°C and 2.24 MPa.

The investigation of Selleck, Carmichael and
Sage (1951,1952) is considered to be the benchmark study for
the system water-—-hydrogen sulphide. Properities reported in
the 1952 paper were smoothed and extrapclated from the raw
data, which were presented 1in the 1951 supplementary
puplication. It also incorporated work from some previous
investigations, especially the work of Scheffer. The
experimental portion of the Selleck et al. study was
performed in three parts. First a variable volume cell was
used to determine bubble points. A mixture of known
composition, lean in hydrogen sulphide, was injected 1into

the cell and compressed isothermally. A discontinuity in the

31
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derivative of volume with respect to pressure at constant
temperature indicated the phase transiticn., Second, a
constant volume cell was used for direct measurement of the
composition of a gas in equilibrium with an agueous phase of
unknown composition. In the wvapour—-liguid region., they
examined five isotherms: 37.8°, 71.1°, 104.4°, 137.8° and
171.1°C (100°, 160°, 220°, 280° and 340°F) and pressures up
to about 35 MPa (5000 psia) for the vapour phase. The bubble
points were measured at pressures up to 13 MPa (2000 psia).
A few hydrogen sulphide-rich phase compositions were
measured at 37.8° and 71.1°C in the 1liguid-liguid region.
Finally, phase boundaries on the P-T projection (points
along the three-phase loci) were obtained using a cell which
was nearly constant volume, Discontinuities 1in the
derivative of temperature with respect to pressure at
constant volume indicated a phase transition. A detailed and
critical discussion of the work of Selleck et al. 1is
presented in Chapter IV,

Kozintseva (1964, 1365) studied the phase equilibrium of
the binary system from 160° to 330°C, but the partial
pressures of hydrogen sulphide were less than 210 kPa. ©On
the P-T diagram, her data lie very close to the water vapour
pressure curve. She also investigated the solubility of
hydrogen sulphide 1in agueocus sclutions of sodium chloride,
calcium chloride and sodium sulphate at similar conditions.
To perform a run, the cell was initially flushed with

nitrogen in order to remove oxygen from the system. Water
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was then added to the cell, folliowed by H,S. It is unclear
how the nitrogen was purged from the equipment (and it is
suspected that the nitrogen was not removed). Samples of
both phases were taxen. The compositions were determined by
passing the sample through a series of traps. The H,S
content of the sample was determined using iodometric
titrations and the mass balance. She reports the partial
pressure of hydrogen sulphide (which she defines as
Pyog = YH¢S'P) and the mole ratio of H,S in both phases.
From her values, the mole fractions and the total pressure
can be calculated. The difference between the total
pressure, thus calculated, and the vapour pressure of pure
water is much larger than her reported partial pressures.
Another way of expressing this is that most of her vapour
compositions deviate from simple Raoult's law
(Yyog = 1V - P°H20/P), some by more than an order of
magns tude. Such an error seems to be unusually large.

In a study of the solubility of sour gas mixtures in
water and brine, Vogel (1871) made some measurements for
hydrogen sulphide in water at 104.4°C (22C°F). Initially he
tried to measure the composition of the agueous phase
directly. A mixture of hydrogen sulphide and water was
injected into a constant voclume cell and allowed to
equilibrate. A sample of the 1liquid was withdrawn and
analysed. He rejected this method and the results thus
obtained because the hydrogen sulphide concentrations were

significantly less than the extrapolated values of Selleck
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et al. Unfortunately, Vrqgel did not report these solubility
data. Subseqguently he ed a variable volume cell to measure
bubble poir“:. At low pressures the bubble points were in
good agreement with Selleck et al. However, at higher
pressure, Vogel's measured solubilities were much smaller
than those reported by Selleck et al. (by as much as 24%) .
Also, for some compositions, the isothermal pressure-volume
curves showed two discontinuities. Vogel coupled his
observations with the smoothed values of Selleck et al. and
erroneously interpreted this as a three-phase region - a
violation of the Gibbs phase rule. A better interpretation
of the observations of Vogel is given in Chapter V.

Lee and Mather (1977) measured the solubility of
hydrogen sulphide in water for eleven isotherms (10°, 20°,
30°, 40°, 50°, €60°, 71°, 90°, 120°, 150° and 180°C). The
pressure for these measurements was either up to about 7 MPa
or until a third phase was encountered, depending upon the
temperature. A flow-type sampled <cell was used in this
investigation. Liguid phase compositions were obtained by
flashing a sample to room conditions. The hydrogen sulphide
that evolved was collected in a burette. Residual hydrogen
sulphide in the water was determined using gas
chromatography. A few vapour compositions were also measured
at 90°, 120° and 150°C and pressure between 1.9 and 3.4 MPa.
These compositions were measured using gas chromatography.
Unfortunately, they were not highly reproducible, especially

at low water concentrations.
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Drummond (1981), in an investigation of hydrothermal
fluids, measured mass-temperature-pressure-volume data for
the systems st—water, st—brine, CO,—-water and COz—brine.
The temperatures ranged from 30° to 355°C and pressures to
about 20 MPa. These data were neither along 1isotherms nor
along isobars; each point was at a different temperature and
pressure. The experimental procedure consisted of charging a
known amount of water and hydrogen sulphide into a cell of
known volume. The cell was rocked wuntil eguilibrium was
attained. From the measured temperature, pressure, feed
composition and total volume, along with several
assumptions, the compositions of the coexisting phases were
calculated. Some of the assumptions that he made are:

1. Raoult's Law: The partial pressure of water was
estimated as the mole fraction of water in the agqueous
phase times the vapour pressure of pure water.

2. Lewis Rule: The fugacity of hydrogen sulphide 1in the
vapour phase was calculated by multiplying the fugacity
of pure hydrogen sulphide and the mole fraction in the
vapour. This was assumed in spite of vapours estimated
to be as lean as 10% hydrogen sulphide. Fugacities were
calculzted using the generalized correlations of Lee and
Kesler (1975).

3. Amagat's Law: The volume of the vapour was calculated as
the sum of the volumes of the pure components at the
given temperatures and pressures. Compressibilities were

obtained from Lee and Kesler (1975).
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These assumptions are not valid at the conditions of these
experiments. Thus, the values reported are of gquestionable
quality. Subsequently, Drummond (1985) analyzed the errors
involved in this type of experiment. Unfortunately, his
analysis incorporated only the errors involving the measured
quantities (mass, temperature, pressure and volume) and not
the assumptions made. The errors arising from his
assumptions are more significant than those due to the
measured guantities.

Gillespie, Owens and Wilson (1984) [also see Gillespie
and Wilson (1980) and Gillespie and Wilson (1982)], in a
study of sour water systems, examined the system
water—-hydrogen sulphide from 37.8° (100°) to 315.6°C (600°F)
up to 20.7 MPa (3000 psia). They used a static-type sampled
cell. This investigation included vapour-liguid and
liguid-liquid equilibria. Samples from both phases were
analyzed. For hydrogen sulphide-water, samples were passed
through a cadmium sulphate solution and then a tube packed
with Drierite. The amount of hydrogen sulphide in the sample
was determined by titrating the sulphuric acid formed by the
reaction of hydrogen sulphide with cadmium sulphate (cadmium
sulphide precipitates). The mass of the sample was obtained
by weighing the collection train before and after sampling.

The water content was determined by difference.
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B. Low Pressure and Solubility Studies

One of the classic experimental methods for measuring
the solubility of a gas in a liguid was devised by Bunsen
(1855a,b,c). A known volume of gas was brought in contact
with a quantity of gas-free solvent. The system was left to
equilibrate and then the volume of the gas was again
measured. The difference in volumes represented the amount
dissolved. Solubilities thus obtained were reported as the
volume of gas dissolved (corrected to STP - 0°C and 1 atm)
per unit volume of pure solvent - today this is called the
Bunsen coefficient. Schoenfeld (1855) used this method for
hydrogen sulphide in water from 2° to about 43°C. The
precision of these data was not very high (as will be
demonstrated in Chapter VI).

Prytz and Holst (1895) used a method similar to that
devised by Bunsen, but they measured the amount of gas
dissolved gravimetrically rather than volumetrically.

McLaughlan (1903) measured the solubility of hydrogen
sulphide, iodine and bromine 1in agueous solutions of
electrolytes and non-electrolytes. As a part of this study,
he measured the solubilities in pure water. These
measurements were at 25°C.

Garelli and Falciola (1904) used a freezing point
depression method to measure the solukility of several gases
(including H,3) in several liquids (including water). The

solubility of H,S in water was reported at 0°C and 1 atm.
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Winkler (1906) reported the solubility of several gases
(including hydrogen sulphide) in water at 1 atm for
temperatures from O0° to 100°C. Winkler was among the first
to use a chemical technigque for measuring gas solubilities.
The 1liquid was saturated by bubbling the gas through it.
Then the solubility was measured using a chemical method
(for example iodometric titration). The International
Critical Tables (Washburn, 1928) list Henry's constants for
H,S in water. These values were based primarily on the work
of Winkler. The values reported in the International
Critical Tables have been repeated in other source books.
For example, they are in the Chemical Engineer's Handbook
(Perry and Chilton, 1973; and Perry and Green, 1984).
However, there is an error in these compilations. They are
in error by three orders of magnitude. Correct Henry's
constants and the proper use of Henry's Law are presented in
Chapter VI.

Pollitzer (1909) studied the reaction between HyS and
1,. As a part of this research, the solubility of H5S in
water was measured at 25°C.

Kendall and Andrews (1921) measured the solubility of
hydrogen sulphide in hydrochloric acid solutions (including
pure water) at 25°C and 1 atm. Interestingly, they found
that the solubility of hydrogen sulphide in hydrochloric
acid solutions went through a minimum at approximately
0.4 M HCl. The solubilities were measured using iodometric

titrations. Kapustinsky and Anvaer (1941) also measured the
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solubility of hydrogen sulphide in hydrochloric acid at 25°C
and atmospheric pressure. Included in this study was a
single measurement of the solubility in pure water. Syrkina,
Krashennikova and Zaliopo (1969) measured the solubility of
hydrogen sulphide in hydrochloric acid as well.

Wright and Maass (1932a) determined the solubility of
hydrogen sulphide in water over the range of temperature 5°
to 60°C and pressures up to 500 kPa. They assumed that the
partial pressure of water in the vapour phase was egqual to
its vapour pressure. Liguid phase compositions were obtained
from volumetric and gravimetric methods. They also measured
a few pressure-temperature points along the H-L, -V
three-phase locus. In a subseguent paper, Wright and
Maass (1932b) report additional data on the sclubility of
hydrogen sulphide. However, the main focus of the second
paper was the electric conductivity of these solutions and
the state of the agueous H5S.

Kiss, Lajtai and Thury (1937) reported values for the
solubility of hydrogen sulphide in water and solutions of
ethanol, glycerine and urea at 0.05°, 12.5° and 25°C.
Several measurements were made near atmospheric pressure and
the reported values were corrected to 1 atm. Concentrations
of the hydrogen sulphide 1in the aqueous phase were
determined using iodometric titrations.

Harkness and Kelman (1967) made some measurements of
the solubility of methyl mercaptan in water and various

electrolyte solutions. They also made a single measurement
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of the solubility of hydrogen sulphide at 30°C. The
solubilities were obtained using a volumetric technique.

Gamsjager, Rainer and Schindler (1967) measured the
solubility of H,S in sclutions of HClO0, and NaClO, at 25°C
and 1 atm. Included in their study was a single measurement
for H,S in pure water.

Clarke and Glew (1971) measured vapour-ligquid
equilibrium data for hydrogen sulphide and deuterium
sulphide in water and heavy water. Temperatures ranged from
0° to 50°C, and pressures were below 100 kPa. Both 1liguid
and vapour phase compositions were obtained from
experimental data and a rigorous theoretical model of the
phase equilibrium. their values are the most accurate of all
the solubility data.

Gerrard (1972) measured the solubilities of several
gases in various solvents including hydrogen sulphide 1in
water. The measurements for H,S in water were at atmospheric
pressure and at 0°, 10° and 20°C. A volumetric method was
used to obtain the concentration in the ligquid phase.

Douabul and Riley (1979) measured the solubility of
hydrogen sulphide in water and seawater from about 2° to
30°C. Pressure for these experiments was 1 atm. The raw
experimental data were evaluated and a table of smoothed
values was also presented. The hydrogen sulphide content of
the agueous phase was measured using iodometric titration.

Byeseda, Deetz and Manning (1985a,b) in a study of the

solubility of H,S, CO, and propane in several solvents
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measured a single point for H,S in water at 23.9°C (75°F)

and 101.6 kPa (14.73 psia).
Barrett, Anderson and Lugowski (1988) measured
solubilities at about 25°, 60°, 80° and 95°C and 1 atm 1in

pure water and NaCl solutions of concentrations up to

5 molal. Several results were reported for each temperature.
The solubilities were obtained using iodometric titrations
and a gravimetric technique. There was good ayreement
between the two methods. In an earlier work, Barrent and
Anderson (°982) mention some solubility wvalues at about
80°C, but little detail about these values is given.

In an investigation of the solubilities of gases in
liquids, Markham and Kobe (1941) reviewed the experimental
and theoretical methods employed up to that time. They rate
the reliability of the available data and all were
considered to be of the highest guality with the exception
of those of Bunsen and McLaughlan. This rating was based
solely on the method used. Wilhelm, Battino and
Wilcock (1977) made a thorough and critical review of the
solubility of gases in water. For hydrogen sulphide, they
concluded that the data of Wright and Maass and Clarke and

Glew were the most reliable. A thorough discussion of the

solubility is presented in Chapter VI.
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C. Hydrates

The first report of the hydrogen sulphide hydrate was
by Wohler (1840). Loir (1852) reported a double hydrate in
the system hydrogen sulphide-chloroform-water. However, the
first detailed investigation of the H,S hydrate was that by
de Forcrand and co-workers (de Forcrand, 1882a;
de Forcrand, 1882b; de Forcrand, 1883; de Forcrand and
Villard, 1888a; de Forcrand and Villard, 1888b; de Forcrand
and Vvillard, 1888c; de Forcrand, 1902a and
de Forcrand, 1902b). These studies included measurements of
the L,-H-V locus for hydrogen sulphide, the study of several
double hydrates with hydrogen sulphide as one of the
components, and the compositions of the hydrates. Although
in their earlier work de Forcrand and co-workers estimated
that the formula for the hydrate was H,5.12 H,O or
H28-16 H50, in 1902 he calculated that it was HZS-5.96 H50
which is close to the accepted value. But, assuming that the
ratio should be an integer he rounded it off to 6. At about
the same time Cailletet and Bordet (1882) also reported
values for the pressure and temperature along the Lp-H-V
locus.

As noted earlier, Scheffer investigated the hydrate
forming conditions. Scheffer (1811b) measured the
composition of the agueous liquid along the Lp-H-V locus and
the H,S-rich 1liquid along the Lg~H-V locus. Scheffer and
Meyer (1919a,b) also investigated the nydrate. Korvezee and

Scheffer (13931) reported measurements and results along the
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H-I-V and Lp-H-V loci. They concluded that the composition
of the hydrate at the L,-H-I-V quadruple point was 6.06x0.13
molecules of water per molecule of hydrogen sulphide.
However, they too believed that the wvalue should be an
integer and thus rounded it to 6.

Bond and Russell (1949) investigated the L,-H-V locus
and the effect of several "antifreeze agents"” (NaCl, CaCl,,
methanol, ethanol, ethylene glycol, diethylene glycol,
dextrose and sucrose). All of these chemicals were found to
reduce the temperat .. e at which the hydrate would form at a
given pressure. Ng and Robinson (1985) performed a similar
experiment to study the effect of methanol on the hydrate
formation of several gases including hydrogen sulphide. No
measurements were made for the binary mixture water—-hydrogen

sulphide, however.

The first thorough study of the nature and properties

of all hydrates was by Stackelberg and co-workers
(stackelberg, 1949; Stackelberg and Muller, 1954;
Stackelberg and Meinhold, 1954; Stackelberg, 1954

Stackelberg and Frihbuss, 1954; and Stackelberg and Jahns,
1954). Among other things, they established a semi-empirical
relation for determining which substances will form
hydrates. They also investigated the crystal structure of
the two types of hydrates.

Cady (1981) made precise measurements of hydrate
compositions for several substances. For hydrogen sulphide

in water at 0°C, he found that n=5.99 at 164 kPa and 5.86 at
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349 kPa and was a decreasing functlion of pressure.

D. Other Studies

Pohl (1961) and Burgess and Germann (1969) correlated
data for the water-hydrogen sulphide system in the region of
interest for the dual temperature proccess. Both of these
works present equations suitable for computer calculations
as well as tables of interpolated values. Unfortunately,
both works are highly dependent on the smoothed values of
Selleck et al. (1952) for their mixture values.

Another important investigation of the system
water-hydrogen sulphide was performed by Murphy and Gaines
(1974). They measured the densities of saturated hydrogen
sulphide solutions from 21° to 41°C for pressures between
0.101 and 1.824 MPa. They also measured the viscosities of
the solutions at the same conditions.

A thorough investigation of the properties of H5S-H,0
mixtures 1s the report by Neuberg, Atherly and Walker
(1977). Although they use several sources of data, this
.eport 1is highly reliant on the smoothed values of Selleck
et al.

Shvedenov, Kalinin and Nazarov (18986) modelled the
vapour-ligquid equilibrium in the system H,0-H,S. Their
purpose was to construct a model that could be used to
extrapolate the experimental data to higher pressure. They
used an activity coefficient .iodel for the liquid phase

non-idealities and the Peng~Robinson equation of state for
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the vapour. Again, their model was highly dependent on the
smoothed data of Selleck et al.

A valuable compilation of data for the solubility of
hydrogen sulphide is in the IUPAC Solubility Series (7ogg
and Young, 1988). Solvents include water and agueous

mixtures. However, this listing is not as complete as that

presented in this thesis.

E. Summary

This chapter was an attempt to review the copious
literature for the system hydrogen sulphide~water. These
data will be incorporated 'nto the models developed 1in
subsequent chapters. One region where the literature 1is
inconclusive is the ligquid-liquid-vapour eguilibrium. This
will be investigated in the next chapter. Also, there 1is
some controversy about the solubility of hydrogen sulphide
in water. This problem is addressed in Chapter VI. Finally,

there is a lack of accurate high pressure eguilibrium data.



111. Experimental Work

The literature for hydrogen sulphide-water, as reviewed
in the previous <chapter, has a few of 1inconsistencies.
Perhaps the most important of these is the
liquid-liguid-vapour locus and in particular the location of
the three-phase critical end-point. It is the purpose of
this chapter to detail an experiment for measuring the
L,-Lg-V locus. As a part of this work, the hydrate forming

conditions were also examined.
A. Liquid-Liquid-Vapour Equilibrium

Apparatus

For this work, experiments were conducted 1in a
flow-type, sampled cell (see Appendix A for a discussicn of
the types of equilibrium cells). The cell is a high pressure
liguid level gauge, (Jerguson #17-T-30) designed £for clear
viewing of 1its contents. The volume of the cell is about
75 cm3. To ensure sufficient mass within the system, a
vapour reservoir of about 250 cm3 is attached to the top of
the cell. To encourage equilibrium, vapour is drawn off the
reservoir and circulated through the condensed phases. The
recirculation pump is a magnetic piston pump, similar to the

one devised by Ruska et al. (1970). The void volume of the

A portion of thie« - iter has been published. Carroll, J.J.
and Mather, A.E., ' uase Eguilibrium in the System Water-
Hydrogen Sulphide: Experimental Determination of the LLV
Locus", Can. J. Chem. Eng., 67, 468-470, (1989).

46
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pump is about 100 cm3. all parts in contact with the wet H,S
are constructed from 316 stainless steel with the exceptio~
of the piston in the recirculation pump. Since it had to bp-
ferromagnetic, the piston was made from Carpenter 450. The
cell, reservoir and pump are housed in a constant
temperature air bath. Pressure was measured using two
16-inch Heise bourdon tube gauges. One of the gauges was
6.9 MpPa (1000 psi) and the other 20.7 MPa (3000 psi). The
gauges w.re accurate to 0.1% of full scale and were
calibrated against a dead weight gauge. Temperature was
measured with an iron/constantan (Type J) thermocouple. The
+hermoccuple was calibrated against a platinum resistance
thermometer. Output from the thermocouple was measured using
a Hewlett-Packard Mcdel #3450A digital voltmeter. The
temperature of the air bath was controlled using a

Hallikainen Thermotrol controller. Since the pressure gauges
were at ambient temperature, the lines leadinc to the gauges
were wrapr = with heating tape to prevent hydrate formation.

The appa.®~us i1s illustrated in Fig. 3.1.

Procedure

Tc perform a2 run, approximately 20 cm3 of water was
placed in the C:z11. Hydrogen sulphide was bubbled through it
for about half an hour to ensure that all of the air was
flushed out of the system. Using only the pressure in the
H,S bottle, pressures of about 1.7 MPa c¢ould be attained in

the system. A spindle press was then used to increase the
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amoun: of H,S in the system. The outside of the barrel of
the spindle press was packed with ice, and H,S was conder=ed
inside the pump. Tr.3 liquid was pumped into the cell.
Injection continued until there was ;ufficient amount of
H,S-rich liguid. To construct the pressure-temperature
locus, the controller was set and the system was allowed
about 24 h to attain equilibrium. As the critical puint at
the end of the three-phase locus was approached, longer
times were allowed. As the temperature changed the pressure
tracked the L,-Lg—V locus in much the same way @& pure
component would track its vapour pressure. Once equilibrium
was reached, the pressure and temperature were recorded. The

controller settings were then changed to obtain another

point.

Sampling

The three phases were sampled in a similar fashion.
Samples were withdrawn from the cell through 1.59 mm
(1/16 in) tubing and were absorbed into an approximately 1 M
NaOH solution. The st-rich phases were collected in a steel
bomb with a volume of about 150 cm?® and the agqueous phase in
a 50 mL Erlenmeyer flask. The mass of the sample was
determined by weighing the collection vessel before and
after sampling. These measurements were made to the nearest
0.1 mg using a Mettler single-pan analytical balance;
however, they are probably accurate to only *1 mg. Samples

of the st—rich phases were 1 to 2 g and were absorbed in
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125 to 150 mL of caustic. Aqueous samples vere 3 to 5 g and
were absorbed in about 30 mL of caustic. The exact amount of
caustic was obtained by weighing the collection vessel empty
and after the addition of the caustic. To keep the pressure
drop to a minimum, the samples were withdrawn guite slowly.
Thus during sampling, the pressure never decreased by more
than 0.7 MPa.

The H,S content of the sample~caustic solution was
determined by iodometric titration (Kolthoff et al., 1968
and Bethge, 1953). An exact volume of 0.1 N 1iodine
(typically 20-25 mL) was pipetted into a flask. An equal
volume of glacial acetic acid was added to the iodine. A
small aligquot of sample, weighed to the nearest 0.1 mg, was
added to the iodine/acid solution. The amount of iodine was
always such that it would be in excess. The excess 1i1odine
was titrated with 0.1 M sodium thiosulphate. The
thiosulphate was added to the sample/iodine solution from a
burette. It was slowly added until the solution became a
pale yellow colour. A modified starch was added. The
reaction between the starch and iodine turned the solution
blue. The titration continued wuntil the blue colour
disappeared. From the amount of iodine consumed by the H,S
in the solution, the amount of H,S in the sample could be
calculated. The mass of water in the sample was calculated

by subtrac*ing the mass of H,S from the weight of the

sample.
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The errors in these values are estimated to be *1 mol%
for the st—rich phases and #0.1 mol% for the agqueous phase.
Temperatures in this table are accurate to the nearest

degree Celsius. At the 1lowest two temperatures, the

determination of the water content of the vapour was not

sufficiently accurate. Hence, the results are given as 99+%

st -

Originc.ly, it was proposed that the compositions of

the st—rich phases would be measured using gas
chromatograr . A Hewlett-Packard model 5710A GC with a
thermal cc: -ivity detector and a Hewlett-Packard model
33902 integrai. . were used. This proved to be unreliable as

reproducible results were not obtainable despite using
several different columns (packings, lengths and tubing

material), oven conditions and carrier gas (helium) flow

rates.

Materials

The hydrogen sulphide was Matheson C.~» grade (purity
99.6%, the balance being mostly propyiene [0.27%] and
propane [0.08%]). The H,S was used without further
purification. The water was first softened 1in an ion
exchanger. It was further purified in a laboratory still.
The purity of the water was checked by measuring its
electrical conductivity using an Industrial Instruments Inc.
conductivity bridge (model 16B1) and a Beckmann dip cell.

The resistivity of the water was 4 MQ-cm.
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Certified standard solutions of 1iodine and sodium
thios..!phate obtained from Fisher Scientific Co., were used
for the iodometric titrations. The I, was 0.1000+0.0005 N

and the thiosulphate was 0.1000x0.0002 N.

Observations

The measured LA—LS—V locus for the system H,0-H5S is
presented in Table 3.1. The temperatures listed are accurate
to about 0.2°C and the pressures to *0.02 MPa. The vapour
pressure of H,S is also listed because of its proximity to
the L,~-Lg=V locus for tris system. The vapour pressure was
obtained from the correlation of Goodwin (1983). This
information 1is plotted on Fig. 3.2. Table 3.2 lists the
compositions of the co-existing phases along the LLV locus.
Temperatures in this table are accurate to the nearest
degree Celsius. At the lowest two temperatures, the
determination of the water content of the vapour was not
sufficiently accurate, Hence, the results are given as 99+%
HZS.

A critical locus extends from point K, the three-phase
critical end point, to the critical point of H,S. The point
labelled Q is the Lp-Lg-H-V quadruple point. Below this
temperatu ., the Lp-Lg-V equilibrium does not exist (except
for unstable supercooling). The data obtained in this
laboratory were correlated with a Clausius-Clapeyron-type

equation to obtain the following:
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Table 3.1 Experimental Data for the Three-Phase Locus for
the System Water-Hydrogen Sulphide

Temp Three-Phase Press Vapour Press of st*
(°c) (MpPa) (MPa)
29.4 (Q) 2.23 2.25
30.7 2.29 2.3
39.6 2.80 2.83
43.4 3.05 3.08
49.7 3.50 3.52
59.8 4.25 4.33
582.2 4.45 4.53
74.4 5.58 5.71
78.2 5.97 6.12
80.2 6.20 6.34
86.5 6.86 7.09
90.8 7.46 7.64
97.1 8.17 8.50
99.9 8.59 8.91
101.2 8.74 (-)
103.8 9.06 (=)
104. 1 $.09 (=)
104.8 9.25 (=)
105. 1 9.24 (=)
105.5 9.30 (=)
106.2 (K) 9.39 (-)

Q - quadruple point

K - three—phase critical e
(above

x - Goodwin (1983)

100.3°C H,S is supercritical)



Table 3.2 Compositions of Co—-existing
Phases Along the LLV Locus
for the System Hydrogen Sulphide-Water

Temp. Mole Fraction H.,S
(°c) Aqueous H.S-Rich Vapour
Liquid Liquid
40 0.0335 0.987 0.99+
60 0.0341 0.973 0.99+
80 0.0385 0.965 0.987
100 0.0440 0.951 0.975

105 0.0451 C.955 0.973
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ln P = 7.928 - 2156.9/T (3.1)

where P is in MPa and T is in K. This equation fits the data
with an average absolute error of 0.02 MPa and a maximum
error of 0.06 MPa. The maximum error occurs at 90.8°C. Only
the data obtained in this study were used to formulate
Equation (3.1).

Equation (3.1) predicts the values obtained by Scheffer
with a maximum error of 0.0' MPa. Betweer the quadruple
point and about 45°C, there 1is essentially no difference
between the smoothed values of Selleck et al. and Eguation
(3.1). For temperatures from 45° to about 93°c, the
agreement is still gquite good - an average error of 0.04 MPa
and a maximum of 0.06 MPa. However, the smoothed values of
Selleck et al. are at lower pressures than predicted by
Equation (3.1). Above 93°C, the deviations are as 1large as
0.42 MPa.

At the lower temperatures, the aqQueous phase was
colourless to a pale yellow colour and the st—rich phases
were colourless. At approximately 106.2°C both the H,S-rich
liguid and the vapour became red-brown. This is the critical
opalescence and indicative of the end point of the
three-phase locus. At higher temperatures the H,S-rich phase
again becomes colourless. (Note, above the critical
temperature there is only one st-rich phase.) If one passes
through the critical point rapidly (such as cooling the

systam by opening the door to the air bath) the H,S-rich
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phases become opaqgue. This fixes the endpoint of the

three-phase lwcus at 106.2  (6.2°C and 9.39 = 0.02 MPa.

-_—

This
is approximately 6°C higher thar reported by Sell=sck et al.;

100.2°C and 8.00 MPa. It appaars that Selleck et al,

believ:d that the La-Lg-V locus ends at the criticzl pcint

of H,S. Reamer et al. (1950), from the same izboratory as

Selleck et al., reported <the critical point of H,S as
100.1°C and 9.005 MPa.

B. Hydrate Formation

a few points were obtained along the H-Lg-V and the
H-LA-V loci. These wv=zlues are tabulated in Tables 3.3 and

3.4. Because of its prorimity, the vapour pressure of H 8 is

included with the <takulation of the H—LS-V locus. This

apparatus was not suited for examining solid phases. Mixing
was difficult as the solids plugged the recirculation pump.
Also, temperature controi at near ambient conditions is very

3:Sficult and almost impossible at temperatures below about

25°C. Tiheus data are probably only accurate to about £0.4°C
and 0.05 WMPa. In spite of the difficulties, the few salues

obtained were in good agreement with those reported by
gcheffer. These points were measured t> verify the iacation
of the gquadruple point. The estimated guadruple point is

9.4 + 0.2°C and 2.23 + 0.02 MPa which is in excellent

agreement with the value reported by Scheffer (29.5°C and
2.24 MPa). Also, no compositions were mesasured in the

hydrate regions. Finally, it was observed that the hydrates
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Table 3.3 Measured L -H-V Locus
for the System Hydrogen Sulphide-Water

Temp Three—Phase Press Vapour Press of st*
(°c) (MPa) (MPa)
24.8 2.03 2.01
25.8 2.05 2.06
25.9 2.06 2.06
26,2 2.08 2.08
26.4 2.08 2.09
26,5 2.09 2.09
26,6 2.09 2.10
26.9 2.09 2.11
27.3 2.12 2.13
27.6 2.11 2.15
27,8 2.13 2.16
27.9 2.15 2.16
28.0 2.17 2.17
28,1 2.15 2.17
28.2 2.17 2.18
28.3 2.18 2.18
28.4 2.20 2.19
28.5 2.22 2.22
29.4 2.23 2.24

* - from Goodwin {1983)



Table 3.4 Measured L,—H-V Locus
for the System Hydrogen Sulphide-Water

Temp Three-Phase Press
(*C) (MPa)
25.5 1.61
25.6 1.62
25.8 1.71
25.9 1.68
26.1 1.70
26.3 1.70
26.6 1.75
26.7 1.77
26.9 1.81
27 .1 1.85
27.2 1.87
27.6 1.97

27.7 2.07



were more dense than the agueous phase as they settled to
the bottom of the cell. No measurements of the density of
the hydrates were made however.

A detailed discussion of the three—phase hydrate loci
and the gquality of the data presented in this work will be

given in Chapter VII.

C. High Pressure Cell

A series of high pressure-high temperature experiments
was also proposed. Equipment for such experiments was
procured and assembled. Continuing problems hampered this
aspect of the investigation. A detailed discussion of this

apparatus and the problems with it are given in Appendix A.

D. Summary

New data were obtained for the L,-Lg=V, Lp-H-V ar-
Lg-H-V loci for «(..2 system hydrogen sulphide-water. The
Lp-Lg-V locus is at slightly lower pressure than the vapour
pressure of pure H,S. It extends from the Lp-Lg~H-V
quadruple point (29.4°C and 2.23 MPa) and to the three-phase
critical end-point (106.2°C and $9.39 MPa). The L,-Lg-V locus
obtained here disagreed with those given by Selleck et al.
(1952) . Thus a re-evaluation of the work of Selleck et al.

was conducted. This is the subject of the next chapter.



IV. Review of the Work of Selleck et al.

The Ly-Lg-V locus observed in this work was
significantly different from that reported by Selleck et
al. (1952). This prompted a thorough review of their data.

The raw data .f Selleck et al. (1951) were collected by
three methods: (1) essentially isochoric pressure-
temperature measurements at constant composition,
(2) 1isothermal pressure~vclume measurements at constant
composition (bubble point measurements) and (3) H,S-rich
phase compositions (both vapour and H,S-rich liguid) at five
temperatures and various pressures. Selleck et al. (1952)
state that the errors associated with their measurements are
as follows: (1) temperature: #0.06°C (20.1°F), {2) pressure:
+#0.1% or 7 kPa (1 psi) whichever was greater, (3) volume:
+0.2% for the 1isochoric measurements and +3% for the

.
-

isgthermal measurements and (4) composition: *0.2 mol%.

A. Constant Volume Measurements

An ezsentially <constant volume cell was used to find
points along the various tanree-phase loci. The vessel was
nearly spherical with a volume of about 950 cm3
(0.0337 £t3). The vessel was "blind"; that 1is, it had no
Wwindows to observe the contents. Thus visual confirmation of
the number and nature of the phases was - not possible. The
pressure and temperature were measured and a discontinuity

in the derivative of pressure with respect to temperature

indicates a phase transition. Unfortunately, the criterion

61



of a discontinuous derivative 1is difficult to apply to
discrete experimental data.

In the manner that Selleck et al. present their data,
it is difficult to make precise determinations. Consider the
0.0687 m3/kg (1.10 £t3/1b), 71.65 mol% H,S isochore which is
piotted on Fig. 4.1. From this plot, there is a dew point at
about 125°C, but the precise location of this phase
transition is difficult to establish. However, Selleck et
al. seem to hLave been unconcerned with this dew point. There
does not .ppear to be a phase transition at lower
temperarures. However, this ischore intersects the L,-H-V
locus at about 20.6°C and 0.85 MPa. A possible explanation
for this observa*ion 1is supercooling. Thus the reported P-T7
values would be for a metastable equilibr:um. Supercocling
of about 5°C was observed in this study and reported 1in
Chapter 1II. Almost 10°C of supercooling was reported by
Scheffer (1913). Often some disturbance 1is reguired to
initiate the formation of the =o0lid prkase. Again, it is

important to note that Selleck et al. used a bklind cell and

were unable to observe the .er of phases present. The
0.189 m3/kg (3.03 £t3/1b), 25. mol% H,S; 0.132 m3/kg
(2.11  £t3/1b),  69.91 mol% - ,S; and 0.0393 m3/kg

(0.63 £t3/1b), 90.65 mol: H.S also pass through the Lp~H-V
locus without showing discontinuous derivatives. Only two of

the six isochores that pass through the L,-H-V locus show a

discontinuity.
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As demonstrated above, the direct interpretation of the
jsochoric data is difficult. But, with the aid of some of
the figures provided by Selleck et al. (1952) it is possible
to obtain pressure and temperature measurements along the
Lg-La~V, Lp-H-V, Lg~H-V and Lp-Lg-H loci. Raw values are
presented in Tables 4.1 through 4.4. Also included on these
tables are values from the smoothed data from Selleck et al.
and for the L,-Lg-V locus, from Eguation (3.1). Where
necessary interpolations of the smoothed values were done
using a natural spline (Gerald, 1973). The differences
between the raw and the smoothed values are Quite large; up
to 0.24 MPa (35 psi) for the Lp-Lg-V, 0.04 MPa (6 psi) for
the L,-H-V 0.35 kPa (5 psi) for the L,-H-V and 4.95 MPa
(718 psi) for the .-L-~H. Note, all are significantly
larger than the U7 MPa or 0.1% stated by Selleck et al.
Although Selleck et al. present & table of smoothel wvalues
along the H-I-V leocus, they made no measurements there.

These values are based on the work of Scheffer and

co-workers.

B. Isothermal P-v Measurements

The raw data of Selleck et al. includes P-v
measurements for 37.8°, 54.4°, 71.1°, 87.8°, 104.4°, 121.1°,
137.8°, 154.4° and 171.1°C (100°, 130°, 160°, 180°, 220°,
250°, 280°, 310° and 340°F) at 2.267, 4.351 and 5.723 mol%
H,S. However, Selleck et al. (1952) report only five

isotherms in the paper containing the smoothed data.



Table 4.1 Points Along the Lg=L,-V Locus
for the System Hydrogen Sulphide-Water From
Selleck et al. (1951,1952)

Temp Pressure (MPa)
(°c) Raw Smooth Eq'n (3.1)
32.2 2.425 2.380 2.376
37.8 2.742 2.690 2.695
48.9 3.469 3.403 3.424
48.9 3.397 3.403 3.424
54.4 3.855 3.810 3.835
60.0 4.277 4.251 4.280
§0.0 4.245 4.251 4.280
35.6 4.718 4.727 4.760
iv.7 6.021 5.776 5.827
R2.2 6.340 6.351 6.416
87.8 6.989 6.986 7.040
87.8 7.014 6.986 7.043
93.3 7.694 T.697 7.71"
g8.9 £.671 8.672 3.4%

Table 4.2 Points Along the L,—-H-V Locus
for the System Hydrogen Sulphide-Water From
Selleck et al. (1951,1952)

Terj: Pressure (kPa)
(°<Cy Raw Smooth
11.7 361 332
12.8 384 372
13.3 399 394
23.9 1206 1167
24.4 1262 1238



Table 4.3 Points Along the Lg—H-V Locus
for the System Hydrogen Sulphide-Water From
Selleck et al. (1951,1952)

Temp
(°c)

Pressure (kPa)

NOY e o e

w
N =00 - O 00 = D

11.
12.
21.
26.

Raw Smooth
1222 1202
1193 1202
1208 1202
1265 1258
1322 1315
1374 1373
1419 1393
1437 1434
1506 1497
1874 1839
2132 2097

Table 4.4 Points Along the Lg—L,~-H Locus
for the System Hydrogen Sulphide-Water From
Selleck et al. (1951,1952)

Temp
(°c)

Pressure (MPa)

30.92
31.47
32.22

Raw Smooth
18.545 18.561
25.380 25.402

30.117 35.067

66
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Two types of phase transitions were observed with the
isothermal apparatus. The first of these is a bubble point.
Iin this case the mixture is compressed from the V-L, region
until no gas remains. This process is similar to the
compression of a gas. Initially, small changes 1in the
pressure have a large effect on the volume of the mixture.
Once all of the gas is dissolved, the process becomes the
compression of a liguid. This portion of the P-v curve is
very steep. The second type of phase transition observed 1is
a three-phase point. In this case, the mixture is compressed
from the V-L, region until tine Lg—dew point (a three-phase
point) is reached. The mixture is compressed through the
three-phase point until no gas remains. The compression of a
two-component, three-phase wmixture is both isothermal and
isobaric as dictated by the phase rri.. Finally, the
liguid-liguid region is entered (a three-phase bubble
point). Again, this 1is an essentially incompressible
mixture. This entire process is analogous to the isothermal
compression of a pure component from the vapour, through the
two-phase region and into the liquid phase. (Note, there is
no pure component analogue for the bubble point process.)
The first and last stages of the three-phase process are
similar to the two steps in the bubble point compression.

The three-phase process is distinguished by the isobaric

region.
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Bubble Points

At temperatures below 104.4°C, only the 1leanest
compositions have a bubble point. The rich mixtures would
have three-phase points and these will be discussed later.
At 104.4°C both the 2.267 and 4.351 mol% H,S have bubble
points. The 104.4°C and 5.723 mol% H,S is a special case and
will also be discussed separately. It was this isotherm that
prompted the re-—evaluation of all of the raw data of Selleck
et al. Three methods were used to re-interpret the P-v
bubble point data.

First, a graphical technigue was wused. Large draph
paper was employed such that plots could be constructed on a
grid that could be read to the nearest 0.04 MPa (5 psi) and
1.5%x107° m3/kg (2.5x10"% £t3/1b). Smooth curves were drawn
through the points (a somewhat subjective procedure) and the
intersections were determined. Table 4.5 lists the bubble
points thus obtained. Also listed 1in this table are the
bubble points that Selleck et al. (1952) obtained from the
came data (as listed in Table V of their 1952 paper).

The second method was to approximate the derivatives of

volume with repect to pressure using a forward differencing

scheme

The derivatives were thus computed and the discontinuity

interpreted - again a somewhat subjective approach. The data



Table 4.5 Summary of Bubble Points for the System

Hydrogesii Sulphide—-Water

Bubble Point (MPa)

69

Temp Mol%

(°c) H,S Graphical Derivative Polytropic Selleck’
37.8 2.267 1.79%0.08 2.14%0 .32 1.80+0.05 1.88
71.1 2.267 2.93x0.08 3.35%0.35 2.98+x0.09 3.05

104.4 2.267 4.00+0.08 4,23+0.23 4.03x0.12 4.07

137.8 2.267 4.90+x0.08 5.21%3.33 4.91%0.15 4.96

171.1 2.267 5.72%0.08 6.1420.39 5.78x0.17 5.80
87.8 4.351 7.05£0.08 7.49+0.28 7.08%0.21 -

104.4 4.351 8.59%0.08 8.89+0.23 8.38x0.25 8.12

137.8 4.351 $.90x0.08 10.61*x0.68 9.60+0.29 9.78

171.1  4.351 10.31+0.08 10.65+0.42 10.33%0.31 10.34

121.1 5.723 11.79+0.08 11.51*0.04 11.74%0.35 -

137.8 5.723 12.20%0.08 12.67*0.21 11.87%0.36 12.38

154.4 5.723 12.34%0.08 12.40x0.11 12.38+0.37 -

171.1 5.723 12.60x0.08 12.52%0.17 12.24%0.37 13.00

1 - From Table V in Selleck et al.

(1952)
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are neither at equal intervals of pressure nor volume making
the application of a higher order approximation of the
derivative difficult. Table 4.5 also lists the bubble points
obtained via this method. The pressures reported are the
average of P;,., and P; wher= the discontinuity occurs and
the range is (P;,, - P;)/2.

Finally, the process was modelled as a two Sstage
process. First, the compression through the V-L, region was

treated as a polytropic process. Thus:

Pvh = C (4.2)

The liquid was treated as an incompressible fluid (constant
density). For each isotherm k and C were obtained by a
non-linear, least-squares fit. The density of the liguid was
calculated by taking the average. Any points that were not
clearly in either one region or the other were omitted -
usually only one or two points per isotherm. These points
were included in the subsequent analysis though. Also, some
rogue points were eliminated. This procedure reproduced the
experimental volumes to within 3% {(the accuracy stated by
Selleck et al.). Of the three methods, this is probably the
most objective. Table 4.6 lists the parameters obtained from
this model and Table ¢.5 1lists ths _.ubble points thus
obtained. The errors stated for the estimated bubble points

are 3%.



Table 4.6 Summary of Polytropic Expansion-—
Incompressible Fluid Model of Bubble Points

Temp Mole % k c VL
(°C)  H,S (-)  [kpa (m3/kg)¥] (m3/kqg)
37.8 2.267 0.766 9.082 0.001 005
71.1 2.267 1.087 1.681 0.001 629
104.4 2.267 1.278 0.638 5 0.001 061
137.8 2.267 1.422 0.303 7 0.001 099
171.1 2.267 1.626 0.096 9 0.001 160
87.8 4,351 1.523 0.204 2 0.001 046
104.4 4.351 1.870 0.023 10 0.001 064
137.8 4,351 1.936 0.018 20 0.001 108
171.1 4.351 1.965 0.017 79 0.001 165
137.8 5.723 1.888 0.031 29 0.001 109
154.4 5.723 2.450 0.000 765 0.001 142
171.1 5.723 1.631 0.200 7 0.001 164

71
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In spite of the differences between bubble points

estimated by Selleck et al. (Table V in the 1552 paper, not

the smoothed values in Table 111) and those obtained in this

analysis, the estimates of Selleck et al. will be used in

the subseguent chapters. NO major differences were observed

between the values of this analysis and those reported Dby

Selleck et al. iHowever, the magnitude of the errors revealed
in this interpretation should pe heeded. The errors in these

pubble points are of the order of 0.7 MPa although the

errors in the measured pressures are reportedly only

0.07 MPa cor 0.1%.

The 104.4°C Ilsotherm

~ - mA a0 -
Lhe PRV A C :»na

5.723 mol¥% H,S is a special case. At

this temperature, Selleck et al. did nct believe that there

was a three-phase point. This work shows that there is.

According to this work, there should be an isobaric

region at 9.17 MPa. Selleck et al. report a bubble point at
10.34 MPa. The raw data are plotted on Fig. 4.2. From this

plot two things are clear: (1) there appears to be no

isobaric region and (2) the phase transition point is about
g.25 MPa f(and not 10.34 MPa). The fact that there is no
plateau can be explained as follows. 1f we return to the
one-component analogy, this temperature 1is close to the
critical point (a pseudo-reduced temperature of about

0.995). Thus the isobaric region is becoming very narrow. On

the scale of these experiments, the data probably step over
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the three-phase region, or perhaps 2 single point is in this

region. If it is concluded that one point is in the Lp-Lg=V

region, then the three-phase pressure 1is estimated to be

9.17+0.12 MPa. It 1is difficult to see how Selleck et al.

obtained 10.34 MPa at this temperature. Using a similar

experimental method Vogel (1971) found an L,-Lg~V point at
104.4°C and 8.90+0.17 MPa. Howvever, Vogel misinterpreted his

result. From Eguation (3.1), the three-phase pressure 1is

g.17 MPa - excellent agreement with the one-point

hypothesis.

Three—Phase Points

Fig. 4.3 shows the P-v diagram £for the 87.8°C,

5.723 mol% H,S iso*herm. The three regions are marked on

this figure. The curves on this figure are the author's
interpretation and not that of Selleck et =al. This 1is a
temperature where both Selleck et al. and this work indicate
an Lg—L,-V point. The raw data of Selleck et al. show that
the pressure increases by about 0.12 MPa (16 psi) over the
three-phase region. From their data it is estimated that the
three-phase pressure 1is 6.95+0.06 MPa (1008+8 psia) and

Equation (3.1) predicts 7.04 MPa. The value from the data of

Selleck et al. was obtained by averaging the six points in

the plateau region. Selleck et al. performed a replicate run

at these conditions and this is shown on Fig. 4.4. Again the

data indicate that the pressure increases over the L,-Lg-V

plateau (this time by 0.04 MPa [6 psi]). From the eleven
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;cints on the »lateau, the three-phase pressure is estimated
<o be 6.25+0.02 MPa (1014+3 psia). Other 1isotherms 1in the
three-phase region showed similar problems. The phase rule
dictates that the pressure is constant for an isothermal
compression of a two-component mixture existing in three
phases. Two possible explanations for the observed 1increase
in pressure are: (1) the points along the plateau are not at
equilibrium or (2) there may be an impurity in the sample.
Table 4.7 1lists three-phase points obtained 1in a
similar fashion for the other conditions. The stated ranges
were obtained in the manner described above. Also listed in
this table are values from Eguation (3.1) and from the

smooth data of Selleck et al. (1952).

C. Hydrogen Sulphide-Rich Phase Compositions

The 1951 paper lists the actual compositions for “he
H,S-rich phases (either vapour or HoS-rich liguid) for five
temperatures: 37.8°, 71.1°, 104.4°, 137.8° and 171.1°C and
for several pressures. Table 4.8 1lists the measured
compositions alongy with interpolated values values from the
smoothed data. Interpolations were performed using the
natural spline and all the data at a given temperature.
Since the smoothed data are indeed very smooth, the
interpolation should not result in a significant error. The

average error for all of the points was 0.40 mol%¥ and the

maximum error was 1.49 mol%.



Table 4.7
System Hydrogen Sulphide Water From the

Isothermal Data of Selleck et al.

Temp Mol% Pressure (MPa)
(°c) H,S Estimate Smooth
37.8 4.351 2.72%0.07 2.69

54.4 4,351 3.88x0.06 3.81

71.1 4.351 5.28%2.05 5.24

37.8 5.723 2.70%0.02 2.69

87.8 5.723 6.95%£0.06 6.99

87.8 5.723 6.99%0.02 6.99

Liquid-Ligquid-Vapour Points for the

(1951)

Eq'n (3.1)

2.70
3.84
5.27
2.70
7.04
7.04



Table 4.8 H,S-Rich Phase Compositions
for the System Hydrogen Sulphide-Water

Press Mole Fraction Hydrogen Sulphide
(MPa) Raw Smooth |ay |
t=37.8°C
2.694 0.9958 0.9960 0.0002
a.171%  0.9840 0.9841 0.0001
5.460° 0.9824 0.9825 0.0001
t=71.1°C
1.389 0.9692 0.9728 0.0036
1.632 0.9777 0.9761 0.0016
2.179 0.9837 0.9809 0.0036
2.422 0.9837 0.9823 0.0014
2.450 0.9798 ¢.9824 0.0026
2.677 0.9798 0.9834 G.0036
4.746 0.9889 0.9868 0.0021
5.234 0.9867 0.9869 £.9002
7.877%  0.9685 0.9686 0.5001
g.819L 0.9705% 0.9705 0.0000
t=104.4°C
2.388 0.9397 0.9388 0.0009
2.626 0.9412 0.9449 0.0037
4.044 0.9617 0.9594 0.0023
4.317 0.9632 0.9604 0.0028
5.671 0.9654 0.9651 0.0003
7.706 0.9694 0.9666 0.0028
8.648 0.9722 0.9665 0.0057
8.862 0.9733 0.9664 0.0059
19.640 0.9419 0.9475 0.0056
21.433 0.9367 0.9434 0.0067

31.894 0.9294 0.8181 0.0113



Table 4.8 continued

Press Mole Fraction Hydrogen Sulphide
(MPa) Raw Smooth Ay |
t=137.8°C
3.340 0.8816 0.8835 0.0037
3.574 0.8836 0.8892 0.0056
7.102 0.9315 0.9257 0.0058
7.146 0.9298 0.9259 0.0039
8.944 0.9191 0.9314 0.0123
10.283 0.9413 0.9330 0.0083
10.586 0.9412 0.9331 0.0081
14.176 0.9257 0.9295 0.0038
14.751 0.9236 0.9282 0.0046
15.050 0.9344 0.9275 0.0069
24.35¢6 0.8913 0.8978 0.0065
25.215 0.8943 0.8949 6.0006
34.040 0.8794 0.8645 0.0149
t=171.1°C
32.776 0.7573 0.7638 0.2065
7.898 0.8584 0.8581 0.0003
8.145 0.8563 0.8605 0.0042
9.015 0.8696 0.8675 0.0021
9.652 0.8647 0.8712 0.0065
19.276 0.8669 0.8668 0.0001
19.538 0.8667 0.8657 0.0010
29.278 0.8130 0.8156 0.0026
29.718 0.8140 0.8132 0.06008
34.733 0.7965 0.7851¢ 0.0114
35.312 0.7865 0.7819¢ 0.0041

L - L-L equilibrium

e - extrapolated




81

Fig. 4.5 <«hows the H,S-rich phase compositions at
71.1%, 137.8° and 171.1°C. The 104.4°C isotherm was left off
for clarity and because it will be discussed in more detail
in Chapter V. The 37.8°C was also omitted because it
consisted of only three points. The width of the points on
this plot is about 0.25 mol%, the accuracy claimed by
Selleck et al. Clearly their measurements of these
compositions are not as accurate as they claim. Note, the
strange behavior of the liquid-liquid curve at 71.1°C and
approximately 14 MPa is the point where the smoothed data of
Selleck et al. switch from four significant figures to

three.

D. Smoothing/Extrapolations

The technique used by Selleck et al. to
smooth/extrapolate the data 1is not stated. However, least
squares regressions of xy,g Versus yyusg'P yield straight
lines. The correlation coefficients for the 37.8°, 71.1°,
104.4°, 137.8° and 171.1°C isotherms are 1.0000, 1.0000,
0.9839, 0.9933 and 0.9952 respectively. This assumes that
the strict Henry's Law applies over this range of pressure.
As will be shown in Chapter VI, the strict Henry's Law does
not apply. Furthermore, from this approach, the intercept
should equal the vapour pressure of pure water at the given

temperature. Curiously, this is not the case.
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E. Summary

The purpose of this r«view was twofold. First, was it
possible that the three-pnase point at 104.4°C could be
observed in the raw data of Selleck et 2zl.? This analysis
indicates that this indeed was the case. The second purpose
was to see if there were any other problems with the data.
The only other problem is that the data are not as accurate
as Selleck et al. indicate.

The purpose of this review was not to discredit Selleck
et al. Their raw data are valuable; but, their smocthed data
are dubious. Any future reference to the work of Selleck et
al. should use the raw and not the smoothed data (in
particular, Table III in the 1952 paper should not be used).
The data along the three-phase 1loci involving hydrates
extracted from the raw data of Selleck et al. (Tables 4.2,
4.3 and 4.4) will be examined in more detail in Chapter VII.
New correlations will be presented which replace Table I in

the 1952 paper of Sellieck et al.



V. Modelling With a Cubic Equation of State

Hydrogen sulphide-water 1is a system often associated
with petroleum fluids. The usual method for modelling fluid
phase equilibria 1in petroleum systems is using an eguation
of state. It is thus desirable to incorporated hydrogen
sulphide-water into such a model. Cubic equations of state
have gained wide acceptance in the process 1industry. The
combination of robustness and accuracy makes them very
attractive. Two equations have become very popular: (1) the
Socave (1972) modification of the Redlich-Kwong (1949)
equation (SRK) and (2) the Peng and Robinson (1976a)
equation (PR). Since a large data base exists for these two
equations it is highly desirable to wuse an eguation and
mixing rule compatible with either the SRK or the PR
equation.

One of the major disadvantages of the SRK and PR
equations is that they are not applicable to polar
substances such as water. The exclusion of water was
particulariy important since water is often associated with
petroleum fluids. A prerequisite for accurate multicomponent
vapour-liquid equilibrium calculatiens is the accurate
correlation of the pure component vapour pressure. As
discussed in Appendix B, many modifications of these

equations have been proposed to make them more widely

A portion of this chapter has been published. Carroll, J.J.
and Mather, A.E., "Phase Equilibrium in the System Water-
Hydrogen Sulphide: Modelling the Phase Behavior With an

Equation of State", Can. J. Chem. Eng., 67, 999-1003,
(1289).

84
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applicable.

A. Peng-Robinson-Stryjek-Vera EQuation
Peng and Robinson (1976a) proposed the following

eguatiocn

RT a(T)

P = v—-b - V(V+E) Y E(V‘b) (5.1)

The constants a and b are obtained from the inflection of
the critical isotherm at the critical point. The temperature
dependence of the a was obtained by fitting the pure
component vapour pressure. Th2 co-volume, b, was assumed to

be a constant for a given substance.

a(T) = a(T.) « (5.2)
a(T.) = 0.45724 R®TZ/P_ (5.3)
o = [1+ (1 - Tg/%)12 (5.4)
k = 0.37464 + 1.54226w - 0.26992w2 (5.5)
E = 0.07780 RT_/P, (5.6)
z. = 0.3074 (5.7)

The critical compressibility for this equation 1is larger
than the experimental values for most substances. However,
this equation worked very well for light hydrocarbons, a few
associated non-hydrocarbons (hydrogen sulphide, carbon
dioxide, carbon monoxide and nitrogen for example) and

mixtures of these substances. It does not work as well for
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water and agueous systems. This equation does not accurately

predict the vapour pressure of water. This is true for the

SRK eguation as well.
Stryjek and Vera (1986a) proposed the following

modification of the Peng-Robinson (PRSV) equation for use

with both polar and non-polar substances.

ko= kg + k(1 + TR/2)(0.7 - Tp) (5.8)

where

Kg = 0.378893 + 1.4897153w - 0.1713184802 + 0.019655w3 (5.9)

and k4 is 2 empirical parameter and was obtained by fitting
the pure component vapour pressure and was found to be
uncorrelated with any pure component property, even for

hydrocarbons. Even for nonpolar compounds k., # 0. For

example k, = -0.00159 for methane. For most substances,
excluding water and alcohols, better results were mk:ained
for Tz > 0.7 using k, = 0 and for all substances :(a ..2

supercritical region they recommend using x4, = 0.
o apply an equation of state to a mixture, a set of
mixing rules 1is required. For a, a geometric mean is used

and freguently an empirical pavameter is included.

- 1/2 -
a = %?xlxj (alaj) (1 5ij) (5.10)
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The value of 5ij is obtained fromn experimental data, usually

vapour-liquid egquilibrium and aij = Sii' For b, the

arithmetic mszzn is used,.

b = Zx.b. (5.11)

Ternary and higher order interactions are usually neglected.
Many new mixing rules have been proposed in order to make
cubic eguations more widely applicable. A thorough
discussion of mixing rules is included in Appendix B.

Table 5.1 1lists the parameters used in this work.
Hydrogen sulphide was not included in the list of substances
given by Stryjek and Vera, so k; for H,S was obtained by
fitting the vapour pressure data given by Goodwin (1S83). As
with water, the «x, for H,S was not set egual to zero in the
region 0.7 < T < 1, but it was set equal to =zero for
Tg > 1. Subseguently, Proust and Vera (1989) published an
additional set of parameters which included hydrogen
sulphide and was slightly different from that given here.
However, the values given above in Table 5.1 above were used
throughout this study. Methanethiol was not included in
either Stryjek and Vera or Proust and Vera. Vapour pressure
data for this mercaptan were taken from Berthoud and B8rum
(1924) and Russell et al. (1342).

The PRSV equation was used to correlate V-L,, Lg-L, and

Lg-Lp-V equilibria for this system. There have b2en other



Table 5.1 Parameters for the PRSV Equation of State

Comp T (K) P.(kpa) w(=) kq =)

HZD 647.3 22090, 0.3440 -0.06635
HZS 373.4 83860. c.1000 0.15981
CH3OH 512.6 8096. 0.5653 -0.16816
CH3SH 470.0 7235, 0.1491 0.05060
N, 126.2 3400. 0.0373 0.01996

88



89

attempts to correlate the phase behavior of the system
H,0-H,S using an equation of state. Two noteworthy examples
are Evelein et al. (1976) and Peng and Robinson (1980).
These works were among the first to accurately correlate the
fluid phase equilibria for aqueous systems with a cubic
equation of state including LLV equilibria. Although both of
these studies were important contributions to the study of
the system H,S-H,O, they were were impaired by their
reliance on the smoothed data of Selleck et al. (1952). The
model presented in this chapter 1is not dependent on the
interpretation of Selleck et al. and this model incorporates

data from other sources as well.

B. Low Temperature Region
An initial series of calculations was performed in the
low temperature region (t < 200°C). Calculaticns in this

region include V-=Lp., LA—LS and LA-LS—V eguilibria.

Iinteraction Parameter Evaluation

Initially, the original mixing rules were examined.
Optimum interaction parameters were obtained by minimizing
the error 1in the predicted bubble-point pressure from the
data of Wright and Maass (1932a,b) Selleck et al. (1951),
Clarke and Glew (1971), Lee and Mather (1977) and Gillespie
et al. (1984). These interaction parameters are plotted on

Fig. 5.1. A least sqguares regression was performed to obtain

the following correlation:
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5ij = 0.2874 — 94.,439/7T (5.12)
Unlike petroleum systems where the interaction parameter 1is
nearly a constant for a given system, the interaction
parameter for this system shows a strong temperature
dependence. A more subtle effect 1is the composition
dependence. Below 60°C there 1is a definite trend - the
parameter from the Lee and Mather data is greater than that
from Wright and Maass which in turn is greater than Clarke
and Glew. This is the order of increasing H,5 concentration
in the agueous phase. Above 60°C, the scatter about the
regression is more random and could probably be explained in
terms of experimental error. Thus a more advanced mixing
rule is required.

A mixing rule was proposed by Stryjek and Vera (1986b)
which incorporates a composition effect, the van Laar-type
rule, was used (see Appendix B). Optimum interaction
parameters were obtained from the raw data of Selleck et al.
(1951) and Gillespie et al. (1984). These parameters are
presented in Table 5.2 where component 1 is water. In this
case both V-L, and Lp-Lg equilibria data were considered.
The optimization was conducted by minimizing the error for

both the H,S-rich and aqueous phases. A least sguares

regression yields

ki, = 0.819 - 0.00159 T (5.13)



Temp.
(°c)

71.1
71.1
93.3
98.9
100.4
104 .4
137.8
148.9
171.1
204 .4

2 -G

Table 5.2 Optimum Interaction Parameters
for the System Hydrogen Sulphide-Water

Original Rule
312

0.0159
0.0333

0.0379
c.0598
0.0596
0.0767
0.0T72

1 - Selleck et al. (1%5
]

illespie et al.

van Laar-—type

k12 k34
0.301 0.017
0.300 0.017
0.226 0.032
0.206 0.035
0.211 0.037
0.188 0.035
0.155 0.035
0.153 0.059
0.102 0.074
0.082 0.099

REF

a2

82
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Koy = -0.190 + 0.000605 T (5.1¢)

Unfortunately the parameters are also a function of
temperature. Also, the form of van Laar-type mixing rule
requires that k,, and k,; have the same sign. Thus Equations
(5.13) and (5.14) are limited to the range 315 < T < 513 K
(42° < t < 240°C).

Equilibrium Calculations

First consider the 104.4°C isotherm. Fig. 5.2 shows the
pressure-composition diagram at this temperature. Included
on this plot are the raw data of Selleck et al. (1951), the
data of Vogel (1371), the smoothed values of Selleck et al.
(1952) and the prediction based on the PRSV equation with
the van Laar-—-type mixing rule using the optimum interaction
parameters listed in Table 5.2. The insert on Fig. 5.2 shows
schematically the equilibria 1in the region of the binary
critical point. The 1insert 1is not drawn to scale. The
smoothing of Selleck et al., indicates that they did not
believe that this three-phase point existed. Vogel observed
the formation of three phases at this temperature, but, as
discussed in Chapter II, he misinterpreted his results. The
experimental work given 1in Chapter II1 confirms the
existence of the Lp-Lg-V point at this temperature. The fit
of the raw data of Selleck et al. for this temperature using
the PRSV eqguation is gquite goced with the exception of one

point. As noted in Chapter 1V, the interpretation of Selleck
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et al. for the 5.723 mol% H,S bubble point is incorrect at
this temperature. From this work, the three-phase pressure
at 104.4°C is estimated to be 9.16 MPa. This 1s in
reasonable agreement with the value estimated in Chapter IV
from the Selleck et al. data. Thus, all of the raw data of
Selleck et al. at 104.4°C fit the interpretation presented
here. The major consequence of this model is that the
extrapolated aqueous phase compcsitions of Selleck et al.
are too rich in H,S by perhaps a factor of three.

Figs. 5.3 and 5.4 show the 71.1°, 137.8° and 171.1°C
isotherms. These are the pressure-composition diagrams for
these temperatures, but they have been separated for
clarity. Aqueous phase compositions are on Fig, 5.4 and
st—rich on Fig. 5.3. Although presented separately, these
curves were generated simultaneously. Predictions using the
PRSV equation were performed using the optimum interaction
parameters listed in Table 5.2 and not the correlations.
Included on these figures are the L,-Lg equilibrium data of
Gillespie et al. for the 71.1°C isotherm and the solubility
data of Lee and Mather (1977) at 71°C. At 71.1°C Selleck et
al. measured only a single bubble point. In general, the
equation o! stzte fits the raw data as well as the smoothing
of Selleck =t al., but the extrapolations of the aqueous
phase compositions to higher pressures deviate
significantly.

Figs. 5.5 and 5.6 show the PRSV predictions for the

93.3°, 148.9° and 204.4°C isotherms along with the data of
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Gillespie et al. (1984). Once again, the aqueous and

st-rich phases are presented separately. Also shown on the
agueous phase plot are the 50° and i50°C isotherms cf Lee
and Mather. The fit of the 1lower twoc temperatures is
excellent. Also, the agreement between the Lee and Mather
data and the prediction is qguite good considering that the
interaction parameters at these temperatures were based
solely on the Gillespie et al. data. The fit of the 204.4°C

isotherm is not guite as good. This can be partially
explained by the scatter 1in the experimental data. At
10.34 MPa Gillespie et al. report bubble points at both 3.87
and 2.83 mol% H,S - 2a significant difference.

Predictions for the Lp-Lg equilibrium are

quantitatively not as good as the V-L, equilibrium, but they

provide a good gqualitative interpretation. The Lp-Lg
equilibrium predictions show a weak pressure dependence,
unlike the smoothing of Selleck et al. This is true for the

temperatures which are not shown on the previously mentioned

figures.

Finally, the effect of the mixing rule will be

demonstrated. Fig. 5.7 shows a predicted pressure-

cenposition diagram at 104.4°C for the original mixing rule
wich 5ij = 0 and 6ij = 0.13 and the van Laar-type rule with
Keg = 0.188 and kyy = 0.035. First, consider the original
mixing rule. As a first approximation, one would assume 6ij

= 0. This procedure adequately fits the dew point locus, but

it overestimates the H,S solubility and the water content of
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the st—rich phase at high pressure. This is shown on

Fig. 5.7. Optimizing the interaction parameter by fitting
the st—rich phase composition, it was found that

6ij = 0.13. This procedure fits the H,S-rich phases very

well, but it undnrestimates the H,S ~~»iubility. This is also

shown on Fig. 5.7. On the other hand, if the parameter is
obtained by minimizing the error in the predicted bubble

point, then aij = 0.038. This method overestimates the water

content of the st-rich liguid. This 1is not shown on

Fig. 5.7. The van Laar-type rule was applied and the
parameters were obtained by simultaneously fitting both the
st—rich and the agueous phases. As shown in Fig. 5.7 this

yields an excellent fit of the raw data of Selleck et al.

Liquid-Liquid-Vapour Equilibrium Predictions
Fig. 5.8 shows predictions of the Lp-Lg=V locus based

on the PRSV equation along with the data obtained in Chapter

III. Two mixing rules are shown and the optimum interaction

parameters were taken from the correlations

(5.12),

[Equations
(5.13) and (5.14)]). The three-phase predictions were
performed using the bubble-point algorithm of Peng and

Robinsen (1976b). A small critical locus would extend from

the critical point of pure H,S to the end of the L,-Lg-V
locus. The point Q is the H-L,~-Lg-V quadruple point at
29.4°C and 2.24 MPa. Using the original mixing rule with
Equation (5.12), the predicted three-phase locus is at a

lower pressure and extends to a higher temperature than the
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observed values. The three-phase pressure could be fit using
the original mixing rule. This 1is discussed in the next
section. The agreement between the experiment and the van
Laar-type rule is excellent, except that the prediction ends

at about 104.5°C, slightly lower than the observed value of
106.2°C.

Effect of Impurites on the LLV Locus

The effect of three components (nitrogen, methanol and
methanethiol) on the LLV locus are estimated using the PRSV
equation. Nitrogen tends to concentrate in the wvapour;
methanol in the agueous phase and methanethiol 1in the
H,S-rich liquid. Note, methanethiol and water also form
immiscible liquids.

Table 5.3 summarizes the interaction parameters used
for this portion of the study.

For this portion of the investigation, new interaction
parmeters for the binary H,S-H,O were used. The new
interaction parameters were obtained by minimizing the error
in the predicted three-phase pressure. This results in an
interaction parameter different from than those presented
earlier. Although this results in an excellent fit of the
pressure and temperature along the LLV locus and a good fit
of the agqueous and vapour phases, the H,S-rich liquid
compositions are poor. The prediction, however, is

satisfactory for this purpose.



Table 5.3 Interaction Parameters For LLV Study
System Interaction Source
Parameter of Data

HZO-HZS 0.6318-168.752/T 1
H,S-CH;SH 0.150 4
HZO—CH3OH ~0.0249-19.,369/T 5.6,7
H,0-N, 0.4773-332.057/T 8,9
1. This Work

2. Leu et al. (19°90)

3. Besserer and Robinson (1975)

4, Lee et al. (1978)

5. McGlashan and Williamson (1976)

6. Broul et al. (1969)

7. Griswold and Wong (1952)

8. Wilhelm et al. (1977)

9, Wiebe et al. (1933)

10. Gillespie and Wilson (1984)
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For nitrogen-water, the solubility values given by

Wilhelm et al. (1976) were fit. The interaction parameters

thus obtained were then used to estimate the high pressure

values of Wiebe et al. (1933). The agreement between the

experimental agueous compositions and those calculated with
the eqguation of state was excellent. Unfortunately, this
approach does not accurately predict the composition of the

vapour. Again, these interaction parameters are satisfactory

for the purposes of this study.

Experimental da:a for the system hydrogen

sulphide~methanol were recently obtained by Leu et al.

(1990). Their work includes a discussion of eguilibrium

calculations using the PRSV equaiton. Their interaction

parameter will be used here.
The data of Besserer and Robinson (1975) were wused to

obtain the interaction parameter for the binary system

nitrogen-hydrogen sulphide. The parameter was obtained by
minimizing the error in the predicted bubble point pressure.
A single, temperature-independent parameter was found to
adequately fit both the vapour and the liquid phases.

Few data exist for the system hydrogen

sulphide-methanethicl. Lee et al. (1978) report some VLE

data at approximately 2400 kPa. These data exhibit a large
amount of scatter, but are adeguately fit using a single,

temperature-independent interaction parameter.

The literature of experimental data for the system

methanol-water is vast. A representative set of data was
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selected which covered the desired range of temperature.
Although the interaction parameter was a function of
temperature, it provides an excellent fit of both the vapour
and liquid phases.

To obtain the interaction parameter for the system
water-methanethiol, the LLV data of Gillespie and Wilson
(1984} were used. A single, temperature-independent
parameter results in a very good fit of the pressure and
temperature along the LLV locus. The predicted aqueous and
vapour phase compositions are quite good, but the CH3SH—rich
liquid compositions are poor.

Fig. 5.9 shows the calculated LLV loci for H,S-H,0 and
CH3SH-H,0 along with experimental data. Also shown on this
plot are the calculated L,-dew point (where L, is a H,S-rich
or CH3SH-rich liquid depending on the feed) loci for three
mixtures of H,O0-H,S5-CH3SH. The feed compositions for these
calculations are given on the figure. From this plot it 1is
clear that a small amount of methanethiol <can have a
significant effect on the L,-dew point. From this
calculation, an impurity of 1% CH3SH in an equimolar mixture
of H,0-H,S reduces the L,-dew point by between 0.7 and 1 MPa
depending on the temperature.

Fig. 5.10 shows the Lg-dew points for three mixtures of
H,0-H,S-N,. Again, the feed compositions are given on the
figure. Note, from this cal-ulation, the effect of nitrogen
is to increase the pressure at which the third phase would

form. At 1low temperatures, the effect 1is quite small.
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However, at high temperatures, the effect increases. Also,

the presence of nitrogen ;educes the temperature of the
three-phase critical end point. In the experimental work
presented in Chapter 1III, it is believed that the major
impurity is nitrogen. Nitrogen was used to pressure test the
apparatus. Although the eguipment was thorwughly flushed
with H,S, there is a possibility that some =N, remained.
However, from this analysis, a trace of nitrogen would have
a negligible effect on the measured L,~Lg-V locus.

Fig. 5.11 shows the Ls—dew points for three mixtures of
HZO-st—CH3OH. The effect of methanol on the Ls—dew point is

guite small and increases with increasing temperature.

C. High Temperature Region

In the region 200° < t < 365°C few experimental data
exist.

To test the extrapolating power of the eguation of
state, the original mixing rule with the temperature-
dependent interaction parameter [Equation (5.12)] was used
to predict the eguilibrium at 204.4°, 260.0° and 315.6°C.
Fig. 5.12 shows the predicted phase envelopes along with the
experimental data of Gillespie et al. (1984). The (fit is
quite good. Thus, the use of an advanced mixing rule is not
justified. Problems with the data of Gillespie et al. were
noted in the previous section of this chapter.

The only other data that are in this range of

temperature are those of Kozintseva (1964,1965) and



111

Touey3oN-I1931eM-3pTYdIns uaboapig 3o S3INIXIN
991yl 104 1907 juTod Mag-S7 8seYJ-93IYL YL L1°§ "Bid

(Do) @dnjeaadway,

ozl (1181 oot 06 08 0L 09 0S ov 0e
1 1 1 1 1 1 1 1 1 1

1

(edW) anssaad

\
N\\.\..
. o 0001°0 00S%°0 00§%°0 €
s 00S0°0 0SLP'0 OSLP'0 2

00L0°0 0S65°0 0S6%°0 |
oty  su O°H XN




112

[(¥861) °"Te 319 31dS9TT1D wolj
ejeq] 19rem-aprydins usboapdiy waisAs ay3 103 J,9°GLE pue
,0°092 ‘ p°¥0Z e sweaberq uor3tsodwo)d-aanssald gi's ‘b1d

spryding uadoipAH uondely ajoN

’ ' ' ' G’ ' ' ' 10 00
O L S SRS S S S
P
2961 © \\\\\\\\\Q\\\\x\\\x\
\
02,0092 o \\\\\\\ L 0'G
\
. &
DY 702 o y
/
ﬁo‘oﬁ
0]
-0°Gl
0
L ooz
[o] 8]
LOGe

(ed) @anssauy



113

Drummond (1981). However, as discussed in Chapter II, there

are some problems with these data sets.

Upper Critical Locus

The criteria for a critical peoint in a binary mixture
were established by Gibbs more than a century ago. The
second and third derivatives of Gibbs function with respect

to mole fraction vanish at a binary critical point.

i
o

(662/3x9)p p = (5.15)
(836/3x3)p p = O (5.1€)

These equations can be transformed into the following

(21ln 151/2:x1)T,p =0 (5.17)
2 - 2 -
Using these equations, an eguation of state and a set of

mixing rules, one can calculate the «critical point of a
binary mixture. Perhaps the first to accurately calculate
binary critical points wusing this method was Spear et
al. (19638). They used the Redlich-Kwong equation to predict
the critical points of several petroleum fluids. Peng and

Robinson (1977) used the PR equation to calculate

multicomponent critical points.
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The PRSV equation with the original mixing rule
[Equation (5.12)]1 was used to calculate the upper critical
locus for hydrogen sulphide-water. The predicted locus 1is
plotted on Fig.5.13 This is similar to the critical behavicur

in the system CO,-H,0 (Takenocuchi and Kennedy, 1364 and
Tédheide and Franck, 1964).

D. Summary

A modified Peng-Robinson eguation of state (PRSV) was
used@ to correlate the fluid phase equilibria in the system
hydrogen sulphide-water. It was demonstrated that the fit
using an equation of state was as good as the smoothing of
S2lleck et al. Also, from the fit of all of the experimental
data, it is shown that the agueous phase extrapolation of
Seileck et al. (1952) are in error.

Some of the limitations of the eguation of state method
when applied to agueous systems are demonstrated. The simple
linear and quadratic mixing rules which have been
successfully applied to hydrocarbon systems are less useful
for the system HZS—HZO. Interaction parameters for this
system are shown to be a strong function of temperature and

a function cf composition as well.
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Vi. Henry's Law Approach
An alternative to the eguation of state method is the

Henry's law approach. Henry's law is often used when the

liquid is dilute in one of the components. The major

advantage of Henry's law over the equation of state method
is the relative ease with which Henry's law can be extended
to systems involving ionic equilibria.

Earlv in the nineteenth century, Henry (1803) reported
the effect of pressure on the solubility of gases in water.

Although his equipment was crude and his materials impure,

he observed that the amount of gas that disscolved 1in water

increased proportionally with the pressure. He made

measurements for several different gases. Throughout the

nineteenth century, many people attempted to prove oOr

disprove Henry's law. But, by late in the century, it was

generally accepted with a few exceptions. In fact many of

the early solubility experiments involved measuring the

L%

solubility at near atmospheric pressure and reporting the

values at 1 atm by assuming that Henry's law applied. ([For
example: Winkler (1906), Kendall and Andrews (1921) and Kiss
et al. (1937) for H,S in water.] Late in the nineteenth
century, Raoult (1887) performed experiments on the vapour
pressures of mixtures. He found that the vapour pressure of
a solvent was nearly equal to the product of the mcle
fraction of the solvent and the vapour pressure of the

A portion of this chapter has been published. Carroll, J.J.
and Mather, A.E., "The Solubility of Hydrogen Sulphide in
Water From 0 to 90°C and Pressures to 1 MPa", Geochim.
Cosmochim. Acta, 53, 1163-1170, (1989).

pure
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solvent. As experiments improved, it became clear that
Henry's law and Raoult's law were approximations valid for
low concentrations and relatively low pressures. Classical
thermodynamics provided a theoretical basis for extending
Henry's and Raoult's law to higher pressures and

concentrations.

A. Henry's Law

The condition for phase equilibrium in a closed system
is that each component must have the same chemical potential
in all phases. Equivalently, the fugacities of each
component must also be the same in all phases. One approach
to modelling phase equilibrium is the "two-fluid model”. 1In
this model different reference states are used for
calculating the fugacities of the two phases.

For binary systems where the liguid phase is dilute in
one component, it is convenient to use a combined Henry's
law-Raoult's 1law approach to correlating the composition of
co-existing phases. This method is a two-fluid model. The

solvent is modelled as
v1x,P7¢7 explv,(P - PJ)/RT] = y,Pd, (6.1)
For the solute:

Y5X,Ho, explv5(P - PJ)/RT] = y,Pd, (6.2)
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For the solvent, the reference fugacity is the fugacity of

the pure, saturated liguid at the temperature of the system.

For the solute, the reference fugacity 1is the Henry's

constant. In Egquations (6.1) and (6.2) the exponential terms

are the Poynting correction: the effect of pressure on the

reference fugacity. In these equations it is assumed that v,

and v5 are independent of pressure. This 1is the only

assumption in the derivation of Eguations (6.1) and (6.2).
The activity coefficients are the effect of composition on
the fugacity. This method uses the unsymmetric convention

for activity coefficients

x -1 (6.3)

x50 (6.4)
For a binary system containing water and a light gas this

approach is often used.

In Equation (6.2) H,, 1is the Henry's constant. The

original definition of Henry's law stated that the

solubility of a gas in a liquid was proportional to its

partial pressure. The proportionality constant implied by

this definition was thus called the Henry's constant. The
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modern definition of a Henry's constant is

lim fz/x2 = Hy, (6.5)
XZ"O

However, this definition is difficult to apply directly to a

set of experimental data.

Krichevsky Analysis
To obtain Henry's constants from solubility data, the
method of Krichevsky is often used. The

Krichevsky—-Kasarnovsky (1935) equation is
in(f,/x,) = 1n Hy, + ¥5(P - P$)/RT (6.6)

This eguaticn assumes that the concentration of the dilute
component is sufficiently small, such that the activity
coefficients are wunity. It 1is further assumed that 3; is
independent of pressure. Therefore a plot of ln(fz/xz)
versus (P - P3) should yield a straight 1line with an
intercept of 1n H,; and a slope of G;/RT. The 1ligquid phase
composition as a function of pressure at constant
temperature is obtained from experiments and the fugacity is
calculated wusing an equation of state. For a detailed
discussion of the Krichevsky-Kasarnovsky equation see

Prausnitz et al. (1986).
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1f there 1is a significant deviation of the activity
coefficients from unity, then they must be incorporated into
the model. A simple model for activity coefficients is the

two-suffix Margules equation. For the solvent

and for the solute
A 2

[
~
L]

—

I
—-—
N

ln v, = 77 (6.8)

where A is an empirical parameter. Thus Equation (6.6)

becomes

1n (E,/x5) = 1n Hyy + Bx(x3 - 1) + 95(¢ - PJ)/RT (6.9)

This eguation is called the Krichevsky-Iliinskaya (1945a,b)
equation. Equation (6.9) has three unknown guantities: Hs,,,
A and V5. Even with experimental data of high accuracy it
may not be possible to obtain A, H,,; and v5 from this
equation. Competing effects are difficult to separate. The
usual approach to implementing this equation is to wuse a

value of 3; obtained from volumetric measurements

(Orentlicher and Prausnitz, 1964; and Gibbs and Vvan

Ness, 1971). Then a plot of [1ln (Ez/xz) - G;(P - P?)/RT]
versus (x% - 1) is constructed. If this relation applies,

then the intercep® is ln H,, and the slope is A/RT.
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The Krichevsky approach should be used with caution. It
can be shown that just because the Krichevsky-Kasarnovsky
plot is linear does not mean that the activity coefficients
are unity nor that the slope is the actual partial molar
volume at infinite dilution (Mathias and O'Conrell, 1981).

Also, it is difficult to calculate 1liquid phase
fugacity coefficients. One approach 1is to calculate the
vapour phase fugacities using an eguation of state and then

obtain the 1liquid phase fugacities from the criteria for

eguilibrium

rh>
=

_ 3V
= £} (6.10)

However, this method requires the composition of the vapour
phase which 1is in equilibrium with the liguid; often it is
unknown. This may be a significant problem when attempting
to use this approach. Often researchers assume a vapour
composition. As well, for an eguation of state to accurately
correlate mixture properties, 1interaction parameters are
required. These interaction parameters must be obtained from
experimental data - usually the equilibrium data.

Finally, the two-suffix Margules equation 1is a very
simple model for activity coefficients. It should nect be

expected to be applicable over a wide range of

concentration.
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B. Low Pressure Solubility Model

An analysis of the data for hydrogen sulphide in water
shows that, for temperatures between 0 and 90°C and
pressures to 1 MPa, the activity coefficients and Poynting
factors are unity (or at least the product of the two 1is

unity). Thus Equations (6.1) and (6.2) reduce to:
x P7 = ¥y P&, (6.11)

In this work, the following parameters were used. The vapour
pressure of water is taken from Keenan et al. (1978)
Fugacity coefficients of the vapour phase are calculated
using the Redlich-Kwong (1949) equation of state. The mixing
rules used are those proposed by Redlich and Kwong and do
not include interaction parameters. A discussion of the
Redlich-Kwong equation can be found in Appendix B. Critical
constants, required for the equation of state, were taken
from Keenan et al. for water and from Goodwin (1983) for
hydrogen sulphide. New values for the Henry's constants wvere
obtained by minimizing the deviations of the predicted
solubilities from the experimental values. A single Henry's
constant was calculated at each temperature by using the
combined data of Wright and Maass (1932a,b), Clarke and
Glew (1971), and Lee and Mather (1977). These Henry's

constants, called the optimum values, are listed in
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Table 6.1 and are shown graphically on Fig. 6.1. A

least-sguares regression yields the following correlation:

In Hy, = -3.3747 + 0.072437 T - 1.10765x10"% T2 - 1549.159/T

+ 0.144237 1In T (6.13)

where T is in K and H,; is in MPa/mol frac. The correlation
fits the optimum values with an average error of 0.43% and a
maximum error of 1.03%. For comparison purposes, Henry's
constants calculated from the correlations of Clarke and
Glew, and Lee and Mather are also tabulated in Table 6.1. In
the results presented later in this paper, the calculations
were performed using the optimum values and not the
correlation except where noted. This prevents an error due
to the correlation from entering the calculation. Equation
(6.13) is provided for interpolation purposes.

The beauty of this model is its simplicity.
Non-idealities 1in the 1liquid phase are neglected. For the
vapour phase, the non-idealities are modelled using a simple
eguation of state. The justification for these
approximations is the excellent fit of experimental data
from three independent sources.

In this study, the ionization of H,S in the aqueous
phase has been neglected. Hydrogen sulphide 1is a weak
diprotic acid. The 1ionization constant for the first
dissociation of H,S is 3.9 x 1078 at 0°c and 3.0 x 1077 at

100°C and is an increasing function of temperature over the
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Table 6.1 Henry's Constants for H¥drogen Sulphide in Water
(MPa/mol frac

Correlations

Tem Optimum Equation Clarke Lee and
(°c) Values ?6.13) and Glew Mather
0 26.517 26.706 26.6656 29.130

5 31.433 31.385 31.467 33.438
10 36.878 36.546 36.694 38.102
15 42.278 42.319 42.319 43.113
20 48.478 48.243 48.309 48.461
25 54,745 54,708 54.622 54.129
30 60.889 61.51%5 61.212 60.097
40 75.574 75.859 75.020 72.834
50 9C.398 30.565 89,312 86.443
60 104.972 104.771 103.668 100.651
71 119.338 118.708 119.070%* 116.616
S0 134.911 135.327 143.514=%* 143.834

* — extrapolated
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indicated range (Barbero et al., 1982). Myers (1986)
reviewed the literature and concluded that 1 x 10"1'° is the
"best" value for the second ionization constant at 25°C.
There 1is however, some controversy about its exact value;
but, it is exceedingly small. Thus, the assumption that all

of the H,S in the agueous phase is in the molecular form is

a good one.

Low Pressure Solubility

The above model was used to calculate the vapour-liquid
eguilibrium for the system H,0-H,S from 0 to 90°C and
pressures to 1 MPa.

The predicted solubilities at atmospheric pressure are
plotted on Fig. 6.2 along with experimental data from
Winkler (1906), Kendall and Andrews (1921), Kiss et
al. (1937), Harkness and Kelman (1967), Gerrard (1972), and
Douabul and Riley (1979). Most of the data lie within 3% of
the prediction. An exception is the point of Harkness and
Kelman which deviates by 5.7%. The value obtained by
Harkness and Kelman is significantly different from the 30°C
point of Winkler as well. Douabul and Riley compared their
data with previously published values. They state that their
solubilities agree to within 0.7%, but their values were
consistently larger than the values of the other
researchers. They did not do a detailed comparison with the
data of Winkler stating that Winkler's data were "mainly of

historical interest". Deviations between the data of Douabul
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and Riley and this model are about 1 to 4%. Also, this model

predicts solubilities lower than reported by Douabul and

Riley. It is important to note that none of the experimental

points shown on Fig. 6.2 was used tc calculate the optimum

Henry's constants. Table 6.2 lists the soclubilities at

atmospheric pressure from several sources. The experimental

values are compared with those calculated in this work.

Table 6.3 tabulates the solubility at 25°C and 1 atm from

several other sources. The solubilities are given in both

mole fraction and molarity since most of these values were

reported in mol/L. Again, none of these data was used to

obtain the parameters in the model.

in Fig. 6.3 a comparison is made with the data of

Barrett et al. (1988) and this model. Also plotted 1is the

correlation of Barrett et al. The agreement between this

work and the experimental data of Barrett et al. is quite

good. Barrett et al. extrapolate their correlation to 10°C

and at this point there is a significant difference between

their extrapolated values and that predicted by this model.

This demonstrates a well-known problem with extrapolating

empirical correlations.

Wilhelm et al. (1977) give the following general
correlation for the solubility of gases in water
R 1n Xo = A+ B/T+Clin T+ DT (6.14)

where R 1is the gas constant, A, B, C and D are empirical



Table 6.2

Solubility (mol %)

Calculation Experimental Values
Tem
(°cC (a) (B) (1) (2) (3) (4) (5)
0.0 0.376 0.374 0.368 - - 0.371 -
0.05 - 0.373 - 0.376 - - -
2.10 - 0.348 - - - -_ 0.351
5.0 0.317 0.317 0.312 - - - -
5.05 - 0.317 - - —_ - 0.324
10.0 0.269 0.272 0.2€7 - - 0.267 -
10.19 - 0.270 - - - - 0.274
12.5 - 0.252 - 0.255 - - -
15.0 0.233 0.234 0.230 - - - -
15.04 - 0.234 - - - - 0.237
20.0 0.203 0.204 0.201 - - 0.200 -
20.10 - 0.203 - - - - 0.208
24.72 - 0.179 - - - - 0.184
25.0 0.178 0.178 0.177 0.183 - -_ -
29.82 - 0.157 - - - - 0.164
30.0 0.158 0.157 0.156 - 149 - -
35.0 - 0.139 0.138 - - - -
40.0 0.123 0.123 0.3 - - - -—
50.0 0.098 0.098 0.098 - -— - -
60.0 0.077 0.077 0.077 - -_ - -
70.0 - 0.059 0.058 - - - -
71.0 0.057 0.058 - - - - -
80.0 - 0.042 0.040 - - —_ -
90.0 0.023 0.023 0.G623 - - - -
(A) Optimum Henry's Constants
(B) Henry's Constants From Equation (6.13)
(1) Wwinkler (1906) (2) Kiss et al. (1937)
23; Harkness and Kelman (1967) (4) Gerrard (1972)
5

Douabul and Riley (1979)
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The Solubility of Hydrogen Sulphide in Water at
Atmospheric Pressure From Various Sources
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Table 6.3 The Solubility of Hydrogen Sulphide
in Water at 25°C and 101.325 kPa

mol /L mol%
This Model 0.0989 0.1779
Bunsen (1855a,b,c)1 0.1163 0.20983
Winkler (1906) 0.0988 0.1778
Pollitzer (1909) 0.1041 0.1873
Kendall and Andrews (1921) 0.1023 0.1840
Kiss et al. (1937) 0.1014 0.1824
Rapustinsky and Anvaer (1941) 0.1013 0.1822
Gamsjager et al. (1967) 0.1021 0.1837
Douabul and Riley (1979)" 0.1020 0.1835
Barrett et al. (1989)° 0.0984 0.1770

1 — from smoothed data
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parameters and X, 1is the mole fraction in the ligquid at a
partial pressure of the gas of 1 atm (as opposed to a total

pressure of 1 atm as in the previous calculations). For H,S

they give A = -297.158 cal/mol K, B = 16347.7 cal/mol,
C = 40.2024 cal/mol K, D = 0.00257153 cal/mol K% and
R = 1.987 cal/mol K. These values were obtained from an

analysis of the data of Wright and Maass; and Clarke and
Glew. Table 6.4 compares the values obtained from this model
with the values of Wilhelm et al. The values of Wilhelm e*®
al. are slightly larger, an average of 0.0023 mol%, than
those predicted with this model. Also in this table are the
total pressure and the calculated mole fraction of hydrogen
sulphide in the vapour. From these one can calculate the
partial pressure of H,S. Wilhelm et al. state that
corrections for non-ideality were not made. This probably
explains the difference between their correlation and the
one presented here.

Fig. 6.4 shows a comparison between the data of
Schoenfeld (1855) and this model. Alsu on this plot is the
measurement of Prytz and Holst (1885) and the broken curve
is the correlation of Bunsen (1855a,b,c). Since this model
adeguately fits virtually all of the other solukility data,
then it must be concluded that the data of Schoenfeld (and
hence Bunsen) are inaccurate. The vaive of Prytz and Holst
is in good agreement with the model.

Finally, the effect of pressure on the solubility 1is

demonstrated. Fig. 6.5 shows the calculated agueous phase
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Table 6.4 Comparison Between This Model and the
Correlation of Wilhelm et al. (1977)

Tem Total YH2S Mole Per Cent H,S
(°cC Press
(kPa) This Model Wilhelm
0 101.943 0.99393 0.3786 0.3807
5 102.207 0.99137 0.3186 0.3218
10 102.567 0.98789 0.2724 0.2755
15 103.049 0.98327 0.2377 0.2387
20 103.689 0.97720 0.2074 0.2091
25 104 .528 0.96936 0.1837 0.1851
30 105.613 0.95940 0.1652 0.1654
40 108.782 0.93145 0.1332 0.1358
50 113.791 0.89045 0.1114 0.1153
60 121.446 0.83432 0.0959 0.1008
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compositions from 0 to 90°C for twelve isotherms. Included
on this plot are the experimental data of Wright and Maass,
Clarke and Glew, and Lee and Mather. The agreement among the
three sets of data is very good. Alsc, the model presented
is a good fit of the data. Note, these were the data used to
obtain the Henry's constants. The broken line on this figure

is the hydrate-aqueous ligquid-vapour locus and is estimated

from Chapter VII.

Low Pressure Vapour Compositions

The literature contains few data for the vapour

compositions for this system at low pressure. Clarke and

Glew report compositions up to 100 kPa. Selleck et al.

(1951) and Gillespie et al. (1984) also report a few
compositions, but most of these are at pressures

1

above

MPa. Wright and Maass give vapour phase compositions, but
these were obtained by assuming that the partial pressure of
water equals its vapour pressure.

Fig. 6.6 shows the water content of the wvapour at
pressures below 100 kPa. The points on this plot are the

data of Clarke and Glew. Note, at these low pressures, the
partial pressure of water is very nearly egual to its vapour
pressure since the fugacity coefficients are near unity at
these pressures and the liquid is essentially pure water.
Fig. 6.7 shows the vapour compositions at higher pressures

as predicted by the model presented earlier. The points on

this graph are from Gillespie et al. at 37.8%C.
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Fig. 6.8 compares the vapour compositions predicted by
the model with the assumption of the strict Raoult's law for
three isotherms. At atmospheric pressure, the difference is
only about 1%. At 0.5 MPa the deviations have increased to
about 5% and at 1 MPa they are about 10%. This observation
is true for all temperatures.

Fig. 6.9 shows the fugacity coefficients for the
hydrogen sulphide in the vapour as predicted by the
Redlich-Kwong equation. The compositions at which these
fugacities were calculated are the egquilibrium vapour
compositions at the given temperature and pressure. Above
about 125 kPa the fugacity coefficients become less than
0.99. Thus, at lower pressures the strict Henry's law 1is

accurate to within 1%.

C. Comments on the Low Pressure Calculations

Wilhelm et al. (1977) made a thorcugh review of the low
pressure solubility of gases in water. In their review, they
concluded that the data of Wright and Maass (1932a) and
Clarke and Glew (1971) were the most reliable for hydrogen
sulphide. Many other sets of data were rejected. Wright and
Maass observed that the system water-hydrogen sulphide did
not obey the strict Henry's law. However, this work shows
that at and below atmospheric pressure, this system does
obey the strict Henry's law. Thus, the older de*u may indeed
be of some value. For example, some of the data of Winkler

are at temperatures where no other data exist. Above about
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125 kPa, the fugacity coefficients deviate significantly
from unity. Their inclusion in the Henry's law model can
adequately model the solubility up to 1 MPa. Thus the
deviations observed by Wright and Maass can be accountad for
by the vapour phase non-idealities.

It is ironic that Wright and Maass observed deviations
from Henry's law, but assumed Raoult's law for the vapour.
Deviations from both of these limitung laws can be explained
by the same effect - non-ideality of the vapour phase.

At pressures apbove 1 MPa, the activity coefficients
begin to deviate significantly from unity. Thus, to extend
the model to higher pressures, some model for the activity

coefficients must be included.



VII. Hydrate Forming Conditions

Up to this point, the discussion has been concerned
with fluid phase equilibria. This chapter investigates the
eguilibria involving solid phases. It critically reviews the
experimental investigations of the hydrate forming
conditions for H,S in water. Data from the literature and
those presented in Chapter III are examined. Correlations
are provided for the pressure and temperature along loci
involving hydrates.

For the 1location of the various loci with respect to

each other, refer to Fig. 1.2 (the pressure-temperature

diagram).

A. The L,-H-V Locus

As discussged in Chapter II there have been several
investigations of the L,-H-V locus. In order to compare the
experimental values, all of the data were correlated using a

Clausius-Clapeyron-type eguation.

in P = A + B/T (7.1)

Table 7.1 lists the constants for the individual sets of
data and these values are for P in kPa and T in K. The
stated ranges are t'. 35% confidence intervals. From this
table and plote .- pressure versus temperature it 1is
concluded that the data of de Forcrand and Villard (1888),

Scheffer (1913) and Scheffer and Meyer (1919a,b) are the

143



Table 7.1 Correlation of the L,-B-V Locus for the

System Hydrogen Sulphide-Water From Several

Sources Via a Clausius—-Clapeyron-Type Equation

Ref NP thmin ‘tmax >lope Intercept r?
(°c) (°C)

1 12 0.5 29.0 -8071*x614 34.18%2.13 0.9885
2 10 1.0 25.0 -7281%903 31.68%3.16 0.9774%
3 1€ 0.0 5.2 -7790x116 33.1020.42 0.9993
4 11 16.3 29.5 -9436%x324 38.86*1.09 0.9979
5 4 1.0 7.1 -7776%2127 33.07+0.46 1.0000
6 5 2.2 10.5 -8008+1863 33.74*6.64 0.9842
7 3 10.0 26.5 -—-8093+3264 34.33%11.22 0.9990
8 5 11.7 24.4 —-8608%633 36.07%2.18 0.9984
9 13 258.5 27.7 -—-8659%x1591 36.37%5.31 0.9288
1. de Forcrand (1882)

2. Cailletet and Bordet (1382)

3. de Forcrand and Villar ~ (1888)

4. Scheffer (1913)

5. Scheffer and Meyzr (1919a,b)

6. Wright and Maass ! 1932a)

7. Bond and Russell (13%49)

8. Smlleck et al. (1951)

8. This Work
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best; they have the narrowest confidence intervals. Note,
these data were selected in spite of their age. Over a
narrow range of temperature the Clausius- Clapeyron-type
equation provides an adequate fit of the data, especially
for comparison purpose. Unfortunately, the
Clausius-Clapeyron egquation is not the best for correlating
these data over the entire range of temperature. The

following equation was significantly better:
in P = -26.8952 + 0.15139 T + 2788.88/T - 3.5786 1n T (7.2)

where P is in kPa and T in K.

In their review of hydrates, van der Waals and
Platteeuw {(1959) misquote Selleck et al. (1952} by stating
that the dissociation pressure of the H,S hydrate at 0°C was
93.1 kPa (698 mm Hg). This is actually the pressure at
-0.4°C, the H-I-V-L, guadruple point. At 0°C, Selleck et
give 97.5 kPa (731 mm Hg) whereas Eguation (7.2) gives
98.6 kPa (735 mm Hg). de Forcrand and Villard (1888)
measured a value of 97.5 kPa (731 mm Hg) at.0°C. Also, from
Equationr (7.2), the dissociation temperature at 101.325 kPa
(1 atm) is 0.3°C.

The L,-H-V locus is plotted on Fig. 7.1. This figure
shows Equation (7.2) along with the data of de Forcrand and
Villard, Scheffer, and Scheffer and Meyer. Fig. 7.2 shows
the above correlation along with the remaining experimental

data. Note the large amount of scatter on this plot. These
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figures reinforce the selection of the three sets of data as

the best.

Even in the nineteenth century It was possible to
measure the temperature to a fraction of a degree. Pressures
below about 300 kPa could easily be measured to within
0.13 kPa (1 mm Hg) wusing a mercury manometer. Higher
pressures could have been measured to 1% (or better) using

a bourdon tube gauge. Thus, the reason for the error is

probably nct due to the temperature or pressure
measuremen-:. The most likely reason for the errors is
impurities i :~e samples. These impurities can cause both
increases and decreases in the hydrate formation

temperature.

One reason why the observed values for the L,-H-V are
at lower temperature (higher pressure) than the "true" value
is the inhibitor efiect. Bond and Russell (1943, observed
the effect of several antifreeze agents (salts, alcohols,
glycols and sugars). Ng and Robinson (1985) investigated the

effect of methanol on the H,S hydrate. i: both of these

investigations, the hydrate pressure at a given temperature
was increased by the antifreeze. Noaker and Katz (1954)
studied the hydrate for H,S5-CH, mixtures. They observed that
the presence of CH, increased the hydrate forming pressure.
Also, some impurities decrease the pressure at which the
hydrate forms. For example, mixtures of HZS—CHZCIZ,
HZS—CH3C1 and H,S-CCl, all form hydrates at lower pressures

than pure H,S (Stackelberg and Fruhbuss, 1954). This may
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explain why some values are at lower pressures than
expected. Of course, there is also experimental error. Some
problems with the data of Selleck et al. (1951) were
demonstrated in Chapter IV. Also, as noted earlier, the data
from Chapter 1II1 are not of high quality because of the
apparatus used. It is interesting to note that although the
solubility data of Wright and Maass (1932a2) are considered
to be among the most reliable, their hydrate data are at
significantly lower pressures than the other data and are

concluded to be in error.

Composition of the Hydrate

One of the interesting features of gas hydrates is that
they are non-stcichiometric. That is, a stable crystal forms
without a gquest molecule in each void. Thus the ratio of
water to guest molecules is greater than the theoretical
value. The lack of the correct crystal structure for the gas
hydrate made estimation of the composition of the hydrate
difficulet. Most of the early 1investigators wused a
"synthetic” method to estimate the ratio of water to guest
molecules rather than by direct measurement.

As noted in Chapter I, the theoretical formula for the
hydrate is H,5-5.75 H,0. There have been many attempts to
determine the composition of the H,S hydrate. Most were
incorrect. From a simple analysis de Forcrand (1902a)
concluded that at 0.35°C and 1 atm the hydrate was H,S-5.69

H,0, but this 1is too 1low. Korvezee and Scheffer (1931)
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estimated that the ratio was 6.06+0.03. They obtained this
value from the intersection of the L,-H-V and H-I-V loci at
the lower quadruple point (-0.4°C). Believing that the ratio
should be an integer these values were rounded to 6. Even
Selleck et al. (1952) report this ratio as six. Cady (1981)
made some precise gravimetric measurements at 0°C for the
hydrate composition as a function of pressure. His
measurements show that the ratio is not an integer and not
egqual to the theoretical value. Cady (1983) discusses the
history and problems associated with experimental
measurements of hydrate compositions.

A modification of the method o¢f van der Waals and
Platteeuw (1959) was used to estimate the composition of the
hydrate along the L,-H-V locus. Essentially, the procedure
of Munck et al. (1988) was used. Their model included the
effect of the solubility of the hydrate forming gas in the
aqueous phase. Although they included this effect for CO,,
they state that it was negligible for H,S. However, the
solubility of H,S in water is larger than that of CO,. The
solubility of H,S was not neglected in this application. The
solubility of H,S and the vapour properties were calculated
using the low pressure model from Chapter VI. The pressures
were calculated using Equation (7.2). According to Cady, it
is a good assumption that the saturation for the two
different cavities are equal. That is, there is an equal
probability of there being an H,S molecule in the small

voids as there is in the large voids. (This was only true
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for HZS') This assumption was not made by Munck et al. Table
7.2 list the composition of the co-existing phases along the
Lp-H-V locus. The composition of the hydrate was calculated
using Cady's hypothesis. At 0°C and 98.6 kPa, this method
gives n=5.98. Although Cady extrapolates his data to get
6.12 at this point, the value of 5.98 is in good agreement
with his data. The composition of the hydrate at 0°C is

plotted on Fig. 7.3.

B. The Lg—H-V Locus

Scheffer (1913) Selleck et al. (1951) and this work
report values for pressures and temperatures along the
Lg-H-V locus. As with the L,-Lg-V locus, the Lg-H-V lies
very close to the vapour pressure of H,S. The agreement
among the three sets of data is qQquite good - in spite of the
relatively low quality of the data presented in Chapter III.
The data were correlated with a Clausius-Clapeyron-type

egquation. A least sguares regression yields
In P = 14.5229 - 2061.05/T (7.3)

where P 1is 1in kPa and T in K. The fit of the experimental
data was sufficiently accurate. Fig. 7.4 shows the
experimental data from the three sources and Eguation (7.3).
Also shown on this plot is the vapour pressure of H,S which
was calculated using the correlation of Goodwin (1982). At

low temperatures, the Lg—H-¥ locus is at slightly higher



Table 7.2 Compositions of the Co-existing Phases
Along the L,—-H-V Locus for the System
Hydrogen Sulphide-Water

Temp Press1

Mole Per Cent Hydrogen Sulphide
(°c) (kPa)

Aquecus2 Hydrate3 Vapour2

0 98.6 0.366 14.3 99.373

5 163.9 0.511 14.4 99.458

10 274.7 0.725 14.5 99.539

15 463.6 1.053 14.6 99.613

20 787.9 1.525 14.6 99.676
1 - from Equation (7.2)
2 - from low pressure solubility model, Chapter VI
3—

the hypothesis of Cady (1983)

from a modified van der Waals-Tlatteeuw (1959) model
using the parameters from Munck et al. (1989) and
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pressures than the H,S vapour pressure. As the LA-LS-H—V
guadruple point is approached the difference becomes
smaller. At the guadruple point the Lg—H-V and the vapour

pressure are essentially the same.

C. The Lp-Lg-H Locus

Scheffer (1913) and Selleck et al. (1951) both report
peints on the L,-Lg-H locus. The total data set consists of
only five points, two from Scheffer and three from Selleck
et al. The data of the two sources were combined and

correlated. The following eguation was obtained.

P = 11.083 T -3352.515 (7.4)

where P is in MPa and T in K. Fig. 7.5 shows the Lg-L,~H
locus. This correlation looks deceptively poor because of
the temperature scale wused. As with other solid-liquid
equilibria, this curve 1is very steep. Unlike the other

correlaticons, this eguation uses P and not 1ln P.

D. The B-1-V Locus

Althougii Selleck et al. (1952) report smoothed values
along the H-I-V locus, the only experimental values in this
region are those of Scheffer and Meyer (1919a,b). These data

were fit with a Clausius-Clapeyron-type eguation

ln P = 15.805% - 3070.13/T (7.5)
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where P is in kPa and T 1in K. Fig. 7.6 shows the

experimental data and the correlation.

E. Summary

This chapter investigated the hydrate forming
conditions for the system hydrogen sulphide-water. 1In
particular, the pressure-temperature loci were correlated
for the following equilibria: (1) L,—H-V, (2) Lg-H-V,
(3) Lp,-Lg~H and (4) H-I-V. These correlations incorporated

all of the data in the literature, regardless of their age.

Er-ors in some of the studies were demonnstrated.
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VIii. Skeleton Tables

In Appendix C a series of tables of smoothed data are
presented. These are neither experimental data nor a
substitute for experimental data. Furthermore, it is not the
author's intention to represent them as such. These tables
are provided for rapid estimation of eguilibrium properties.

The first table is the solubility at pressures below 1
MPa. The solubilities were calculated using the low
pressure, Henr:'s law model presented in Chapter VI.

The aext table is the vapour-liquid compositions at
high pressures. These compositions were calculated using the
PRSV equation of state. Below 200°C the values were
calculated using the van Laar-type mixing rule. At 200°C and
above, the calculations were performed wusing the original
mixing rule. ‘The pressures in this table are up to 100 MPa
or until a third phase was enccuntered or tc the critical
pressure depending on the temperature. Thus, many of these

entries represent extrapolations.

The final tables are ¢t pressures and temperatures
along the wvarious three-phase . The Lp-Lg-V locus was
calculated using the equation tiven 1in Chapter III. The

other loci were calculated with the eguations presented in

Chapter VII.
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IX. Conciuding Remarks

A significant, new interpretation of tne phase behavior

of the system hydrogen sulphide-water was presented. It was

developed using new experimental data as well as those from

the literature

A thorough and critical review of the literature was

presented. For almost forty years, the smoothed data of
Selleck, Carmichael and Sage (1952) were considered to be

the benchmark for this system. Notwithstanding, errors in

t+heir smoothed data have been discovered.

The major new observation of this thesis is that the

LLV critical end point 1is 6°C higher than previously

believed. By itself, this 1is a significant observation.

However, the conseguence of this observation is more

important. Coupling this observation with the work of

Selleck et al., one must conclude that the smoothing of

Selleck et al. 1s wrong.

An equation of state (PRSV!} was used to correlate fluid

phase behavior in the system H,S-H,0. Data from many

sources, including the raw data of Selleck et al. (1951)
were examined. It was demonstrated that the smoothing and

extrapolations of Selleck et al. are in error and. in

particular, the agueous phase extrapolations are incorrect,
possibly by up to a factor of three. Also, a new description

of the 104.4°C isotherm is presented which is consistent

with the raw data of Selleck et al. This isotherm 1is the

keystone of the new analysis. The experimental data show a

160
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three—-phase point at this temperature which the
smoothing/extrapolations of Selleck et al. indicated did not
exist.

Low pressure solubility data were correlated using a
modified-Henry's law approach. An excellent f£it of virtually
all of the experimental data in this region was obtained.
Since the model fit the vast majority of the data, it was
concluded that experimental values which disagree with the
model must be in error.

Finally, the various three _.ase loci 1involving
hydrates were examined. All of the data in the literature as
well as new values were used to correlate the pressure and

temperatu:e along t: =e loci.
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APPENDIX A The High Pressure Cell

As a part of this thesis a series of high temperature

exper iments was also proposed. These experiments wvere
designed to measure dew points of hydrogen sulphide-water

mixture~ in the vicinity of the critical point of water.

From these dew points the upper critical 1locus for the
binary system would be established. Unfortunately the high

pressure apparatus could not be made to work.

A. Equilibrium Cells

Many autoclaves have been ucilized to investigate high
pressure and high temperature phase behavior. Almost all of
the cells proposed fall into one of two groups: (1) sampled
cells and (2) dew/bubble point cells. Schneider (1977)
classifies these two methods as (1) analytical and
(2) synthetic. In his review of high temperature—high
pressure apparatus he 1ists the advantages and disadvantages
of both methods.

In sampled cells, once equilibrium has been achieved,
the pressure and temperature are measured and samples are
withdrawn. Care must be taken not to disturb the equilibrium
when taking samples. The pressure drop must be kept to a
minimum during sampling; thus large samples wusually cannot
be removed. To aid in the attainment of equilibrium, the
sample is mixed. The type of mixing used allows the sampled
cells to be subclassified into (1) flow and (2) static. In
flow-type cells, the vapour is withdrawn from the top of the
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cell and recirculated through the bottom (the liguid).
Static cells use some type of mechanical agitation, usually
rocking or stirring. The cell used for the investigation of
the three-phase locus was a flow-type, sampled cell.

In the dew/bubble point cells, a sample of known
composition is injected into the cell; thus no composition
measurements are reguired. Usually the cell is operated in
one of two modes: (1) isothermally or (2) isochorically. 1In
the isozhoric method, the cell is heated (cooled) until the
bubble (dew) point is reached. Detection of the phase change
is often difficult to ascertain visually. To aid in its
detection, the pressure and temperature should be monitored
simultaneocusly. The phase transition occurs when there is a
discontinuity in the slope of the P-T curve. 1In the
isothermal method, a mixture of known composition 1is
compressed (expanded) from the single phase region into the
two phase region. A discontinuity in the slope of the P-v
curve indicates the phase boundary. A major disadvantage of
the synthetic method is that the composition of the second
phase is unknown; it must be inferred. Another advantage of
the dew/bubble point cell is that P-v-T data can be easily

measured for the mixture,

B. The Dew-Point Cell
The synthetic methcd was to be used for the high
temperature experiments. The two types of dew point cells

were considered: (1) the wvariable wvolume cell of Lentz
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(1968) and (2) the constant volume cell of Seward and Franck
(1981). After an investigation of the autoclaves, it was
concluded that the basic design of Lentz would be the best
for the proposed study. However, there are differences
between the cell described in the Lentz paper and the one
proposed for this investigation.

A study of the corrosion of alloys for sour gas well
environments performed by Watkins and Greer (1976) concluded
that Hactelloy C-276 was one of the best alloys for this
application. Test conditions were severe: up to 260°C and
140 MPa. Thus Hastelloy C-276 was used for the construction
of the autoclave used in this study. Hastelloy C-276 is a
complex alloy containing nickel (55%), molybdenum (16%},
chromium (15.5%), iron (5.5%), tungsten (3.75%), cobalt
(2.5%) and other elements in amounts less than 1%. It is not
ferromagnetic.

The cell was a thick-walled cylinder with a window at
one end. The cell has an internal diameter of 12.7 mm
(0.5 in) and an outside diameter of 50.8 mm (2.¢ in) and a
window diameter of 19.1 mm (0.75 in). Its length was 356 mm
(14 in). Given that the yield strength of Hastelloy C-276 at
450°C (the maximum temperature that the cell will be
subjected to in this investigation) is 225 MPa, the Lameé
eqguation (Popov, 1976) predicts that the cell should
withstand an internal pressure of 135 MPa which is well
above the maximum pressure of this investigation. A sample

injection port and a themocouple well were located 76.2 mm



190

(3.0 in) from the end of the cell and were diametrically
opposed.

Inside the cell was a piston. The piston was wused to
change the internal volume of the cell. The piston was 63.5
mm (2.5 in) in length and fit snugly inside the <cell. The
front face of the piston was polished which permitted the
contents of the cell to be viewed. The 1location of the
piston wés determined by magnetic induction. A thin rod was
welded to the free end of the piston (1.6 mm [1/16 in] in
diameter ard 280 mm [14 1in] 1long). A small magnet was
attached to the other end of the rod. This apprcach 1is
similar to that of Gehrig (1880). An O-ring was placed near
one end of the piston to prevent the pressure transmitting
fluid (water) from entering the sample. In order for the
O-ring to function properly, it must not be subjected to
high temperatures. Thus a cooling Jacket was required.
Initially a copper coil was used. Unfortunately, this did
not work. 1In order for the cooling to be large enough, the
cooling water must come in contact with “he exterior wall of
the cell. A new cooling jacket was constructed with this in
mind. No further problems were encountered due to
overheating of the O-ring.

In order to obtain the the phase transition, the
pressure and temperature must be monitored simultaneously.
In this case, the temperature was measured using a Type J

thermocouple and the pressure using a transducer. The
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transducer was a Druck Type PTX 150 (0-50 MPa) The

thermocouple was calibrated wusing a platinum resistance

thermomeier. Pressure measuring devices were calibrated

using a dead weight gauge. The output from the thermocouple

and pressure transducer were read on a digital voltmeter

(Hewlett Packard Model 3450A) and simultaneously on an X-¥
plotter (F.L. Moseley Co. Model 2D). The pressure was also
monitored using two sixteen—inch Heise bourdon tube gauges

(0-30 MPa and 0-100 MPa) which allowed for an easier

measurement of the pressure, especially in case of

emergency.
A spindle press was used to inject water (the pressure
transmitting f£luid) into the manifold. Thus the position of

the piston could be changed.

After examining many window seals, it was decided that
the window of the proposed cell would be sealed using the
Poulter~type seal (Spain and Paauwe, 1977). In this type of
seal the touching faces of the sapphire window and the metal
seal must be optically flat (that is, they must be smooth to
within 0.5 um). Seward and Franck (1981) used a similar seal
that held at pressures up to 250 MPa. Cylindrical sapphire
windows 19.1 mm (0.75 in) in diameter and 19.1 mm (0.75 in)
in iength were obtained from Crystal Systems Inc.

The face

of the seal was polished flat. The flatness of these

surfaces was verified using certified optical flats.
The transducer malfunctioned and had to be returned to the

manufacturer. A long delay was encountered getting the
transducer repaired.



The internal volume

from geometrical methods. A geometrical appproach would

include the wvolume of the

effect of the thermocouple well and

piston and the «cell wall.

function of the temperature, pressure and piston
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of the cell cannot be calculated

not

injection line and valve, the
the space between the

The volume of the cell is a

position,

Because the wall of the cell is quite thick, the effect of
pressure is believed to be gquite small (less than 1%). The
effect of temperature can be estimated from thermal
expansion. Assuming Hastelloy c-276 has a constant

coefficient of thermal expansion

temperature
the volume

calibrate the volume of the cell as

increase of 425°C will result in an increase

of the metal of approximately 1.5%.

of 1.1x10-5/°C, then a
in
In order to

a function of pressure,

temperature and piston position, argon was to have been
used. The P-v-T properties of argon are well known; thus by
changing the three variables in a specified manner, the
volume can be correlated.

In order to prevent any disasters due to the
catastrophic failure of the cell, it was placed 1in an
explosion-proof barricade. The barricade was a cube
approximately one meter on each side const_ucted from
three-millimeter-thick steel plate. The design of the

barricade followed the guidelines of Moore (1967).



193
C. Problems With The Window

Initial pressure testing of the original design of the

cell revealed that the seal around the window end of the

cell did not work. Pressure testing was performed using a

cylinder of nitrogen. Leak rates from the window were

seemingly small. During a series of pressure tests the cell

was submerged in a tank of water. A buret was set up to

collect any gas that escaped from the window end of the

cell. In one such test 5 cm3 of gas .at room conditions) was

collected over a period of 5 h. During that time the

pressure fell from 12.125 MPa to 11.750 MPa

(AP/At = -.075 MpPa/h). Although this seems like a small

leak, any leak was deemed unacceptable. Tightening the bolts

around the window did not Aecrease the leak rate.

The window housing war- redesigned. A threaded cap, into

which the window fit snuggly, was constructed. A new seal

was made with a threaded end such that the cap and the seal

could be connected. The face of the new seal was polished

optically flat. Both the cap and the new seal were

constructed from 316 stainless steel. A series of pressure

tests was performed using the cap-seal arrangement. They

were unsuccessful. Even at low pressure (less than 1 MPa)

this seal leaked. A small « -t of Canada balsam was then

placed between the window a.i. the seal. This time a seal was

achieved at pressures up to 18.5 MPa (full pressure from 2a

nitrogen bottle) for several hours. This wvas deemed a

successful test.
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The cell was removed from the pressure test apparatus
and connected to the experimental eguipment As a test of the
equipment a series of experiments to measure the vapour
pressure of pure water were prcposed. The purpose of these
experiments was to ensure that all of the auxiliary
apparatus functioned properly. For example, there was some
doubt that the heaters would be able to heat the cell and
its contents to 400°C. A small amount of water was injected
into the cell. The heaters were turned on and the
temperature and pressure were monitored. During this test a
temperature of 300°C was obtained before the heaters were
turned off. In spite of the difficulties reading the
pressure gauge and the voltmeter (the pressure and
temperature were changing rapidly), the measured vapour
pressure was reasonably accurate (maximum error of about
4%).

However, during the second attempt to measure the
vapour preesure, the window end of the cell was clearly
leaking. The pressure was very low, never exceeding 0.1 #MPa.
Steam could be seen escaping from the window.

The seal was modified slightly by placing a piece of
gold foil (0.025 mm thick) between the window and the seal.

With this arrangement, the window never sealed even at 1low

pressure.



APPENDIX B Cubic Eguations of State for Water

Pure water is well understood on the mac:soscopic level
and for any application involving pure water, tue tabulated
data should be consulted. Unfortunately, in many situations,
water is a component in a mixture. To evaluate the
properties of these mixtures, the tabular data are less
useful. Many multiconstant egquations of state have been
proposed which accurately describe the properties of pure
water. These equations are much too conplex to be used to
predict mixture properties or multicomponent Phase
equilibrium. However, the cubic equations proposed were too
simplistic to be expected to predict accurately all the
thermophysical properties of pure water and agueous systems
but can be used with reasonable accuracy for correlating
vapour-liquid equilibrium.

Since van der Waals demonstrated that a single equatisn
could be applied to both the liguid and vapour phases, many
cubic equations have been proposed. A major shortcoming of
these equations is their inability to accurately represent
the properties of both the liguid and vapour phases.
However, the ease of application of the cubic-type eguation

has led to a lot of work to develop an equation which is

accurate for a wide range of substances. Wwith the

A portion of this appendix was presented at a conference.
carroll, J.J. and Mather, A.E., "cubic Equations of State
for Water and Aqueous Systems", Second International
Conference on the Thermodynamics of Water and Aqueous
Systems With Industrial Applicat ions, Airlie House, VA, May
(1987). Publication pending.

195



196

introduction of the Soave equation, accurate prediction of
phase behavior wusing a cubic equation for both phases was
shown to be feasible. Peng and Robinson advanced the process
with an equation which improved the prediction for the
liguid phase properties. Although these two equations gave
excellent results for hvdrocarbons and a few associated
inorganic compounds (carbon dioxide, carbon monoxide,
nitrogen and hydrogen sulphide for example), water and other
polar substances were not easily incorporated into this
method of predicting vapour-liguid equilibrium. This
appendix contains a review of a few of the better known
cubic equations of state and how they have been modified for

use on agueous systems.

A. Introductory Discussion

There have been hundreds of eguations of state proposed
over the past century. Many of these equations had a similar
algebraic structure. Abbott (1973) defined a generic cubic

eguation of state

_ RT _ 6
P =35 vitov+te (B.1)

This model represents the pressure of a fluid as the sum of
a repulsive term (the first term) and an attractive term
(the second tem). The repulsive prescure, the first term in
Equation (B.1) was modelled using the van der Waals hard

sphere equation. All eguations examined in this paper
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utilized essentially the same repulsive term. Although
several authors have proposed modifications of this term,
they result in eguations that are not cubic. None of these
modifications will be discussed. The attractive term 1is a
function of volume and usually temperature. In all of the
equations studied in this review 6 is temperature dependent.

Equation (B.1) can be rearranged to

v3 o+ (6-b-RT/P)v2 + (e-8b-RTS5/P+6/P)v - (eb+RTe/P+6b/P) = O

(B.2)

hence the term "cubic equation™. For a fluid 1in the

[

two

phase region, the largest real root of Egquation (B.2) would
be the vapour volume. The smallest real root which 1is
greater than the co-volume is the liquid volume. However,

the deignation of the root to a specified phase is more
difficult in practise, especially when dealing with
mixtures.

The constants in a cubic equation are cobtained from

applying the criteria that the critical isotherm has a flat

inflection point at the critical point. Mathematically

(aP/av)Tc = 0 (B.3)
2 2 _
(2°P/ov )Tc = 0 (B.4)
For a two-parameter equation of state any the two of these
three equations may be used to calculate two parameters.

Equations (B.3) and (B.4) are used to obtain the constants
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and the critical compressibility, z is obtained from the

CI
original eguation.
If 6=a, 6=0 and e=0, then Eqguation (B.1) reduces to the

simplest cubic eguation of state

p = BT/(v-b) - a/v?2 (B.5)

This is the van der Waals (1873) equation. Applying the

criteria of inflection of the critical isotherms yields:

2m2
27R Tc/e4pc (B.6)
b = RTC/BPC (B.7)
zZ. = 3/8 (B.8)

Reid, Prausnitz and Sherwood (1977) 1list the critical
compressibilities for almost 350 organic and inorganic
substances. Their table includes values obtained
experimentally and from correlations. These values range
from a low of 0.12 for hydrogen fluoride to a high of 0.480
for nitrogen dioxide. The mean of this data is 0.266 and the
standard deviation is 0.028. Assuming a normal distribution,
68% of the values are in the range 0.238 to 0.294 and 95% in
the range 0.211 to 0.321., Therefore over 87.5% of the
substances listed in this table have a critical
compressibility less than 3/8.

Although equations of state are correlations of

pressure, temperature and volume, their great utility is in
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their application to vapour-liquid equilibrium calculations.
For calculating phase behavior, the component fugacities are

required. The fugacity of a pure component is evaluated

using an eqguation of stat. and the following thermodynamic

relation

in(e) = 1n(£/P) = -1/RT [ (v - RT/P)(8P/3v)q dv  (B.9)
v

When working with mixtures, the equation of state is coupled

with an appropriate set of mixing rules. The fugacity of a

component in the solutien is obtained from

1n(3;) = 1/RT f [(3B/3nj)q  ng - RT/v1 @v - 1nz  (B.10)
v

There are analytical solutions to the above improper

integrals for all equations studied in this review.

B. Redlich-Kwong Equations

Unfortunately, the wvan der Waals equation does not

accurately represent fluid properties over a very wide range

of pressure and temperature. A more accurate eguation was

proposed by Redlich and Rwong (1949). Their eguation is

_ RT  _ a
P =3B T 7TV(vIE) (8.11)

where a and b are evaluated from the critical isotherm
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a = 0.42748 R2T2-%/P_ (B.12)
b = 0.08664 RTC/PC (B.13)
z. = 1/3 (B.14)

Although the critical compressibility factor for this
equation is less than van der Waals, it 1is still greater
than the experimental value for most substances. Over 97.5%
of the substances 1listed in Reid et al. have critical
compressibilities less than 1/3.

van der Waals used kinetic theory to develop his
equation. The basis for the Redlich-Kwong equation is an
empirical extension of the van der Waals equation and 1is
justified by the improvement in the property predictions.

For applications to mixtures, the following rules are

used

= % .a.)1/2
a ??xlxj (alaj) (B.15)
b = lebi (3.16)

A more thorough discussion of mixing rules 1is presented

later.

De Santis, Breedveld and Prausnitz (1974) varied the a

for water, making it temperature dependent:

a=a%+al(m (B.17)
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where a® represented the intermolecular attraction due to

London forces and a1 was to account for attraction due to

hydrogen bonds, permanent dipole and gquadrupole moments. To
obtain ao, a! and b tabulated steam densities were fit using
a least—-squares technique. It was found that
b = 14.6 cm3/mol (Equation (B.13) gives 21.1 cm3/mol) and a
was given as a table of values. Holloway {1977) recalculated
a based on the fugacity of pure water and used a
least-squares method to correlate the al with the following

21 = 1.318x108 - 1.93080x105t + 186.4t2 - 0.071288t> (B.18)

and a@ = 3.5x%107 cm® atm K1/2 mol~ 2. In Equation (B.18) t

was in degrees Celsius. Holloway claimed that this equation
reproduces the fugacity of pure water Vvapour from 20° to
1000°C and 0.05 to 10 MPa to within 1.3%. Flowers (1979)
found errors in the mixture fugacity equations given by
Holloway.

De Santis et al. also changed the mixing rules for

agueous systems. For a binary containing water and a

non—-polar component

aiw = (aia2)1/2 (B.19)

For water-carbon dioxide

— 0.0,1/2 2.5/2
Ay = (awac) + R“T xeq/z (B.20)
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where Keq is an equilibrium constant for the gas-phase

reaction between water and carbon dioxide and is given by

In Ko = -11.071 + 5953/T - 2.746x106,7% « 4 sa6x10% /T3
(r.21)
where T 1is 1in K. Note, the ao for carbon dioxide was

obtained from experimental second-virial cross-coefficients
data for carbon dioxide and simple non-polar gases.
De Santis et al. give a%=2.6x107 cm® atm k'/2 mo1™2 and a'
is tabulated as a function of temperature (Eguation (B.12)
gives 6.37x107 cm® atm K172 mo172).

Bowers and Helgeson (1985) further modified this
equaticn for use on sodium chloride-water—-carbon dioxide
mixtures at high temperatures and pressures. The system is
treated as a pseudobinary and the a for the water-sodium
chloride pseudocomponent is a function of the weight
fraction sodium chloride and temperature and the b 1is a
function of the concentration of sodium chloride. These
relations are guite long and will not be repeated here.

The Redlich—-Kwong equation worked well for predicting
the properties of ligi:t gases, but it did not work for
liguids. Thus, it could not be used to predict vapcur-liguid
equilibrium. However, this equation did form the basis for
other equations which have been used successfully for phase
equilibrium calculations. As well, this equation has found
use in the two—-fluid approach to phase eqguilibrium. For

example, Chao-and Seader (1961) proposed a correlation where
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vapour phase fugacities are calculated using the
Redlich-Kwong egquation and 1liquid phase fugacities are
obtained from a generalized correlation. This method was
successfully applied to predict phase egquilibria in

hydrocarbon systems and is still widely used.

A complete review of all of the proposed modifications

and applications of the Redlich-Kwong equation was beyond

the scope of this chapter, but Horvath (187¢) referenced

many Redlich-Kwong papers.

Soave Equation

One of the first cubic equations of state to be
successfully used for predicting phase equilibrium was the

Soave (1972) modification of the Redlich-Kwong equation.

Soave reasoned that for an eguation to be applicable to a

multicomponent mixture, it should accurately calculate the

vapour pressure of the pure components. He replaced the

a/'I‘1/2 term with a more general temperature dependence.

Thus:

_RT _ al(T)
P =3B v(v+b) (B.22)

The temperature dependence of the a was obtained from the
pure component vapour pressure. applying the classical

criteria of inflection of the critical isotherm, the

constants are
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- 2,2
a(T.) = 0.42748 R°TZ/P, (B.23)
b = 0.08664 RT./P, (B.24)
z, = 1/3 (B.25)

The temperature dependence of a was found to be substance
dependent, but for hydrocarbons Soave was able to correlate

it using the acentric factor. The expression he derived is

a(T) = a(T.) e (B.26)
o = (1 +m [1-T5"/21)2 (B.27)
m = 0.480 + 1.574w - 0.176w? (B.28)

For mixtures the following mixing rules are used

a = E?Xinalj (B.29)
= y1/2(1 = k; ) (B.30)

aij = aiaj 1 ij .

b = inbi (3»31)
1

Soave proposed the binary interaction parameter, k but

ij’

found that it was unnecessary for mixtures of hydrocarbons.
Graboski and Daubert (1978a) wused a larger and more

accurate data base of vapour pressure and critical

properties to recalculate m

m = 0.48508 + 1.55171w - 0.15613w? (B.32)
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For acentric factors in the range 0.0 to 0.8, this egquation

results in a maximum devistion in m of only about 1% over

that of Soave. This seemingly small difference can have a

dramatic effect on predicted vapour pressures.

Graboski and Daubert (1978b) also calculated

interaction parameters for binary mixtures containing carbon
dioxide, nitrogen, hydrogen sulphide and carbon monoxide.

These interaction parameters were found by minimizing the

deviation of experimental and predicted vapour-1liguid
equilibrium data. For the systems examined, the kij
found to be nearly independent of temperature, pressure and

were

composition, and only a function of the binary pair. The kij

ranged from 0.15 to =0.06 for the systems that

were
investigated.

The Soave-Redlich-Kwong equation is accurate for

predicting equilibrium sempositions in systems of

hydrocarbons and a few associated non-hydrocarbons. It still

did not accurately predict the physical properties of the

liquid very well. As outlined above, the equation is not

applicable to aqueous systems. The equation does a poor job

of predicting the vapour pressure of water. It has been

found that by varying the a the vapour pressure of water can

be reproduced. Fig. B.1 shows the value of a required to do

this along with the original-Socave a term, expressed as the

ratio of a(T) to a(Tc). Correction of the a term formed a

basis for modifications to the Soave equation for

application to agueous systems.
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Evelein, Moore and Heidemann (1976) proposed the

following correction for the a for water

where éii is the value used to reproduce the vapour
pressure, a;j is from the original Socave method, and their

table of kjj values is well correlated by the following

least-squares fit

ki, = 0.11260 - 3.8705x107%T + 3.345x1077T? (B.34)

whera T is in K and ranged from 298 to 445 K (25° to 171°C).

The values for k;; were obtained by fitting the vapour

pressure of pure water.

won and Walker (1982) changed the Soave equation for

polar substances. The a term was divided into two parts

a =ajy + ap (B.35)

where ap is a polar contribution which is zero for non-polar

substances. To obtain a
a, = [a(Ty) - ag(T)Il1 + m(1 - TF/?)12 (B.36)

ay = a (T ) /TR (B.37)
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= — 2m2
a(Tc) = an(Tc) + ap(Tc) = 0.42747 R Tc/Pc (B.38)
For water: an(Tc) = 2.93 atm L2/m012, ap(Tc) = 2.59 atm
Lz/mol2 and m = -0.47. These values were found by minimizing

the error in the predicted second virial coefficient, where

the virial coefficient was calculated by
B =Db - (an + ap)/RT (B.39)

This equation was obtained by expanding the cubic equation
into the virial form. Note, m is not the wvalue given by
either the Soave equation (m = 1.0006) or the
Graboski-Daubert equation (m = 1.0004). This procedure did
not ensure that the vapour pressure was accurately
reproduced.

Mathias (1983) observed that for polar substances, the
Soave a (actually he used the Graboski-Daubert) is too large
for Ty < 0.7 and too small for 0.7 < Ty < 1. This is
demonstrated for water in Fig. B.1. He proposed the

following modification
« = [1+m1 -T2 - p(1 - TR)(0.7 - TR)1? (B.40)

where p 1is a parameter that was determined from vapour
pressure data. For water, p = 0.1277. Unfortunately it did
not appear possible to correlate this parameter with any

pure substance property (such as acentric factor or dipole
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moment). For a supercritical component a was changed to

a = [exp(cltl - T%])]2 (B.41)
where

c =1+ m/2 + 0.3p (B.42)

d = (c-1)/c (B.43)

Equations (B.42) and (B.43) were obtained by egqguating

Equations (B.40) and (B.41) at the critical point. This

modification was employed because it gave a better fit for

the predicted second virial coefficients for pure substances

at the higher temperatures.

Gibbons and Laughton (1984a, 1984b) proposed the

following modification

o« = 1 + X(Tw - 1) + ¥(T}/2 - 1) (B.44)
R R

No generalization was given for X and Y but comparing

Equations (B.44) and (B.27) gives:

X = m? (B.45)

= -2m(m + 1) (B.46)

e
|

For the materials examined, X and Y were obtained by fitting

the pure component vapour pressure. For water X = 0.165 and



Y = -2.465.

Kabadi and Danner (1985) modified the a term for water
« = [1+c1 - 1812 (B.47)

The constants ¢ and d were obtained by minimizing the error
in the predicted vapour pressure, and ¢ = 0.6620 and
d = 0.80.

A summary of all the a terms where
a = a(T)/a(T,.) (B.48)

is given in Table B.1. The formulations of Mathias,
Gibbons-Laughtor and Kabadi-Danner accurately correliated tne
optimum a given in Fig. B.1. For water, there 1is only a
small difference between the Soave and Graboski-Daubert and
the error in the estimated ¢ 1is shown in Fig. B.i. The
method of Won and Walker is grossly in error. Below 100°C,
the a's are greater than twice as large as the optimum. At
the triple point, their value of « is 3.7 times too large.
The error is smaller in the regici of the critical point;
however, the eguation of Won and Walker does a poor job of

reproducing the vapour pressure of water.



Table B.1 Summary of the « Modifications for the Soave

1.

Equation for Water

Soave:

« = [1+ 1.00063(1 - T3/2)12

Graboski and Daubert:

a = [1 4+ 1.00038(1 - T%/z)]z

Evelein, Moore and Heidemann:
a = [1 - kii(1 + - T;/z)]z

k;; = 0.11260 - 3.8705x10~ 4T + 3.345x10° /T2

Won and Walker:

« = 0.5308[1 - 0.47(1 - T3/2)1% + 0.4692/T

Mathias:

o = [1+ 1.00039(1 - TA/2) - 0.1277(1 - TR) (0.7 - Tp)1?

Gibbons and Laughton:
o =1+ 0.165(Ty - 1) - 2.465(1T8/2 - 1)
Kabadi and Danner:

« = [1+0.6620(1 - T3-%)12
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C. Peng-Robinson Equation

A major shortcoming of the Redlich-Kwong-type eguations
is their 1inability to accurately predict the properties of
the 1liquid phase (notably the density). Peng and
Robinson (1976a) proposed a modification of the attractive

term which resulted in the following eqguation

RT a(T)

P = 5oF -~ TvFB) + B(v=D) (B.49)

The temperature dependence of the a term was obtained by

fitting the pure component vapour pressure (in a similar

fashion to Socave).

a(T) = a(T.) «a (B.50)
a(T.) = 0.45724 R®TZ/P_ (B.51)
a = [1+ k(1 - T}/2)12 (B.52)
k = 0.37464 + 1.54226w - 0.26992w? (B.53)
b = 0.07780 RT./P, (B.54)
z, = 0.3074 (B.55)

The critical compressibility for this egquation is smaller
than Redlich-Kwong equations, but still slightly larger than
the experimental values for most substances.

This equation worked very well for light hydrocarbons,
associated non-hydrocarbons (hydrogen sulphide, carbon
dioxide, carbon monoxide and nitrogen for example) and
mixtures of these substances. It did not work as well for

water and aqueous systems. As with the Soave equation, this
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equation did not accurately predict the vapour pressure of

water. However, by mcdifying the a, the eguation could fit
the saturation pressure. Fig. B.Z2 shows how the a should be
modified to reproduce the vapour pressure of water.

Peng and Robinson (1980) suggested the following

alteration of the a term for use with water

w = [1.0085677 + 0.82153(1 - TA/2)12

R
Tp < 0.7225 (B.56)
« = [1 + 0.85964(1 - TH/2)1?
Tp = 0.7225 (B.57)

The second of these is the original equation. This now
ensured that the vapour pressure of water would be
accurately estimated.

Stryjek and vera (1986a) proposed the following

modification of the original-Peng—Robinson equation

« = Kkg + K {1+ TE/2)(0.7 - Tg) (B.58)

where
kg = 0.378893 + 1.4897153w - 0.17131848w% + 0.019655w>
(B.59)

and «, is a empirical parameter and was obtained by fitting
the pure component vapour pressure and was found to Dbe
uncorrelated with any pure component property, even for

hydrocarbons. Even for nonpolar compounds k4 ¥ 0. for
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example kg = -0.00159 for methane, whereas for water

Ky = -0.06635. For most subctances, excluding water and
alcohols, better results were obtained for T > 0.7 using
ke, = O and for all substances in the supercritical region

they recommend using k4 = 0.

D. Three-Parameter Equations

211 the equations discussed to this point had two

parameters: a and b. In all cases a was a function of

temperature and b was a constant. Using this approach, the
vapour pressure of a pure substance could be accurately
reproduced, but the other thermophysical properties might
not be. For the eguations discussed so far, the vapour
density was accurately predicted, except for the region
close to the critical point. However, liguid densities were
not as good. With the introduction of a third parameter, cC,
the liguid density prediction should be improved.

The first three-parameter eguation was proposed by

Clausius (1880) and has the following form

RT

- - a
P =355 ~ T(v+c)(v¥C) (8.60)

From the inflection of the critical isotherm

- 2m3

a = 27R TC/G4Pc (B.61)
b =v, - RTC/4Pc (B.62)
CcC =

3RTc/8Pc - Ve (B.53)



216

For this equation, the critical compressibility is an input
parameter.

Martin (1979) demonstrated that an equation with this
form is the T"best" cubic for predicting densities of pure

fluids.

Heyen Equation
Heyen (1980) presented an equation with the following

form

RT a(T)

P = $ob07T ~ SIVsB(T)T * cIv=B(T7] (B.64)

where both a and b were functions of temperature. From the

criteria of inflection of the critical isotherm he obtained

- 22
a(Tc) = QR TC/Pc (B.65)
b(Tc) = sszTc/Pc (B.66)
c = QCRTC/PC (B.67)
where
Q. = 1 - 3z, (B.68)
_ 2 2
2, = 322 + ZQch + Qp + Q.+ Qp (B.69)

and @, was the smallest positive root of

g + (2 - 32002 + 3220, - 23 = 0 (B.70)

Note, if =z, = 0.3047 (or equivalently, if ¢ = b), then the
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Heyen equation has the same form as the Peng-Robinson
equation. If z_ = 1/3 (¢ = 0), then it has the form of the

Soave eguation.

The temperature dependence of the a and b are given by

a(T) = a(T_)explk(1 - TR) ] (B.71)
b(T) = b(Tc)(1 - m tanh[6(TR - 1)/21) (B.72)

The values of the four constants (k, m, n and 6) were
obtained by fitting pure component vapour pressure and
liguid density. For normal fluids, the constants wvere

correlated with the acentric factor

kK = 0.47614 + 0.51445w — 0.19072w? (B.73)
n = 1.589 + 1.188w (B.74)
m = 0.2311 - 0.0421w + 0.39068w? (B.75)
6 = 6.8635 + 13.982w + 7.8829w2 (B.76)
In a study of equations of state Trebble and

Bishnoi (1986) demonstrated that for some regions the Heyen
eguation predicted negative heat capacities. This 1is

physically impossible and thus the Heyen egquation should be

used with extreme caution.

Patel-Teja Egquation

Teja and Patel (1981) and Patel and Teja (1982)

presented an equation with a form similar to Heyen's
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RT a(T)
P = v-b - v{v+b) + c{v=b) (B.77)

In this case only the a term was a function of temperature.

The constants were given by

- 2m2
a(TC) = QR TC/PC (B.78)
b = QbRTc/Pc (B.79)
c = QCRTC/PC (B.80)
where
Q. = 1 - 3§, (B.81)
— 2 2
Q, = 352 + 22,9, + Qy + Q. + @ (B.82)

and Qb was the smallest, positive real root of the following

equation
3 _ 2 20, . 3 _
Qb + (2 3Sc)9b + 3Sc9b §c = 0 (B.83)
From this analysis Sc should have been the critical

compressibility factor, but instead it was treated as a
substance dependent paraneter. Several relations were
examined for the temperature dependence of the a term. The

following

a(T) = a(T )1 + F(1 - T4/2)12 (B.84)

which was similar to those of Socave and Peng-Robinson was
determined to be the best. The values for F and Sc were

obtained by fitting the saturated liquid while
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simultaneously satisfying the criteria of equality of the

fugacities along the vapour pressure curve. For non-polar

substances, F and §. were correlated with the acentric

factor

F = 0.452413 + 1.30982w - 0.295937w? (B.85)
§. = 0.329032 - 0.076799%w + 0.0211947w? (B.86)

However, for polar substances, such a generalization was not
possible. For water, F = 0.689803 and §. = 0.269, thus Q_ =
0.50455, &y = 0.065103 and . = 0.193.

To improve the density prediction in the critical

region (0.9 = Ty = 1), they proposed the following

modification

S¢ = 8¢ ~ 1008, - z (T ~ 0.9) (B.87)
The cost of this modification is a decrease in the accuracy

of the vapour pressure prediction and an 1increase 1in the

computation time because €, Qy and Q. became functions of

temperature. Equation (B.87) ensures that the eguation of
state reproduces the critical compressibility and hence
improve the liguid and vapour densities predictions in this

region. This is not the case for eguations with an
"artificial™ z_ such as Redlich-Kwong and Peng-Robinson.
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E. Other Equations of State

Research into equations of state 1is dynamic and
ongoing. Over the decades since van der Waals proposed his
equation, hundreds of new and modified equations have been
proposed.

Recently, an eguation was proposed by Trebble and
Bishnoi (1988). The TB equation may become the prominent
equation in the future. It is superior to both the SRK and
PR equations for predicting the density of pure 1liquids.
However, it has not yet been subjected to the thorough
testing that the SRK and PR equations have.

The TB equations is a four constant eguation. Each of
the constants has a carefully formulated temperature
dependence. Thus the problems with the negative heat

capacities does not occur.

F. Prediction of the Properties of Pure Water

Six of the egquations of state examined in this study
were tested for their ability to predict the properties of
pure, saturated water. The equations selected were:
(1) Soave, (2) Mathias, (3) Peng-Robinson, (4) Stryjek-Vera
(5) generalized-Patel-Teja (6) optimum-Patel-Teja. Four
properties were calculated: (1) vapour pressure (2) vapour
compressibility, (3) liquid density and (4) enthalpy of
vapourization. Comparison was made with the tables of Keenan
et al. (1978). Since the temperature dependence of a was
virtually the same for Mathias, Gibbons-Laughton and

Kabadi-Danner over the range of temperature investigated,
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these equations would have essentially the same error

associated with them. For the generalized-Patel-Teja

equations, I and Sc were calculated from Eguations (B.85)
and (B.86). Also, the suggested modification of §. in the
critical region [Equation (B.87)] was not implemented.
Several of the eguations are used to predict the second
virial coefficient and these are compared with values in the
literature.

In this analysis the following definitions are used to

describe the accuracy of the selected equations. The

relative error, RE;, is

where Tj is the value from the steam tables and Ci is the

calculated value. The absolute average deviation, AAD, 1is

N
AAD = Z |RE;|/N (B.89)
i=1

where N is the total number of points that were calculated.

The bias is

N
BIAS = Z REi/N (B.90)
i=1

The root-mean-squared deviation, RMS, is

N
rMs = (I REZ)V/2/N (B.91)
i=1
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For all equations, thirty six points were used from 10° to
360°C at 10° intervals. This covers almost the entire range
from the triple point to the critical point.

For all equations, the critical properties for water
are T_ = 647.3 K and P_ = 22.09 MPa and the acentric factor
is 0.344. Small variations in these gQuantities can have a
significant effect on the predicted vapour pressure.

The procedure for finding the saturation pressure at a
given temperature was an iterative one. The Newton-Raphson
method was used to obtain successive estimates of the
pressure. Given a good starting point, convergence occurred
in about five 1iterations. The 1initial estimate of the
saturation pressure was obtained from the generalized
correlation of Lee and Kesler (Reid, Prausnitz and Sherwood,
1977). 1lterations on the pressure continued until the
natural logarithm of the ratio of the the liguid and vapour
fugacity coefficients was sufficiently small (in this case
10'5). As a byproduct of this procedure, the compressibility
factors for the saturated states were obtained. To avoid
numerical problems, the roots of the cubic eguation were
calculated wusing the analytic solution (Perry and Chilton,

1973).

Vapour Pressure

Table B.2 1lists the errors associated with the
predicted vapour pressure for seven of the equations of
state discussed earlier. 1Included in this table is the

Redlich-Kwong equation. Fig. B.3 shows the the relative
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errors for the Soave, Peng-Robinson and generalized-

Patel-Teja eguations and Fig. B.4 shows the errors for the

Mathias, Stryjek-Vera and optimum-Patel-Teja. Note, the
ordinates on these plots are significantly different.

From Fig. B.3, the error in the Soave eguation that led

to the Mathias modification is clearly shown. The vapour

pressure was underestimated for temperatures below Ty = 0.7

(T = 180°C) and overestimated above. Of these six equations,

the Soave eguation did the worst job of predicting the

vapour pressure. From Fig. B.1, the modification of the «

term required to fit the vapour pressure appeared quite

small, but this analysis showed that it was very important.
The Peng—-Robinson equation was the next poorest.

However, at temperatures above Tp = 0.7225 (T = 195°C) the

relative error was quite small - hence the form of the 1980
modification of Peng and Robinson. As with the Soave
eguation, the required modification of the a seemed quite

small (Fig. B.2), but it had a large effect on the predicted

vapour pressure.

The Mathias, Stryjek-Vera and optimum-Patel-Teja
equation did an excellent Job of predicting the vapour

pressure,

Saturated Vapour Compressibility Factor

On Figs. B.5 and B.6 are shown the relative error in
the compressibility factor for saturated steam as a function
of temperature. Table B.3 summarizes the errors associated
with the six eqguations.
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Table B.2 Errors in the Predicted Vapour Pressure of Water

AAD (%) BIAS (%) RMS (%)
Redl ich-Kwong 16.9 -16.9 49.9
Scave—-Redlich-Kwong 6.94 4,85 1.811
Mathias—Soave 0.42 -0. 11 0.083
Peng—Robinson 4.13 3.08 1.113
Stryjek-Vera 0.21 -0.08 0.047
generalized-Patel-Teja 5.01 4.43 1.338

optimum—Patel-Teja 0.84 0.63 6.161
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Table B.3 Errors in the Predicted Compressibility Factor of

Saturated Steam

AAD (%) BIAS (%) RMS (%)
Soave~Redlich-Kwong 3.23 -3.23 0.760
Mathias-Soave 3.44 -3.44 0.818
Peng—Robinson 2.38 -2.38 0.518
Stryjek—-Vera 2.48 -2.48 0.548
teneralized-Patel-Teja 2.37 -2.37 0.509%
optimum—-Patel-Teja 1.15 -1.15 0.224
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The compressibility factor as opposed to the density,
was selected for comparison because the density changed by
five orders of magnitude over the temperature range studied
whereas the compressibilities remained the same order of
magnitude.

The predictions of all six equations are very good
except in the region of the critical point. For five of the
six equations, the maximum error in the predicted vapour
compressibility occurred at the critical point. The
exception to this was the optimum-Patel-Teja for which the

maximum error occurred at about 250°C.

Saturated Liquid Density

Table B.4 summarizes the errors of the six eguations
for predicting the saturated liquid density. On Figs. B.7
and B.8 the relative error for each equation is plotted as a
function of temperature.

Density was selected for analysis of the liguid data
for the same reason that compressibility was selected for
the vapour. The compressibility factor of the liguid changed
by almost five orders of magnitude from the triple point to
the c¢ritical point, whereas the density remained about the
same order of magnitude. To calculate the density, first the
compressibility factor is obtained. Then, using the

estimated vapour pressure, the density is obtained from

pr, = MP°/zLRT (B.92)
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Table B.4 Errors in the Predicted Density of Saturated Water

AAD (%) BIAS (%) RMS (%)
Soave—Redlich—Kwong 28.2 28.2 4.73
Mathias—Soave 28.1 28.1 4.71
Peng—-Robinson 18.8 18.8 3.20
Strysek-Vera 18.8 18.8 3.19
generalized—-Patel-Teja 17.9 17.9 3.04
optimum-Patel-Teja 3.14 2.61 0.73
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Thus it is unlikely that the equations which did a poor job
of predicting the vapour pressure would give accurate values
for the density unless there were compensating errors.

The optimum-Patel-Teja equation did the best job of
predicting the liquid density. This is not unexpected since
the parameters in this equation were obtained by minimizing
the error in the predicted saturated liquid density along
with the vapour pressure.

The Soave equation is the worst. This equation did not
predict the liquid densities of hydrocarbons accurately, so
this result was not unexpected. The Peng-Robinson equation
did better than the Socave, but it was still very poor.
Modifications of these equations which improved the vapour
pressure predictions 4id not improve the 1liquid density
predictions. As with the vapour density, the maximum error
in the predicted liquid density occurred at the «critical

point. There was no exception this time.

G. Enthalpy of Vapourization

There are two methods for calculating the enthalpy of
vapourization using an equation of state. The first involves
calculating the enthalpy departure for each phase and taking
the difference. Alternately, the Clapeyron equation could be
used. The eguation of state 1is used to predict the
saturation pressure and the vapour and 1liquid specific
volumes. The derivative of pressure with respect to
temperature along the saturation curve is obtained

numerically. Both of these procedures were used for a couple
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of the equations and there was not a significant difference.

The results presented here were obtained using the departure

method.

Figs. B.9 and B.10 show the relative error in the

predicted enthalpy of vapourizatic. as a function of

temperature for the six equations. Table B.5 summarizes the

errors for the six eguations.

There is an improvement in the predictions for the

eguations which accurately predict vapiur pressure over
those which do not. However, even the worst of the equations
is accurate to within about 10%. The errors for all of the

equations tend towards infinity as if there were an

asymptote through the critical point. However, the enthalpy
of vapourization is zero at the critical point and the large

relative error at the high temperatures 1is due to the

smaller value of the enthalpy.

H. Application to Mixtures

The general mixing rule £for a van der Waals-type

equation 1is

B = ZZx

where B8 1is a, b or for a three-parameter equation, c. For
i=13, By is the pure component parameter and for i o+ 3,
Bij represents an interaction between the species i and j.

Ternary and higher interactions are usually neglected.
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Table B.5 Errors in the Predicted Enthalpy of Vapourization

of Water
AAD (%) BIAS (%) RMS (%)
Soave—Redlich—-Kwong 4.62 -3.79 0.826
Mathias-Soave 2.02 -1.76 0.416
Peng—Robinson 3.21 -2.55 0.565
Stryjek-Vera 1.71 -1.36 0.352
generalized-Patel-Teja 3.57 -3.01 0.619

optimum—-Patel-Teja 1.25 -0.5¢ 0.274
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For a, &a geometric mean is usually used for the

interaction term. Freguently an empirical paramet=r is

included in the a term interaction.

Qa = }ligxlxjaij (3.94)

V201 - 5,0

a: =2 = (aiaj lj (3.95)

13

The value of 64- is obtained from experimental data, usually

vapour-liquid equilibria and 5ij = 855

For b and c, Bij are selected as the arithmetic mean,

hence
b = Zlixlbl (B.96)
c = Ix;Cj (B.97)
1 i
These eguations were used in the original Soave,

Peng-Robinson, Heyen and pPatel-Teja equations. With a single

interaction parameter, they give excellent results for

petroleum systems. Unfortunately, this appreoach is

inadeguate for agqueous systems. Several new mixing rules

have been proposed. However, in the formulation of more

complex mixing rules, it is important that in the limit as

X5 approaches unity, B must approach B;;. That is, as the

solution becomes rich 1in one component the pure component

parameters should be recovered. This is true for all rules
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presented here.

Evelein et al. (1976) applied the following mixing

rules

a —Z?xlxjal] (B.98)
alj = (alaj)1/2 (1 - klj) (3.99)
b = %%xlijlj (B.100)
bij = (bl + bj) (1 - clj)/2 (B.101)

Here a second interaction parameter, was included.

Cige
Mote, the mixing rule for b reduces to the usual linear rule
when i3 = 0. When considering interactions between water
and other components, the original-Socave a was used. Thus
for water k;; # O in Equation (B.99), but is given by
Equation (B.34). For all other components, kii = 0 and for
all components c;; = 0. The paramet~rs klj and cjq were
found by minimizing the the difference between the predicted
and experimental liquid and vapour compositions.

For mixtures, Won and Walker (1979) applied the linear

rule for b and for a the following is used

a = ILIxX:x:a; (B.102)

]
]

i (ani(Tc)a - (T ))1/2&11111:J

* (api(Tc)apj(Tc))1/2/(TRiTRj)3/2 (B.103)



ts
—

Mathias (1983) used the following mixing rule.

a = §§x1x]°13 (8.104)
ajy =(aiaj)1/2[1 - kzg ~ ka1T/1000] (B.108%)

b = ?%x ij 14 (B.106)

bijg = (b; + bj)/z [1 - kyg — kpyT/10001] (B.107)

This method has an interaction parameter for both a and b

and they have a linear temperature dependence. However, for

all the systems he examined, he assumed k_, = 0; that is, no

temperature dependence of the interaction parameter for a.

Gibbons and Laughton (1984b) used the origilnail

¢ .ining rules with some success for aqueous systems. Dew

- 'nt pressure predictions were quite good, but agueous

phase compositions were in error by mcre than an order of

magnitude. They were also able to predict azeotropes 1in the
system water-hydrogen chloride, but once again compositions
were in error.

For predicting phase equilibrium in systems containing
water and hydrocarbons Kabadi and Danner (1985) used the

usual linear mixing rule was b, but for a

- " 2
a = Z?xlx]alj + %awixwxi (B.108)

when i and j are both hydrocarbons then
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aj; = (aiaj)‘/z (B.109)

when i is water and i a hydrocarbon then

-

. 1/2
ag = 2(a,a5) /21 -k

w3 - ) (B.111)

wi
where k_: is a binary interaction parameter which 1is a
constant for hydrocarbons of the same homeologous series.

Finally, ag; is an empirical parameter given by
", - - 0.8
ag; = G;[1 (T/Tey) 71 (B.112)

where G; was correlated via a group contribution technique.
Peng and Robinson (1976b) had some sy cess modelling
two and three phase equilibria in systems con.=ining water
and hydrocarbons using the original formulacion of the
equation and the original mixing rules. Interaction
parameters were found to be guite large ranging frem 0.500
for water-methane to 0.380 for water-i-butene. Typically for

hydrocarbon-hydrocarbon binaries, & < 0.1. Predicted

i]
compositions for the hydrocarbon-rich phase were 1in good
agreement with the experimental values, but aqueous phase
compositions were very low.

A second modification Peng and Robinson (1980) proposed

for agueous systems was a new mixing rule for the a. The

aqueous phase was treated separately from the non-agueous
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phase(s). Thus

agq = }5*i*3'%1j'aq (B.113)
(a35)aq = (aiay) /201 = 75y (B.114)
ap = %?xixj(aij)h (B.115)
(aj)y = (aiaj)‘/zn - 855) (B.116)
For all binaries they examined T4 was a monotonically
increasing function of temperature. The 6..'s were found to

1]
be independent of temperature. For hydrogen sulphide-water

T3y increased from -0.015 to 0.085 over the temperature

range 30° to 175°C.

Huron and Vidal (1979) proposed a more complex set of

mixing rules. For b the usual linear rule was used, but for
a they proposed the following
a = b[%xiai/bi - gEC] (B.117)

where C 1is a numerical constant for a given equation of
state and gE is the excess Gibbs energy at infinite
pressure. This excess Gibbs function was modelled using the
NRTL method of Renon and Prausnitz (1968). It is in this
term that interaction parameters are introduced and each

binary pair has two parameters.
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Heyen (1981) proposed a new mixing rule for the a term

which included twoc interaction parameters

a = %XiZXj aij (B.118)
]
x(i) = X:7:2/ZX,T: (B.119)
J 1"137¢7k7 1k °
Tij‘rji = 1 (B.120)
Note, the original mixing rule was recovered if Tij = 1.

This mixing rule was formulated to account for non-random
mixing.
Stryjek and Vera (1986b) examined three mixing rules

for highly non-ideal systems.

(V]
\

1/2 - -
ij = (aiaj) (1 xikij xjkji) (Bo121)

aij

(aiaj)1/2[1 - kijkji/(xikij + xjkji)] (B.122)

and the one proposed by Huron and Vidal (1979). The first of
these is the same as that proposed by Panagiotopoulos and
Reid (1986). By analogy to activity coefficient models,
Stryjek and Vera called Eguation (B.121) a Margules-type
mixing rule and Equation (B.122) a van Laar-type. These
rules were applied to several binary systems, including
agqueous systems. They concluded that the var Laar method

gave the best results,
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Luedecke and Prausnitz (1985) proposed -
density-dependent mixing rule for a.
= x.(a:as)/2(1 - k..
a %?xlx](ala]) (1 k13)
+ (p/RT)E:?XlX](chl(J) + X]Cj(l)) (B.123)

where Cj(3) # C4(1)° The original mixing rule is recovered

LoTi(9) T S§(i) = 0. In this method, each binary pair has

- interaction parameters. The use of this mixing rule

make the equation of state quartic in wvolume. Aalso, the

interaction parameters ci(j) and cj(i) are not
dimensionless.



APPENDIX C Skeleton Tables

Table C.1 The Solubility of Hydrogen Sulphide in Water

Press Selubility of Hydrogen Sulphide in Water
(kPa) mol% wt% molality mole ratio
(x100)
t=0°C
0.6 0.0000 0.0000 0.0000 0.0000
10 0.0354 0.0669 0.0196 0.0354
20 0.0730 0.1380 0.0405 0.0730
30 0.1105 0.2089% 0.0614 0.1106
40 0.1480 0.2796 0.0823 0.1482
50 0.1854 0.3501 0.1031 0.1857
60 0.2227 0.4205 0.12389 0.2232
70 0. 20 0.4907 0.1447 0.2607
80 0.2y72 0.5607 0.1655 0.2981
90 0.3343 0.6306 0.1862 0.3354
98.6 0.3662 0.6905 0.2040 0.3675
t=5°C
0.9 0.0000 0.0000 0.0000 0.0000
10 0.0290 0.0549 0.0161 0.0290
20 0.0607 0.1148 0.0337 06.0608
30 0.0924 0.1747 0.0513 0.0925
40 0.1240 0.2344 0.0689 0.1242
50 0.1556 0.2940 0.0865 0.1558
60 0.1871 0.3534 0.1041 0.1875
70 0.2186 0.4127 0.1216 0.2190
80 0.2500 0.4718 0.1391 0.2506
90 0.2813 0.5308 0.1566 0.2821
100 0.3126 0.5897 0.1741 0.3136
101.325 0.3167 0.5975 0.1764 0.3178
110 0.3438 0.6485 0.1915 0.3450
120 0.3750 0.7071 0.2090 0.3764
130 0.4061 0.7656 0.2264 0.4078
140 0.4372 0.8239 0.2438 0.4391
150 0.4682 0.8821 0.2611 0.4704
160 0.4992 0.9402 0.2785 0.5017
163.9 0.5112 0.9628 0.2852 0.5139
t=10°C
1.2 0.0000 0.0000 0.0000 0.6000
10 0.0238 0.0449 0.0132 0.0238
20 0.0508 0.0961 0.0282 0.0508
30 0.0778 0.1471 0.0432 0.0779
40 0.1048 0.1980 0.0582 0.1049
50 0.1317 0.2488 0.0732 0.1319
60 0.1586 0.2995 0.0882 0.1588
70 0.1854 0.3501 0.1031 0.1857
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80

90
100
101.325
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250

0.2122
0.2389
0.2656
0.2691
0.2922
0.3188
0.3454
0.3719
0.3984
0.4248
0.4512
0.4775
0.5038
0.5300
0.5562
0.5824
0.6085
0.6346
0.6606
0.6866
0.7125
0.7247

0.0000
0.0196
0.0432
0.0668
0.0903
0.1138
0.1372
0.1606
0.1840
0.2073
0.2306
0.2337
0.2771
0.3235
0.3696
0.4157
0.4616
0.5073
0.5529
0.5984
0.6437
0.6888
0.7338
0.7787
0.8234
0.8680
0.9124
0.9566
1.0007
1.0447
1.0526

0.4006
0.4510
0.5012
0.5079
0.5514
0.6015
0.6514
0.7012
0.7510
0.8006
0.8501
0.8995
0.9488
0.9980
1.0471
1.0961
1.1449
1.1937
1.2424
1.2909
1.3394
1.3621

0.0000
0.0371
0.0817
0.1262
0.1706
0.2150
0.2592
0.3034
0.3475
0.3915
0.4354
0.4412
0.5229
0.6101
0.6970
0.7835
0.8696
0.9554
1.0408
1.1260
1.2107
1.2951
1.3792
1.4629
1.5463
1.6293
1.7120
1.7944
1.8764
1.9581
1.9728

0.1180
0.1329
0.1478
0.1498
0.1627
0.1776
0.1924
0.2072
0.2220
0.2368
0.2516
0.2663
0.2811
0.2958
0.3105
0.3252
0.3399
0.3545
0.3691
0.3838
0.3984
0.4052

0.0000
0.0109
0.0240
0.0371
0.0502
0.0632
0.0763
0.0893
0.1023
0.1153
0.1283
0.1300
0.1543
0.1801
0.205%
0.2317
0.2574
0.2830
0.3086
0.3341
0.3596
0.3850
0.4104
0.4356
0.4609
0.4860
0.5111
0.5361
0.5611
0.5860
0.5905

0.2126
0.2395
0.2663
0.2699
0.2931
6.3199
0.3466
0.3733
0.4000
0.4266
0.4532
0.4798
0.5064
0.5329
0.5594
0.5858
0.6122
0.6386
0.6650
0.6913
0.7176
0.7300

0.0000
0.0196
0.0432
0.0668
0.0904
0.1139
0.1374
0.1609
0.1843
0.2078
0.2312
0.2343
0.2779
0.3245
0.3710
0.4174
0.4637
0.5099
0.5560
0.6020
0.6478
0.6€36
0.7392
0.7848
0.8302
6.8755
0.9208
0.9659
1.0109
1.0558
1.0638
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101.325

640
660

760

780
787.9
t=25°C
3.2

20

0.0000
0.0158
0.0364
0.0569
0.0774
0.0979
0.1184
0.1388
0.1592
0.1796
0.1999
0.2026
0.2405
0.280%9
0.3212
0.3614
0.4015
0.4415
0.4813
0.5210
0.5606
0.6001
0.6394
0.6786
0.7177
0.7567
0.7955
0.8343
0.8729
0.9114
0.9497
0.9880
1.0261
1.0641
1.1020
1.1397
1.1773
1.2148
1.2522
1.2894
1.3266
1.3636
1.4005
1.4372
1.4739
1.5104
1.5248

0.0000
0.0125
0.0307

0.0000
0.0299
0.0688
0.1076
0.1464
0.1851
0.2237
0.2623
0.3007
0.3391
0.3775
0.3826
0.4539
0.5301
0.6060
0.6816
0.7569
0.8319
0.9066
0.9811
1.0553
1.1292
1.2028
1.2761
1.3491
1.4219
1.4944
1.5666
1.6385
1.7102
1.7815
1.852¢€
1.9235
1.9940
2.0643
2.1343
2.2040
2.2735
2.3426
2.4116
2.4802
2.5486
2.6167
2.6845
2.7520
2.8193
2.8458

0.0000
0.0236
0.0580

0.0000
0.0088
0.0202
0.0316
0.0430
0.0544
0.0658
0.0772
0.0885
0.0999
0.1112
0.1127
0.1338
0.1564
0.1789
0.2014
0.2238
0.2461
0.2685
0.2907
0.3129
0.3351
0.3572
0.3793
0.4013
0.4232
0.4451
0.4670
0.4888
0.5105
0.5322
0.5539
0.5755
0.5970
0.6185
0.6399
0.6613
0.6826
0.7039
0.7251
0.7463
0.7674
0.7884
0.8094
0.8304
0.8513
0.8595

0.0000
0.0069
0.0170

0.0000
0.0158
0.0364
0.0569
0.0775
6.0980
0.1185
0.1390
0.1595
0.1799
0.2003
0.2030
0.2410
0.2817
0.3223
0.3628
0.4031
0.4434
0.4836
0.5238
0.5638
0.6037
0.6435
0.6833
0.7229
0.7625
0.8019
0.8413
0.8806
0.9197
0.9588
0.9978
1.0367
1.0755
1.1142
1.1528
1.1913
1.2297
1.2680
1.3062
1.3444
1.3824
1.4204
1,4582
1.4959
1.5336
1.5484

0.0000
0.0125
0.0307
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101.325

0.0489
0.0671
0.0852
0.1033
0.1214
C.1395
0.1575
0.1756
0.1779
0.2115
0.2474
0.2831
0.3187
0.3543
0.3897
0.4250
0.4603
0.4954
0.5304
0.5653
0.6001
0.6348
0.6694
0.7039
0.7383
0.7726
0.8068
0.8408
0.8749
0.9087
0.9425
0.39762
1.0097
1.0432
1.0849
1.1264
1.1678
1.2090
1.2500
1.2909
1.3316
1.3721
1.4125
1.4527
1.4928
1.5327
1.5725
1.6121
1.6515
1.6907

0.0000
0.0094
0.0258

0.0924
0.1268
0.1611
0.1953
0.2295
0.2636
0.2976
0.3316
0.3361
0.3994
0.4669
0.5342
0.5013
0.6681
0.7347
0.8010
0.8672
0.9330
0.9987
1.0641
1.1293
1.1942
1.2589
1.3234
1.3876
1.4516
1.5154
1.5789
1.6422
1.7C53
1.7681

.L38
1.8931
1.9553
2.0327
2.1097
2.1864
2.2627
2.3386
2.4142
2.4895
2.5644
2.6389
2.7131
2.7869
2.8604
2.9336
3.0064
3.0788
3.1510

0.0000
0.0178
6.0488

0.0272
0.0373
0.0473
0.0574
0.0675
2.0775
0.0876
0.0976
G.0989
0.1177
0.1376
0.1576
0.1775
0.1974
0.2172
0.2369
0.2567
0.2764
0.2960
0.3156
0.3351
0.3546
0.3741
0.3935
0.4129
0.4322
0.4515
0.4707
0.4899
0.5091
0.5282
0.5472
0.5662
0.5852
0.6088
0.6324
0.6559
0.6793
0.7026
0.7259
0.7491
0.7723
0.7953
0.8183
0.8412
0.8640
0.8868
0.9095
0.9321
0.9547

0.0000
0.0052
0.0143

0.0489
0.0671
0.0852
0.1034
0.1216
0.1337
0.1578
0.1759
0.1783
0.2120
0.2480
0.2839
0.3198
0.3555
0.3912
0.4269
0.4624
0.4979
0.5332
0.5685
0.6038
0.6389
0.6739
0.7089
0.7438
0.7786
0.8134
0.8480
0.8826
0.9171
0.9515
0.9858
1.0200
1.0542
1.0968
1.1392
1.1816
1.2238
1.2658
1.3077
1.3495
1.3912
1.4328
1.4742
1.5154
1.5566
1.5976
1.6385
1.6792
1.7198

0.0000
0.0094
0.0258
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101.325

0.0422
0.0585
0.0749
0.0911
0.1074
0.1237
0.1399
0.1561
0.1583
0.1885
0.2207
0.2529
0.2850
0.3169
0.3489
0.3807
0.4124
0.4440
0.4758
0.50790
0.5384
0.5697
0.6009
0.6320
0.6630
0.6939
0.7247
0.7554
0.7861
0.8167
0.8471
0.8775
0.9078
0.9380
0.8757
1.0132
1.0505
1.0877
1.1248
1.1618
1.1986
1.2352
1.2717
1.3081
1.3444
1.3805
1.4165
1.4523
1.4880
1.5235

0.0000
0.0064
0.0210

2.8435

0.0000
c.0121
0.0398

0.0221%
0.0325
0.0416
0.0506
0.0597
0.0687
0.0778
0.0868
0.0880
0.1048
0.1228
0.1407
0.1586
0.1765
0.1943
0.2121
0.2299
0.2476
0.2652
0.2829
0.3005
0.3180
0.3355
0.3530
0.3705
0.3379
0.4052
0.4225
0.4398
0.4571
0.4723
0.4914
0.5085
0.5256
0.5469
0.5682
0.5893
0.6104
0.6315
0.6525
0.6734
0.6942
0.7150
0.7358
0.7564
0.7770
0.7976
G.8180
0.8384
0.8588

0.0000
0.0036
0.0117

0.0422
0.0586
0.0749
0.0912
0.1075
0.1238
0.1401
0.1564
0.1585
0.1888
0.2212
0.2535
0.2858
0.3180
0.3500
0.3821
0.4141
0.4460
0.4778
0.5096
0.5413
0.5729
0.6045
0.6360
0.6674
0.6987
0.7300
0.7612
0.7923
0.8234
0.8544
0.8853
0.9161
0.9469
0.9853
1.0235
1.0617
1.0997
1.1376
1.1754
1.2131
1.2507
1.2881
1.3255
1.3627
1.3998
1.4368
1.4737
1.5105
1.5471

0.0000
0.0064
0.0210

250



101.325

825
850

950
975
1000

t=40°C
7.4

10
20

0.0674
C.5949
6.31225
0.1500
0.1774
0.2048
Q.2322
0.2595
0.2631
0.3140
0.32685
0.4224
0.4764
0.5302
0.5839
0.6373
G.6906
0.7438
0.7967
0.8495
0.9021
0.9546
1.0069
1.0590
1.1109
1.1627
1.2143
1.2656
1.3170
1.3681
1.4191
1.4699
1.5205
1.5709
1.6338
1.6963
1.7586
1.8207
1.8825
1.5440
2.0053
2.0663
2.1271
2.1876
2.2479
2.3079
2.3677
2.4272
2.4865
2.5455

0.0000
0.0065
0.0315

0.0198
0.0279
0.0360
0.044°
0.052¢
0.0202
2.06863
0.0763
0.0774
0.0924
0.1085
0.1245
5.1405
0.1564
0.1723
0.1882
¢,2041
0.2199
0.2357
0.2514
0.2671
0.2828
0.2984
0.3141
0.3296
0.3452
0.3607
0.37862
D.3916
0.4070
0.4224
0.4377
£.4530
0.4683
0.4873
0.5063
0.5253
0.5441
0.5630
0.5817
G.6005
G.6791%
0.6377
0.6563
0.6748
0.6932
0.7116
0.729%
0.7482
0.766G2%

0.0000
0.0019
0.0092

0.0356
0.0502
0.1:548
.09
90,0939
0.1085%
06.31230
0,.1375
0.1354
0.1665
5.1954
0.2243
0.2531
H.2818
G.3105
0.3391
0.3676
0.3961
0.4245
0.4529
0.4812
0.5095
0.5377
0.5658
0.5938
0.6218
0.6498
0.6777
0.7055
0.7332
0.7609
0.7886
0.8162
C.8437
0.8780
0.9122
0.9374
0.9803
1 0142
1.0480
1.0817
1.1153
. 1489
. 1822
1.2156
1.2408
1.2819
1.3150
1.3479
1.3807

= et

0.0000
0.0035
0.0167
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100
101.325
120
140
160
180
200
220
240
260
280
300
320
340
360
380
400
420
420
460
480

0.0298
6.0430
0.0562
0.6693
0.0824
0.0955
0.1086
0.1217
0.1234
C.1478
0.1738
0.1998
0.2257
0.2515
0.2773
0.303¢
0.3286
0.3542
0.3797
0.4051
0.4305
0.4558
0.4810
0.5062
0.5313
0.5563
0.5813
0.6062
0.€311
0.6559
0.6806
0.7052
0.7298
C.7543
0.7849
0.8153
0.8457
0.8759
0.9061
0.9361
0.9661
0.9959
1.0256
1.0553
1.0848
1.1142
1.1434
1.1728
1.2019
1.2309

0.9C00
0.0125
0.0245

0.0564
0.0813
¢.1062
0.1310
0.1558
0.1806
0.2053
0.2300
0.2332
0.2792
0.3283
0.3773
0.4261
0.4747
0.5232
0.5716
0.6198
0.6679
0.7158
6.7636
0.8112
0.8587
0.9061
0.9533
1.0004
1.0473
1.C240
1.1407
1.1872
1.2335
1.2797
1.3258
1.3717
1.4174
1.4745
1.5312
1.5878
1.6442
1.7003
1.7562
1.8119
1.8674
1.8227
1.9777
2.0325
2.0871
2.1415
2.1857
2.2496
2.2034

0.0000
(.0237
0.0464

0.0166
0.0239
0.0312
0.0385
6.0458
0.0531
0.0604
0.0676
0.0686
0.0822
0.0967
0.1%11
0.1258
0.1400
0.1543
0.1687
0.1830
0.1973
0.2116
0.2258
0.2400
G.2542
0.2683
0.2824
0.2965
0.3105
0.3246
0.3386
0.3525
0.3665
0.3804
0.3942
0.4081
0.4215%9
0.4391
0.4563
0.4734
0.4905
6.5075
0.5245
0.5415
0.5584
0.5752
0.5920
0.60E8
0.6255
0.6421
0.6587
0.6753
0.6918

0.0050
0.0069
0.0136

0.0299
0.0430
0.0562
0.88694
C.2825
0.0356
0.1087
0.1218
0.1236
0.1480
0.1741
0.2002
0.2262
0.2521
0.2780
0.3039
0.3297
0.3554
0.3811
0.4068
0.4323
0.4573
0.4833
0.5088
0.5341
0.5595
0.5847
0.6099
0.6351
0.6602
0.6852
0.7102
0.7352
0.7600
0.7911
0.3220
0.85289
0.8837
0.9144
0.9450
0.9755
1.0059
1.0363
1.0665
1.0967
1.1268
1.1568
1.18€7
1.2165
1.2463

0.0000
0.0125
0.0245

252



101.325

1000

t=50°C
12.4
30

0.0365
0.0485
0.0605
0.0724
0.0844
0.0963
0.1382
0.1098
0.1320
0.1556
0.1793
0.2029
0.2265
0.2500
0.2734
0.2968
0.3201
0.3434
0.3666
G.3897
0.4128
0.4358
0.4588
0.4817
0.5046
0.5274
0.5501
0.5728
0.5954
0.6180
0.6405
0.6630
0.6854
0.7133
0.7411
0.7689
0.7965
0.8241
0.8516
0.8790
0.9063
0.9335
0.9606
0.9876
1.0146
1.0415
1.0682
1.0949
1.1215

0.0000
0.0084
9.06195

0.0890C
0.03917
9.1143
0.1369
0.1595
0.1820
0.2045
0.2074
0.2493
0.2941
0.3387
0.3832
0.4276
0.4719
0.5160
0.5600
0.6038
0.6476
06.6912
0.7347
0.7781
0.8213
0.8644
0.9074
6.9503
6.9930
1.0356
1.0781
1.1205
1.1627
1.2049
1.2468
1.2887
1.3409
1.3929
1.4447
1.4962
1.5477
1.5989
1.6499
1.7007
1.7514
1.8018
1.8521
1.9022
1.9520
2.0017
2.0513
2.1006

0.0000
0.0159
0.0368

0.0203
0.0269
0.0336
0.0402
0.0462
0.0535
0.0601
0.0610
0.0733
0.0866
0.0997
0.1129
0.1260
0.1392
0.1522
0.1652
0.1783
0.1913
0.2042
0.2172
0.2301
0.2430
0.2559
0.2687
0.2815
0.2943
g.3071
0.3198
0.3325
0.3452
0.3578
0.3705
0.3831
6.3988
0.4145
0.4301
0.4457
0.4613
0.4768
0.4922
0.5077
0.5231
0.5384
0.5537
0.5690
0.5842
0.5994
c.6145
0.629¢

0.0000
0.0047
0.0108

0.0265
0.0485
0.0605
0.0725
0.0844
0.0964
0.1083
0.1099
0.1321
0.1559
0.1797
0.2034
6.2270
0.2506
0.2742
0.2977
0.3211
0.3445
0.3679
0.3912
0.4£145
0.4377
0.4609
0.4841
6.5071
0.5302
0.5532
0.5761
0.5990
0.6219
0.6447
0.6674
0.6901
0.7184
0.7467
6.7749
0.8029
0.8310
0.8589
0.8868
0.9146
0.9423
0.9699
0.9975
1.0250
1.0524
1.0798
1.1070
1.1342

0.0000
0.0084
0.0185
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100
101.325
120
140
160
180
200
220
240
260
280
300
320
340
260
380
400
420
440
469
480
500
520
540
5690
580
600
625
650
675
700
725
750
775
800
825
850
875
900
225
950
975
1000

t=55°C

15.8
20
30
40

0.0305
0.0415
0.0525
0.0634
0.0744
0.0853
0.0963
0.0977
0.1181
0.1399
0.1616
0.1833
0.2050
0.2266
0.2481
0.2696
0.2910
0.3124
0.3337
0.3550
0.3762
0.3974
0.4186
0.4396
0.4607
0.4816
0.5026
0.5235
0.5443
0.5651
0.5858
0.6065
0.6271
0.£528
0.6785
0.7040
0.7295
0.7549%
0.7802
0.8055
0.8306
0.8557
0.8807
0.9057
0.9305
0.9553
0.9800
1.0148
1.0292

06.0000
0.0043
0.0145
0.0247

0.057¢
0.0784
0.0992
0.1199
0.1406
0.1613
0.1820
0.1847
0.2232
0.2643
0.3054
0.3463
0.3870
0.4277
0.4683
0.5087
0.5491
0.5893
0.6295
0.6695
0.7094
6.7492
0.7889
0.8284
C.8679
0.9073
0.9465
0.9856
1.0247
1.0636
1.1024
1.1411
1.1797
1.2278
1.2758
1.3235
1.3711
1.4185
1.4658
1.5129
1.5598
1.6066
1.6532
1.6996
1.7459
1.7920
1.8379
1.8837
1.9293

0.0000
0.0081
0.0274
0.0467

0.0163
0.0230
0.0291
0.0352
0.0413
0.0474
0.0535
0.0543
0.0656
0.0778
0.0899%
0.1020
0.1140
0.1260
0.1381
0.1500
0.1620
0.173%
0.1859
0.1978
0.2096
0.2215
0.2333
0.2451
0.2569
0.2687
0.2804
0.2921
0.3038
06.3154
0.3271
0.3387
0.3503
0.3648
0.3792
0.3936
0.4079
0.4222
0.4365
0.4507
0.4649
0.4791
0.4932
0.5073
0.5214
0.5354
0.5494
0.5633
0.5772

0.0000
6.0024
0.0081
0.0137

0.0305
6.0415
0.0525
0.0635
0.0745
0.0854
0.0964
0.0978
0.1183
0.1401
0.1618
0.1837
0.2054
0.2271
0.2487
0.2703
0.2919
0.3134
0.3348
0.3563
6.3777
0.3990
0.4203
0.4416
0.4628
0.4840
0.5051
0.5262
0.5473
0.5683
0.5892
0.6102
0.6311
0.6571
0.6831
0.7090
0.7349
0.7606
0.7864
0.8120
0.8376
0.8€31
0.8886
0.9140
0.9393
0.9645
0.9897
1.0246
1.0399

0.0000
0.0043
0.0145
0.0247

254



100
101.325
120
140
160
180
200
220
240
260
280
300
320
340
360
380
400
420
440
460
480
500
520
540
5580
580
6C0
625
650
675
700
725
750
775
800
825
850
875
900
925
950
975
1000

t=60°C

19.9
30
40
50
6v

0.0349
0.0451
0.0552
0.0654
0.0755
0.0856
0.G6870
0.1058
0.1260
0.1461
0.1662
0.1863
0.2063
0.2262
0.2461
0.2660
0.2858
0.3056
0.3253
0.3450
0.3646
0.3842
0.4037
0.4232
0.4427
0.4621
0.4815
0.5008
0.5201
0.5393
0.5585
0.5777
0.6015
D.6235
0.6491
0.6727
0.6963
0.7198
0.7433
0.7667
0.7900
0.8132
0.8364
0.8595
0.8826
0.9055
0.9284
0.9513

0.0000
0.0095
0.0190
0.0285
0.0379

0.0194
0.0250
0.0307
0.0363
0.0419
0.0476
0.0483
0.0588
0.0700
0.0812
0.0924
0.1036
0.1147
0.1259
0.1370
C.1480
0.1591
0.1701
0.1812
0.1922
0.2031
0.2141
0.2250
0.2359
0.2468
0.2577
0.2686
0.27%4
0.2902
0.3010
0.3118
0.3225
0.3359
0.3493
0.3626
0.3756
0.3892
©.4025
0.4157
0.4289
0.4420
0.4551
0.4682
0.4813
0.4943
0.5073
0.5202
0.5331

0.0000
0.0053
0.0106
0.0158
0.0211

0.0349
0.0451
0.0552
¢.0654
0.0756
0.0857
0.0870
0.1060
0.1262
0.1464
0.1665
0.1866
0.2067
0.2267
0.2467
0.2667
0.2866
0.3065
0.3263
0.3462
0.3659
0.3857
0.4054
0.4250
0.4447
0.4643
0.4838
0.5033
0.5228
0.5422
0.5616
0.5810
0.6052
0.6293
0.6533
0.6773
0.7012
0.7251
0.7489
0.7726
0.7963
0.8199
0.8435
¢.8670
0.8904
0.9138
0.9371
0.9604

0.0000
0.0095
0.0190
0.0285
0.0380
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800
825
850

900
925

0.0474
0.0568
0.0663
0.0757
0.0770
0.0945
0.1133
0.1321
0.1508
0.1694
0.1880
0.2066
0.2252
0.2436
0.2621
0.2806
0.2989
0.3173
0.335¢6
0.3538
0.3721%
0.3902
0.4084
0.4265
0.4446
0.4626
0.4806
0.4885
0.5164
0.5343
0.5566
0.5788
0.6009
0.6230
0.6451
0.6670
0.6889
06.7108
0.7326
0.7543
0.7759
0.7975
0.8191
0.£405
0.8620
0.8833

0.0000
0.0044
0.0133
0.0233
0.0312
0.06401
0.0490

0.0896
0.1075
0.1253
0.1431
0.1455
0.1787
0.2141
0.24895
0.28438
0.3200
0.3551
0.3902
0.4251
0.4600
0.4947
0.5294
0.5640
0.5985
0.6329
0.6673
0.7015%
0.7357
0.7698
0.8038
0.8377
0.8715
0.9052
0.9388
0.9725
1.0059%
1.0477
1.0893
1.1308
1.1721
1.2133
1.2544
1.2953
1.3361
1.77

3
31
.82
1..783
1.6182
1.6579

s

0.0000
0.0083
0.0252
0.0421
0.0590
0.0758
0.0927

0.0263
0.0316
0.0368
0.0421
0.0428
0.0525
0.0630
0.0734
0.0838
6.0942
0.1046
0.1149
0.1253
0.1356
0.1459
0.1562
0.1664
0.1767
0.1869
0.1971
0.2073
0.2175
0.2276
£.2378
0.2479
0.2580
0.2680
0.2781
0.2882
0.2982
¢.2107
0.3231
0.3356
$.32480
0.3604
0.2727
0.3851
0.2974
0.4056
0.4219
0.4341
0.4463
0.4584
0.4705
0.4826
0.4947

0.00€90
0.0024
0.0074
0.0124
0.0173
0.0223
0.0272
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90
100
101.325
120
140
160
180
200
220
240
260
280
300
320
340
360
380
400
420
440
460
480
500
520
540
560
580
600
625
650
675
700
725
750
775
800
825
850

100
101.325

0.0579
0.0668
0.0680
0.0845
0.1022
0.1199
0.1375
0.1551
0.1727
0.1902
0.2077
0.2252
0.2426
0.2600
0.2773
0.2946
0.3119
0.3291
0.3463
0.3635
0.3806
0.3977
0.4148
0.4318
0.4488
C.4657
0.4827
0.4995
0.5206
0.5416
0.5625
0.5834
0.6042
0.6250
0.6457
0.6664
0.6870
0.7075
0.7280
0.7484
0.7688
0.7891
0.8094
0.829%

0.0000
0.0074
0.0158
0.0242
0.0326
0.0410
0.0494
0.0578
0.0589

6.1095
0.1263
0.1285
0.1598
0.1932
0.2266
0.2599
0.2931
0.3262
0.3592
0.3822
0.4251
0.4579
0.4906
0.8233
0.5559
0.5884
0.6208
0.6532
0.6854
0.7176
0.7479
0.7818
0.8137
0.8456
0.8774
0.9091
0.9408
0.98C3
1.0196
1.2588
1.0879
1.1369
1.1758
1.2145
1.2531
1.2916
1.3300
1.3683
1.4064
1.4445
1.4824
1.5202
1.5579

0.0000
0.0139
0.0299
0.0458
0.0617
0.0776
0.0935
6.1093
¢.1114

0.0322
0.0371
0.0377
0.0470
0.0568
0.0666
0.0764
0.0862
0.0960
0.1058
0.1155
0.7253
0.1350
0.1447
0.1544
0.1640
0.1737
0.1833
0.1929
0.2025
0.2121
0.2217
0.2312
0.2407
0.2502
0.2597
0.2692
0.2787
0.2505
0.3023
9.3140
0.3257
0.3374
0.3491
0.3607
0.3724
0.3840
0.3955
0.4071
0.4186
0.4301
0.4415
0.4530
0.4644

0.0000
0.0041
0.0088
0.0734
0.0181
0.0228
0.0274
0.0321
0.0327

0.0579
0.0668
0.0680
0.084¢
0.1023
0.1200
0.1377
0.1554
0.1730
0.1906
0.2081
0.2257
0.2432
0.2606
0.2781
0.2955
0.3129
0.3302
0.3475
0.3648
0.3821
0.3993
0.4165
0.4337
0.4508
0.4679
0.4850
0.5020
0.5233
0.5445
0.5657
0.5868
0.6079
0.6289
0.6499
0.6708
0.6917
0.7125
0.7333
0.7541
0.7748
0.79%4
0.8

0.8365

0.0000
0.0074
0.0158
0.0242
0.0326
0.0410
0.0494
0.0578
0.0590
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120
140
160
180
200
220
240
260
280
300
320
340
360
380
400
420
440
460
480
500
520
540
560
580
500
625
650
€75
700
725
750
775
800
825
350
875
900

950
75
1000

t=30°C

47.4
50
60
70
80

100
101.325
120
140
160
180

0
0
0
c
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

(o

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0

.0746
.0913
.1080
.1246
.1412
.1578
.1744
.1909
.2074
.2238
.2403
.2567
.2730
.2893
.3056
.3219
.3381
.3543
.3705
.3866
.4027
.4188

4348

1508

w8
.4867
.5065
.5264
.5461
.5658
.5855
.6051
.6247
.6442
.6636
.6830
.7024
.7217
.7410
.7602
.7793

.0000
.0019
.0097
.0174
.0252
.0329
.0406
.0417
.0561
.0715
.0869
.1023

0.1410
06.1725
0.2040
0.2355
0.2668
0.2981
0.3294
0.3605
0.3916
0.4226
0.4536
0.4844
0.5152
0.5459
0.5766
0.6072
0.6377
0.6682
0.6985
0.7289
0.75%1
0.7893
0.8194
0.84394
0.8734
0.9167
6.9540
6.9911
1.0281
1.0650
1.1019
1.1388
1.17852
1.2117
1.2480
1.2843
1.3205
1.3566
1.3925
1.4284
1.4641

0.0000
0.0036
0.0183
0.0329
0.0476
0.0622
0.0769
0.0788
0.1061
0.1352
0.1643
0.1934

0.0414
0.0507
0.0600
0.0693
0.0785
0.0877
0.0970
0.1062
0.1154
0.1245
0.1337
C.1428
0.1520
c.1611
0.1702
0.1793
0.1883
0.1974
0.2064
0.2154
0.2244
0.2334
0.2424
0.2514
0.2603
0.2715
0.2826
0.2937
0.3048
0.3159
0.3269
0.3379
0.3489
0.3599
0.3708
0.3818
0.3927
C.4035
0.4144
0.4252
0.4360

0.0000
0.0010
0.0054
0.0097
0.0140
0.0183
0.0226
0.0231
0.0315
0.0397
0.0483
0.0568

0.0746
0.0914
0.1081

0.1248
0.1414
0.1581

0.1747
0.1913
0.2078
0.2243
0.2408
0.2573
0.2738
0.2902
0.3066
0.32295
0.3393
0.3556
0.3719
0.3881

0.4043
0.4205
0.4367
0.4528
0.4690
0.4891
0.5091
0.5291
0.5491
0.5691
0.5889
0.6088
0.6286
0.6484
0.6681
0.6877
~.7074
v.7270
0.7465
0.7660
0.7854

0.0000
0.0019
0.0097
0.0174
0.0252
0.0329
0.0407
0.0417
0.0561
0.0716
0.0870
0.1024
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100
101.325
120
140
160
180
200
220
240
260
280
300
320

0.1176
0.1330
0.1482
0.1635
0.1787
0.1939
0.2031
0.2243
0.2394
0.2545
0.2696
0.2846
0.2996
0.314%6
0.3285
0.3445
0.3554
0.3742
0.3891
0.4039
0.4187
0.4371
0.4555
0.4739
v.4922
06.5105
0.5287
" .5469
0.5651
0.5832
0.6012
0.6193
0.6372
0.6552
06.6730
0.6909
0.7087

0.0000
0.0070
0.0143
6.0217
6.0226
0.0363
06.0510
0.0656
0.0802
0.0948
0.1093
0.1238
0.1383
0.1528
0.1672
0.1817

0.2223
0.2512
0.2801
0.3089
0.3376
0.3663
0.3949
0.4234
0.4519
0.4803
0.5087
0.5370
0.5653
0.5935
0.6216
0.6497
0.6777
0.7056
0.7335
0.7613
0.7891
0.8238
0.858>
c.8927
0.927°
.96z
0.9955
1.0296
1.0636
1.0975
1.1313
1.1650
1.1987
1.2322
1.2656
1.2990
1.3328

0.0000
0.0132
0.0271
0.0410
0.0428
0.0687
0.0964
0.1240
0.1516
0.1791
0.2056
0.234n0r
0.2613
0.2886
0.3159
0.3431

0.0654
0.0739
0.0824
0.0509
0.0994
0.1079
0.1163
0.1248
0.1332
0.1416
0.1500
0.1584
0.1668
0.1752
0.1835
0.1919
0.2002
0.2085
0.2168
0.2251
T 2234

VL JED

7.284¢8
0.2951
0.3053
0.3154
0.3256
0.3358
0.3459
2.3560
0.36€61
0.3761
0.3862
0.3962

0.6009
0.0039
0.0089
6.0120
0.0126
0.90202
0.0283
0.0364
0.0445
0.0526
0.0607
0.0688
0.0769
0.084¢
0.0¢2D
Q.10
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340
360
380

420
440
460
480

520
540
560
580
600
625
650
675
700
725
750
775
800
825
850
875
900
925
350
975
1000

0.1961
0.2104
0.2248
0.2391
0.2534
0.2677
0.2819
0.2962
0.3104
0.3245
0.3387
0.3528
0.3669
0.3810
0.3986
0.4161
0.4336
0.4511
0.4685
0.4859
0.5032
0.5205
0.5378
0.5550
0.5720
0.5894
0.6065
0.6236
0.6406
0.6576

0.3702
0.3973
0.4244
0.4514
0.4783
0.5052
0.5320
0.5588
0.5855
0.6122
0.6388
0.6654
0.6919
0.7184
0.7514
0.7843
0.8171
0.8499
0.8826
0.9152
0.9477
0.9801
1.0125
1.0448
1.0770
1.1091
1.1411
1.1731
1.2050
1.2368

0.3674

0.1964
0.2109
0.2253
0.2397
0.2540
0.2684
0.2827
0.2970
0.3113
0.3256
0.3398
0.3541
0.3683
0.3825
0.4002
0.4179
0.4355
0.4531
0.4707
0.4882
0.5058
0.5232
0.5407
0.5581
0.5755
0.5928
0.6102
0.6275
0.6447
0.6619
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Table C.2

Vapour-Liquid Equilibria in the System
Water-Hydrogen Sulphide at High Pressure

Mole Fraction H,S

Press
(MPa) Ligquid
t=75°C
1 0.0004
2 0.0130
3 0.0196
4 0.0259
5 L 0.0318
5.7 0.0355
~=100°C
1 0.0052
2 0.0110
3 0.0166
4 0.0222
5 0.0275
6 0.0325
7 0.0370
8 L 0.0409
8.6 0.0427
t=125°C
1 0.0039
2 0.0090
3 0.0141
4 0.019¢C
5 0.0238
] 0.0285
8 0.0371
10 0.0441
12.5 0.0495
15 0.0522
17.5 0.0541
20 0.0558
25 0.0588
30 0.0613
35 0.0636
40 0.0657
50 0.0694
60 0.0726
70 0.0755
80 0.0781
S0 0.0804
100 0.0825
t=150°C
1 0.0025

Vapour

0.9588
0.9781
0.9844
0.9875
0.9892
0.9899

0.8926
0.9431
0.9597
0.9678
0.9725
0.9753
0.9770
0.9776
0.9768

0.5100
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o WN

100
t=175°C

NN = e ek o
QONUINDOBDANPWN
. v

30

0.0021
0.0068
0.0115
0.0162
0.03¢c8
0.0619
0.0798
0.0925

0.7419
0.8188
0.8568
0.8790
0.8933
0.9094
0.9165
0.9169
0.9076
0.8951
0.8858
0.8739
0.8662
0.8607
0.8565
0.8506
0.8467
0.8442
0.8424
0.8413
0.8402

0.5288
0.6704
0.7405
0.7819
0.8086
0.8400
0.8557
0.8632
0.8603
0.8483
0.8320
0.8054
0.7876
0.7747
0.7647
0.7502
0.7401
0.7328
0.7273
0.7232
0.7201

0.2071
0.4474
0.5670
0.6380
0.7698
0.7939
0.7744
0.7348
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t=225°C

5
10
15
20
25
30
35

35
36.9°€

t=300°C

10
12.5
15
20

0.1634
0.1696

0.0118
0.0367
0.0620
0.0860
6.1068
0.1240
0.1390
0.1528
0.1782
0.2027
0.2273
0.2550
0.2908
0.334

0.0051
0.0313
0.0593
0.0887
0.1186
0.1481
0.1779
0.2104
0.2521
0.325

0.0083
0.0223
0.0526
0.0865
0.1718
0.2396
6.313

0.0081
0.0235
0.0401
0.0775

0.7017
0.6767
0.6570
0.6273
0.6054
0,5884
0.5749
0.5639
0.5549

0.4376
0.6552
0.7092
0.7103
0.6800
0.6402
0.6048
0.5749
0.5267
0.4874
0.4525
0.4183
0.3781
0.334

0.1734
0.5048
0.5980
0.6211
0.6049
0.5641
0.5147
0.4636
0.4063
0.325

0.1629
0.3180
0.4602
0.5092
0.4709
0.3919
0.313

0.0998
0.2219
0.2986
0.3775
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25
30
32.1€

t=325°C

15
17.5

24
25.7¢

c - critical point
L - three-phase point

0.1242
0.1941
0.278

0.0196
0.0384
0.0595
0.0838
0.1134
0.213

0.0111
0.0288
0.0494
0.0755
0.119
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Table C.3 The Aqueous Ligquid-H,S-Rich
Liquid-Vapour Locus for the System Hydrogen
Sulphide-Water

Temp Press Press Temp
(°C) (MPa) (MPa) (°C)
29.4 2.23 2.23 29.4
30 2.25 2.5 34.5
35 2.53 3.0 42.7
40 2.83 3.5 50.0
45 3.15 4.0 56.6
50 3.50 4.5 62.6
55 3.88 5.0 68.2
60 4.28 5.5 73.4
65 4.71 6.0 78.4
70 5.17 6.5 83.0
75 5.66 7.0 87.4
80 6.17 7.5 1.6
85 6.72 8.0 95.6
90 7.31 8.5 99.5
95 7.92 9.0 103.2
100 8.57 9.39 106.2
105 9.25

106.2 9.39

Table C.4 The Aqueous Liquid-Hydrate-Vapour Locus
for the System Hydrogen Sulphide-Water

Temp Press Press Temp
(°C) (MPa) (MPa) (°C)
~-0.4 0.093 0.093 -0.4
0 0.099 0.25 9.1
5 0.164 c.50 15.7
10 0.275 0.75 19.5
15 0.464 1.00 22.2
20 0.788 1.25 24.3
25 1.35 1.50 26.0
29.4 2.23 1.75 27.4
2.00 28.6

2.23 29.4
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Table C.5 The Aqueous Ligquid-H,S—-Rich Liquid~Hydrate Locus
for the System Hydrogen Sulphide-Water

Temp Press Press Temp
(°c) {MPa) (MPa) (°c)
29.4 2.23 2.23 29.4
30 7.320 .0 22.8
31 18.38 10.0 36.2
32 29.46 15.0 30.7
20.0 3i.1
25.0 31.6
3¢c.0 32.0

Table C.6 The H,S-Rich Liquid-Vapour-Hydrate Locus
for the System Bydrogen Sulphide-Water

Temp Press Press Temp
(°c) {(MPa) (MPa) (°c)
5 1.23 1.25 5.7
10 1.40 1.50 12.7
15 1.59 1.75 19.0
20 1.79 2.00 24.6
25 2.02 2.23 29.4
29.4 2.23

Table C.7 The Ice-Hydrate-Vapcur Locus
for the System Hydrogen Sulphide-Water

Temnp Press Press Temp
(°c) (kPa) (kPa) (°C)
-0.4 893.1 93.1 -0.4
-5 78.0 90 -1.6
-10 62.7 80 -4.4
-15 50.1 70 -7.5
-20 39.6 60 -11.0
-25 31.C 50 -15.0
40 -19.8



