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ABSTRACT

Knowledge of the solubility of gases in pure water and sodium

e

chloride brine is required for the evaluation of gas-liquid behavior
associated with numerous processes in the chemical, biological, and
geological sciences and in chemical engineering. Modelling of
multiphase flow and transport processes used to simulate fluid behavior
in geological media requires suitable and accurate gas solubility data,
especially when applied to potential nuclear waste repositories such as
WIPP. This report contains a critical evaluation of data available in
the literature and provides compiled data sets for the solubility of
hydrogen, nitrogen, methane, and carbon dioxide gases in pure water and
in sodium chloride brine. Mole fraction gas solubilities are presented
as functions of temperature and pressure. To evaluate the influence of
electrolyte content of the aqueous solution upon the gas solubility,
Sechenov coefficients are provided for several concentrated sodium
chloride solutions. An estimate of the solubility of hydrogem in 5 N
sodium chloride brine as a function of pressure exhibits a solubility at

40 MPa that is one fifth the value observed for pure water at the same

pressure.
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1 INTRODUCTION

1.1 Motivation

Quantitative investigations of the solubility of gases in liquids
have been reported in the literature as far back as the early nineteenth
century. Even today, with improved experimental techniques and
theories, studies of gas solubility in a variety of complex chemical
systems are quite common in the literature. Because of the fundamental
aspect of the interaction of gas with liquids, it is not surprising that
the solubility of gases in liquids is of widespread interest to
researchers in numerous scientific and engineering fields. The
significance of water and aqueous solutions as solvents for gases has
been of foremost concern. The ability of aqueous solutions to absorb
gases 1s of fundamental interest in numerous biological and ecological
processes. Chemical engineers rely considerably upon gas solubility
studies for the design of industrial equipment for two phase systems.
And, the solubility of gases in natural aqueous solutions is of wvital

concern in many of the sub-fields of earth science.

Gas solubility data are required for evaluating ﬁhe behavior of
complex fluids in geologic media. Petroleum reservoir engineers strive
for the efficient recovery of valuable hydrocarbons from the gas
saturated fluid reservoirs. Modelling of multiphase flow and transport
of these fluids, so critical for optimizing hydrocarbon recovery,

requires the input of gas solubility data. Mediation of contaminants in



groundwater and soils also rely on the modelling of multiphase flow with
the incorporation of gas solubilities. Understanding the partitioning
of gas between the aqueous solution and the vapor phase as a function of
temperature, pressure, and composition is crucial for the accurate
evaluation of multiphase flow and transport in geologic media (Parker,

1989).

1.2 Gas Concerns at WIPP

Recent scientific concerns for the safe isolation of nuclear wastes
in geologic media have reemphasized the significance of gases in
modifying the transport of contaminated waste beyond the bounds of a
repository. The role of gas generation and its effect upon two phase
flow is being investigated by researchers associated with the Waste
Isolation Pilot Plant (WIPP) of southeastern New Mexico (see Lappin and
Hunter, 1989). Accurate values of the solubility of several gases are
required for the realistic modelling of two phase flow in the repository
horizon of the bedded salt deposits of the Salado Formation.

Decomposition of waste material at WIPP by microbial activity and
the anoxic corrosion of metallic drums will generate primarily hydrogen
and carbon dioxide gases (Brush and Anderson, 1989). Nitrogen, methane,
carbon dioxide, and some oxygen have been analyzed in samples from drift
boreholes through the Salado Formation (D’Appalonia, 1985). Norman and
Bernhardt (1982) examined fluid inclusions from the Salado Formation and
determined that the associated vapor phase was comprised principally of

nitrogen and carbon dioxide. It is therefore important that accurate



solubility data be obtained for these gases in aqueous brine to support

the predictive capabilities of two phase flow and transport models.
1.3 Organization of Gas Solubility Topics

The primary intent of this paper is to provide a comprehensive
review of the solubility of gases in brine including a critical
evaluation of available solubility data from the literature. For this
purpose, a discussion_of background material relating to the
thermodynamics and nomenclature of gas solubility is presented in the
next section. Also included is a discussion of the role of electrolyte
effects upon gas solubility and a summary of the experimental methods

used to derive solubility values.

Gas solubility values are presented in the following four sections
wiéh the solubility data for the pure water solvent at 0.101325 MPa
pressure (1 atm) presented first in Section 3, followed by the data for
pure water solvent at elevated pressures in Section 4. Sections 5 and 6
provide the gas solubility data, including Sechenov coefficients, for
brine at 0.101325 MPa and at elevated pressures, respectively.
Concentrated brine compositions are represented by sodium chloride
solutions ranging up to 5 N (molar) solutiomns (25 weight percent NaCl).
Each of the sections includes a discussion of the sources of data and
the methods used to compile and curve fit the data. Solubility data for
hydrogen, nitrogen, methane, and carbon dioxide are presented in this

fashion.



An at;empt has been made in this compilation to be as up to date as
possible with all pertinent gas solubility studies represented.
Nonetheless, in spite of computer searches of the chemical and
geological literature, some solubility data may have been overlooked.
Extra effort has been made to include the gas data appropriate fof
application to the two phase transport models for simulation of the WIPP
repository. Where the particular temperature, pressure, or
compositional ranges have not been adequately covered for a particular
gas, other related solubility data proximate to those conditions are
presented. Section 7 of this paper presents an approach for estimating

the pressure dependence of hydrogen gas solubility in sodium chloride

brine.



2 THEORETICAL BACKGROUND AND NOMENCLATURE OF GAS SOLUBILITY

2.1 Theory

The thermodynamics that dictates the solubility of gases in
liquids, either pure water, organic solvents, or concentrated brines, is
based on the difference between the free energy of a gas molecule
existing in the vapor phase and in the solution phase. Technically,
this approach is known as vapor-liquid equilibria, and is commonly
referred to as the solubility of a gas. A thermodynamics framework
provides a simple, yet elegant, approach for examining not only simple
binary component systems but the more complex multi-component gas or
solvent systems. Although details of the thermodynamics of gas
solubility are beyond the scope of this paper, the rudiments and
nomenclature are presented in the following sub-sections. Battino and
Clever (1966), Wilhelm et al. (1977), and Wilhelm (1982) provide
excellent reviews and discussions of the thermodynamic background of gas

solubility.
2.2 Units and Notations

The solubility of gases in liquids is of considerable interest to a
wide range of scientific and engineering researchers. Because of this
multi-disciplinary need of such data there is a wide variety of
quantities and units that are observed in the literature for reporting

gas solubility. This fact often leads to considerable confusion in



comparing and evaluating the appropriateness of any particular study.
Units for a particular expression of gas solubility are often chosen for
convenience rather than by convention based upon previous studies. This
confusing choice is usually based upon the particular experimental
technique that is employed or the eventual application for which the
data is to be utilized. It is therefore not surprising that gas
solubility values are often reported in units of standard cubic feet per

barrel or pounds per liter of solvent.

This paper, in order to be internally consistent and to conform
with the most recent experimental studies, presents all solubility data
in terms of mole fraction of the gaseous component in the liquid phase.
Interconversion of solubility data to mole fraction units often involved
the digitization of poorly resolved graphs when tabulated data were
lacking. Numerous computer algorithms were used to reduce the data to
units of mole fraction. The final figures which summarize the data
provide gas solubility along the ordinate of each plot. The low or
ambient pressure data are plotted with mole fraction times a factor of
105 while the high pressure data (up to pressures of 200 MPa) are
presented times a factor of 103. This convention reflects the roughly
two orders of magnitude general increase of gas solubility at the

reported elevated pressures.

The intensive properties, temperature and pressure, are also
repor d in the literature with a wide range of units. This paper
presents all pressures ‘'~ units of pascals, usually as MPa for the

elevated pressure studies. One atmosphere of pressure is preéented as



0.101325 MPa whereas one bar of pressure is 0.1 MPa. Temperatures are

presented in units of absolute temperature, that is, in Kelvin.
2.3 Methods of Expressing Gas Solubility

2.3.1 General

As noted above, the multi-disciplinary need for gas solubility data
has created a literature base providing numerous methods for expressing
the solubility of a gas in a liquid. Generally, these different methods
are easily interconverted from one form to another. However,
assumptions such as ideal gas behavior or solution density are often
required. Because several studies provide only limited experimental
details and occasionally fail to provide the rough data, it is often
impossible to provide all gas solubility data in terms of mole fraction.

A short discussion of the principle methods is presented below.

The primary method of reporting the solubility of a gas in liquid

for a binary system is that of mole fraction x:

R m —B (1)

where ng and n] are respectively the number of moles of gas dissolved in
the liquid and the number of moles of liquid. If the masses of soluble
gas Wg and liquid W) are obtained by experiment, then the mole fraction

solubility is obtained by the following equation:



A (2)
x -
Wg/u + Wl/MlA.-

bﬂz

L]

where Mg and M] are respectively the molecular weights of the dissolved
gas and the liquid. Occasionally, the mole ratio N is utilized to

define gas solubility in a binary system:

N - —B (3)

Typically ng is much less than n] (for example, at low pressures) and
therefore N is roughly equal to x.
A mass basis approach for reporting gas solubilities is usually

defined in terms of weight percent:

100 W
Wt g = ——B (4)

Wg + Wl
Additional mass-based methods such as molal solubility (moles of
dissolved gas per kilogram of solvent) and weight solubility (moles of
dissolved gas per gram of solvent) are also used. A molar solubility
(moles of dissolved gas per liter of solution; normality) is

occasionally observed.

Another common method of reporting gas solubility is the Bunsen
coefficient a which is defined as the volume of gas reduced to a
temperature of 273.15 K and a pressure of 1 atmosphere which is absorbed

by a unit volume of solvent at a selected temperature and a partial



pressure of 1 atmosphere. The Bunsen coefficient as defined is somewhat
inconvenient to use if the gas is nonideal and molar volumes or
densities are not available. However, if the gas is assumed to be

ideal, the Bunsen coefficient can be stated as follows:

A 273.15
a = —vf— —T (5)

where Vg is the volume of gas absorbed and V) is the original volume of

the solvent.

The Ostwald coefficient L is defined as the ratio of the volume of

the gas dissolved to the volume of the dissolving liquid:

L - —& (6)

The volumes are to measured at the same temperature. If the gas is
ideal and only a small amount of gas is absorbed by the liquid, the
Ostwald coefficient can be considered to be independent of the partial

pressure of the gas.

Other volume-based solubilities are found in the literature. The
Kuenen coefficient is the volume of gas reduced to 273.15 K and 1
atmosphere that is dissolved by one gram of solvent with a partial
pressure of the gas at 1 atmosphere. Other absorption coefficients are

expressed as the volume of gas reduced to 273.15 K and 1 atmosphere that



is dissolved per unit volume of liquid with a total pressure of 1

atmosphere,

The final method of expressing gas solubility to be discussed here

is the Henry'’s Law constant. It is usually presented as:

P
KH -—8 N

X

where Ky is the Henry's Law constant, Pg is the partial pressure of the
gas, and x is the mole fraction solubility of the gas. It is important
to recognize that Henry’s Law is a limiting law that is formally defined

as:

£.

. i

KH = lim [—x ] (8)
xi* 0 i

where fj is the fugacity of the gas with i denoting the particular gas
in a multicomponent system. This thermodynamic definition of Henry's
Law states that the fugacity of a gas component above a solution is
linearly related to the mole fraction concentration of the gas in the
solution by the Henry's Law constant as the gas solubility approaches
zero. Therefore, it applies to only very dilute solutions and would be
appropriate for describing the gas solubility of most gas-water systems.
Gas fugacity and partial pressure are often interchangably used at low
pre:zsures. Other forms_of Henry's Law exist in which gas solubility
terms other than mole fraction are used. The fugacity or presure

parameter is also often replaced with some other concentration term. It

10



is therefore important that Henry's Law values be properly defined and
that units of all terms be ascertained in order to properly use the

Henry’'s Law solubility.

Battino et al. (1981l) presents a detailed discussion of all the
common interconverstion methods for gas solubility expressions and
provides several helpful conversion formulae. Most of the above
solubility expressions are presented for the case of a binary system,
that is, the absorpti?n of a pure gas by a single component liquid.
Slight modifications to these equations must be made in order to account
for more complex solvents such as aqueous brines that are the concern of
this study. All mole fraction solubilities presented in this paper are

calculated by taking into account all system components.

To unambiguously report gas solubilities no matter which of the
above methods is used, it is required that the temperature, partial
pressure, and total pressure of the measurement be reported. It is also
necessary that details of the experimental apparatus, procedure, and
sources of error be discussed. The purity of the gas and liquid used in
the experiment should be noted. Impurities associated with the gas are
usually the largest source of error. Improper degassing of previously
dissolved gases from the solvent prior to reequilibration with the
desired gas 1is another serious error often associated with the

solubility experiments.

11



2.3.2 Electrolyte Effects

In order to properly evaluate the role of sodium chloride in
modifying the solubility of a gas in aqueous solutions it is important
that the concept of "salting-out" and the effect of electrolytes upon
solubility be introduced. Salting-out refers to the addition of an
electrolyte, or salt, to a liquid, causing the previously dissolved gas
to exsolve. This response results from the change in the activity

coefficient of the dissolved gas as modified by the added electrolyte.

The activity coefficient of a dissolved gas is a function of all
aqueous species present in solution and for a given pressure and
temperature can be represented by the following equation (Battino et

al., 1981):

c

logvy, = 22k G (9)

n .m
m m s 1
This equation provides the common logarithm of the activity coefficient
of a gas species yj as a power series of the electrolyte concentration
Cs and the solute gas concentration Cj with the interaction parameter

kpyn. For the case of low solubilities when solute interactions are

negligible, equation (9) can be restated using just the linear terms:

log 7y - ksCs + kici (10)

where kg is the salt effect parameter, commonly referred to as the

Sechenov (or Setschenow) coefficient, and kj is the solute-solute gas

12



interaction parameter. Because the dissolved gas activity is identical
in the pure solvent and the electrolyte solution for a given partial

pressure of the gas, the following relations hold:

o] o]
a5 = Y455 T 713 Sy a1

where the activity of the dissolved gas is aj, and Sj and Si° are
respectively the gas solubility in the electrolyte solution and in the
pure solvent, along with their corresponding y terms. Note that
solubilities are intr;duced into this formalism using the general
notation of S§i to represent any particular solubility expression,
including mole fraction xj. By evaluating the ratio of activity
coefficients for the dissolved gas in electrolyte solution to pure

solvent using equation (10), the following relations result:

o
v S
o
log 10 = log si - ksCs + ki(Ci- Ci) (12)
i

where Cj© represents the concentration of dissolved gas in the pure
solvent. By assuming that the concentration difference for the
dissolved gas in the different solvents is negligible relative to the
first term (appropriate for gases), this equation reduces to the more

familiar empirical Sechenov equation:

L
k, = —— log s, (13)

13



The form of this equation implies that electrolytes which salt-out, or
decrease the gas solubility, will have positive Sechenov coefficients
while those that salt-in, or increase the gas solubility, will have
negative values. Morrison (1952), Ellis (1959), and Malinin (1978)
provide discussions of the complex nature of these phenomena and how
they relate to the specific interactions among ions, solute molecules,
and solvent molecules. Long and McDevit (1952) discusses the
thermodynamic theory of these interactions in evaluating the activity

coefficients of the dissolved gas species.

Because of the assumptions required in deriving equation (13),
observed gas so;ubilities do not generally follow the simple form of the
Sechenov equation. Gas solute-electrolyte interaétions do occur,
especially for the case of concentrated electrolyte solutions and
brines. Therefore, one can expect to see kg values derived from
equation (13) varying as a function of electrolyte concentration.
Nonetheless, the Sechenov equation is used widely as an empirical
relation and provides a quantitative measure of the changes in gas

solubility as effected by electrolytes.

There is no widely accepted standard for the units of the terms in
the Sechenov relation. In keeping with the convention of this paper,
the Sj solubility values will be presented in terms of mole fraction.
The electrolyte concentration is given as a molar quantity (moles per
liter of solution or moles/dm3). The Sechenov coefficients will
therefore have units of dm3/mole and will be denoted as kgex. The

subscript scx refers to the Sechenov coefficient (s) using molar

14



electrolyte concentration (c) and mole fraction gas solubilities (x).
Numerous bther combinations of units have been reported in the
literature for the Sechenov coefficients. For example, kgpc represents
the Sechenov coefficient (s) based upon units of molal electrolyte
concentration (m) and molar gas solubilities (c¢). Clever (1982)
discusses the confusion generated by this practice and provides
convenient conversion formula for the purpose of comparing salting-out

effects.

Sechenov coefficients presented in the literature were used to
generate mole fraction gas solubility curves for the electrolyte
solutions. This process requires appropriate gas solubility data for
the pure liquid, or water, solvent. Note that electrolyte
concentrations presented in molar amounts, either for evaluation of kg
or for calculation of molar gas solubility, usually assume complete

dissociation of the electrolyte.
2.4 Temperature and Pressure Dependence of Gas Solubility

Of interest to researchers involved in the investigation of gas
behavior in a variety of applications, ranging from petroleum reservoir
engineering to two phase flow modelling of nuclear waste repositories,
is the evaluation of gas solubility as a function of either temperature
or pressure or both. Given the available solubility data sets, it is
appropriate to fit these data to suitable empirical curves. The
temperature dependence of the gas solubility is most critical to the

thermodynamicist in that the curve fits to the observed solubility data

15



provide useful thermodynamic function information. Wilhelm et al.
(1977) and Battino et al. (1981) suggest the following form for the

temperature dependence of the solubility:

A
1
Inx = Ay + —/— ¢t A21n r + A3r (14)

where x is the molé‘fraction solubility, r is the temperature in units
of 100 K, and Aj are the fitting coefficients. 1In this formalism it is
possible to derive the free energy, enthalpy, entropy, and heat capacity
changes for the transfer of the gas from the vapor phase at a partial
pressure of 0.101325 MPa to the liquid phase (see Battino et al., 1981).
The inclusion of the fourth term in the curve fitting will depend upon
the overall precision and total number of data points. It is often

ignored in the curve fitting process.

In order to combine the effects of both temperature and pressure
upon the mole fraction solubility Clever and Young (1987) recommends the

use of the following relation:

B

1
Inx = B0 + - + len r + B3ln P + BAP (15)

where P is the partial pressure of the gas and the Bj are the fitting
coefficients. Again, the highest order term can be ignored if no
significant improvement in the precision of the fit occurs. Equation

(15) can be simplified for an isothermal system by combining the fitting

16



coefficients to produce an empirical fitting relation that relates the

gas solubility to partial pressure:

Inx = D0 + Dlln P + D2P (16)

Dj are the fitting coefficients and again the highest order (third) term
is optional. The coefficients are related to the difference between the
partial molar volume of gas in solution and at infinite dilution

(Michels et al., 1936; Wilhelm et al., 1977).
2.5 Solubility of Gas Mixtures

Very little research has’been performed in evaluating the
interaction of gas species when collectively absorbed into solution from
a multicomponent vapor. Wilhelm et al. (1977) suggests that mixtures of
gases behave more or less independently when dissolved in liquid water.
Benson and Parker (1961) conclude from their precision solubility
measurements that nitrogen, argon, and oxygen dissolve in water and sea
water in proportion to their partial pressures. An example of the
solubility of air, that is, nitrogen, oxygen, and inert gases, in water
is presented in Glasstone and Lewis (1960). The pure gas solubilities
of these gases multiplied by their partial pressures can be used to
calculate the solubility of air in water to within one percent of the
observed value (see Wilhelm et al., 1977). Being within the limits of
Henry'’s Law behavior, it appears that most gases when dissolved in water

or aqueous solution exhibit very weak interactions with the other gas

17



components in solution. These gases essentially behave independent of

each other while in solution.

2.6 Experimental Methods

Although numerous experimental techniques and procedures exist for
measuring the solubility of a gas in a liquid, the methods all share the
common approach of determining the amount of gas that has equilibrated
with a known amount of solution. This method usually involves either a
physical determination of the gas amount where pressure, volume, and
temperature values are measured, or a chemical determination where
specific gas components are directly analyzed in solution. Battino and
Clever (1966) and Wilhelm et al. (1977) provide excellent reviews of the
experimental techniques that have been utilized and discuss their

varying degrees of precision.

The most common and simple method of deriving solubility values
involves a manometric-volumetric approach whereby volumes of
equilibrated gas are derived by examination of the gas-saturated
solution. Alternatively, the equilibrated solution can be extracted and
then used to evaluate the pressure, volume, and temperature of liquid
and gas. Direct measurements of the quantities of the components in the
gas and liquid phase can also be performed using a variety of other
techniques. Chemical, mass spectrometer, gas and liquid chromotography
and other analytical means are often used to measure the amount of gas

in solution.
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The manometric-volumetric approaches have been used almost
exclusively for measurement of the gas solubility values presented in
this paper. The determination of nitrogen, hydrogen, methane, and
carbon dioxide solubilities is usually amenable to one of the
manometric-volumetric approaches. A unique modification of the these
more traditional methods is that used by McGee et al. (1981) in their
measurement of methane solubility in sodium chloride brines. The
experiment involved the determination of the intersection of the liquid-
vapor curve with the one phase liquid curve in pressure-temperature
space for measured quantities of methane and brine. The derived
pressure and temperature represent the equilibrium values for the
solubility of the measured amount of methane in the fixed volume of
brine. The results of the study by McGee et al. (198l) are presented in

Section 6.3.
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3 GAS SOLUBILITY IN PURE WATER

3.1 Introductory Remarks

An extensive compilation of the gas solubility data from the
literature for hydrogen, nitrogen, methane, and carbon dioxide are
presented in this and the next three major sections. Smooth curves are
presented in the figures for the mole fraction solubility, Henry's Law
constant, and Sechenov coefficients.for these gases as functions of
temperature and pressure. Each of the curves, unless stated otherwise,
represents a regression of the available experimental data to a third or
fourth order polynomial. The data were processed in this manner for
convenience of graphing although a similar fit using equation (14) or

equation (16) could have been presented.
3.2 Hydrogen

A critical evaluation of the 0.101325 MPa solubility of hydrogen in
pure water is provided by Young (1981) in which 75 data points from ten
different studies (including Morrison and Billet, 1952; Crozier and
Yamamoto, 1974) were used to produce a regression curve fit to the
temperature dependence equation given by equation (14). Figure 1, which
includes this curve plus the smooth curve fits for nitrogen, methane,
and carbon dioxide, and Figure 2 provide the results of the regression
analysis. The fitted curve for hydrogen solubility displays a distinct

minimum at 327 K. Figure 2 also provides the corresponding Henry's Law

20



12

Figure 1
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Figure 2

SOLUBILITY x 10° (mole fraction)
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constants, in units of Pa/mole fraction, assuming a hydrogen partial

pressure of 0.101325 MPa.
3.3 Nitrogen

The solubility of nitrogen in pure water at 0.101325 MPa is
evaluated by Battinb (1982). The temperature dependence of the
solubility is presented in Figures 1 and 3. A smooth curve fit was
generated using 74 solubility values from nine different studies
(including Morrison and Billet, 1952). The data exhibit a trend towards
a minimum at the high temperatures. Henry's Law values derived from
these data are also presented in Figure 3. Nitrogen and hydrogen
exhibit very similar mole fraction solubility values for the temperature

range of 275-350 K (Figure 1).
3.4 Methane

Clever and Young (1987) provide a critical evaluation of methane
solubility in pure water at 0.101325 MPa. The study by Rettich et al.
(1981) is recommended as the most precise and suitable evaluation of
methane solubility of over thirty three studies. These data were fit to
a smoothing equation and plotted in Figures 1 and 4. A minimum in the
solubility curve appears at approximately 362 K. Henry’s Law constants
are also provided in Figure 4. Methane displays a greater mole fraction
solubility than hydrogen and nitrogen for the given temperatures and
which is more than two-fold greater at the low temperature end (Figure

1).
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Figure 3
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3.5 Carbon Dioxide

The solubility of carbon dioxide in pure water at 0.101325 MPa is
summarized in Figure 5. The smooth curve represents the best fit of the
available data based upon the compilation of Dodds et al. (1956) and the
measurements of Ellis (1959), Stewart and Munjal (1970), and Munjal and
Stewart (1971). A large decrease in solubility with temperature is
displayed for the given temperature range. Figure 5 also displays the
Henry Law’'s constants based upon a carbon dioxide partial pressure of
0.101325 MPa. Figure 1 presents the carbon dioxide solubility data
relative to that of the other gases. At 273.15 K carbon dioxide
exhibits a mole fraction solubility that is more than thirty times
greater than that of the other three gases. The chemical reaction of
the water solvent with carbon dioxide to create carbonic acid results in

this drastic increase in solubility relative to the more inert gases.
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Figure $
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4 GAS SOLUBILITY IN PURE WATER AT ELEVATED PRESSURES

4.1 Hydrogen

The data of Wiebe and Gaddy (1934) are recommended as the best
available measurements of the solubility of hydrogen in pure water at
elevated pressures (see Young,‘1981). More recent solubility data exist
for hydrogen, however, these data are not as precise nor internally
consistent as this older study, nor do they cover an extensive pressure
range. Figure 6 presents smoothed isobars for the mole fraction
solubility of bydrogen as a function of temperature. The low pressure
solubilities exhibit very little dependence, if any, upon temperature.
The isobars for the higher pressures (up to 101.325 MPa) exhibit a
ninimum in the solubility curves. Figure 7 provides the same hydrogen

solubility data in the form of isotherms for the given pressures.
4.2 Nitrogen

Battino (1982) recommends the use of the data of Wiebe et al.
(1933) and O’Sullivan and Smith (1970) for applications requiring the
solubility of nitrogen in water at elevated pressures; These two
studies provide solubilities for pressures up to 50 MPa which are in
fairly good agreement with each other. The isobars of the solubility
for each study are presented in Figure 8 as a function of temperature.
The temperature dependence of the nitrogen solubility is similar to that

exhibited by hydrogen. Figure 9 provides a plot of the data of the two
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Figure 6
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Figure 8
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Figure 9
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recommended studies expressed as isotherms over the experimental

pressure range.

4.3 Methane

Measurements of methane and other associated hydrocarbon solubility
in water at elevated pressures are much more prevalent in the literature
because of the significance of these data in evaluating petroleum
reserves in natural fluids. Clever and Young (1987) provides an
assessment of the available studies from the literature and supplies a
smooth curve (based on equation (15)) fit to over 240 data points for
the temperature and pressure dependence of the solubility. The data
sources include Duffy et al. (1961), 0'Sullivan and Smith (1970), Price
(1979), Stoessell and Byrne (1982) and Cramer (1984). Other studies of
note but not included in this evaluation are Kobayashi and Katz (1953),
Price (1981), Crovetto et al. (1982), Ashmyan et al. (1984). A
graphical summary for the smoothed data is provided in Figures 10 and 11
where the respective isobars and isotherms are plotted. The isobars
exhibit minima which are enhanced by increasing pressure. The isotherms
display a roughly linear dependence upon pressure. The solubility data
isobars of McGee et al. (198l) are presented in Figure 12. Section 2.6
discusses the uniqueness of this particular study and the results are
'presented here separately. The McGee et al. (1981) solubility values
are slightly higher than those presented in Figure 10, but the shapes of
the curves are quite similar. Note that Figure 12 displays a decrease
in solubility for the low pressure curves as the temperature increases

beyond 500 K.

33



Ye

Figure 10

SOLUBILITY x 10° (mole fraction)

150

120

(e
o

o
(@)

30

METHANE SOLUBILITY IN PURE WATER
at elevated pressures

L AL S AL S AL SN IR AN BRI LR R R A
1
[ 200 MPa/ |
- | -
i ]
0.5 and 1.0
L == gL )
M-gillllllgl-tinn-
80 320 360 400 440 480 520 560 600

TEMPERATURE  (K)



GE

Figure 11
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Figure 12
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4.4 Carbon Dioxide

A summary of the solubility data for carbon dioxide in pure water
at elevated pressures is provided in Figure 13. Isobars were fit to the
compiled data of Dodds et al. (1956) which includes the measurements of
Wiebe and Gaddy (1939, 1940, 1949), Wiebe (1941), and Prutton et al.
(1945). The solubility values for carbon dioxide for these pressures
are greater than those observed for the other three gases. The isobars
display minima for only the highest pressure data. At the lower
pressures the solubility first decreases with increasing temperature
then levels off at the higher temperatures. Figure 14 provides the
recent solubility data of Nighswander et al. (1989) as a function of
pressure for several high temperatures. The solubility data of
Takenouchi and Kennedy (1964) are presented in Figures 15 and 16.
Figure 16 displays the response of the solubility isotherms as the

critical point of the system is approached at high temperature.
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Figure 13
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Figure 15
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5 GAS SOLUBILITY IN BRINE

5.1 Hydrogen

A decrease in the gas solubility generally occurs by introducing
sodium chloride into the water solvent and creating an electrolyte
solution. This physiochemical process is referred to as salting-out and
is quantified by the Sechenov coefficient (see Section 2.3.2). The
temperature dependence of the Sechenov coefficient for hydrogen gas
solubility in brine (NaCl solution) at 0.101325 MPa is presented in
Figure 17 as recommended by Young (1981). The Sechenov curve is derived
from the best fit of data from Morrison and Billet (1952) and Crozier
and Yamamoto (1974) based upon solubility values derived from Bunsen
coefficients (Sechenov coefficients are presented as kgcy rather than
kgeaq)- Only data for 1 N NaCl solutions are available. The limited
data suggest a linear decrease of the Sechenov coefficient with

temperature.

The Sechenov coefficients are easily implemented for calculating
the mole fraction solubility of the electrolyte solution given that the
solubility of the gas in pure water solvent is known. In addition, they
can be used to extrapolate gas solubilities measurements to other
concentrations of the electrolyte assuming that the Sechenov coefficient
is not a function of salt concentration (see Malinin, 1978). Equation
(13) can be rearranged to provide the following useful version of the

Sechenov relation:

42



£y
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Figure 18 provides the solubility curves for hydrogen in sodium chloride
solution at 0.101325 MPa based upon this extrapolation of the 1 N NaCl
data. The solubilities for the brines are less than those for the pure
water as would be expected for positive Sechenov coefficient values
(salting out procesé). The 5 N NaCl solution exhibits an extrapolated
solubility curve that is approximately at third the value for hydrogen
solubility in pure water. Minima in the solubility curves for the
brines are similar to-those observed for the pure water but are

displaced toward lower temperatures.
5.2 Nitrogen

Sechenov coefficients for nitrogen solubility in brine at 0.101325
MPa are presented in Figure 19 based upon the recommended values from
Battino (1982). The smooth curve represents the best fit of the kgcx
data for the temperature dependence of Sechenov values from Morrison and
Billett (1952), Smith et al. (1962), O’Sullivan et al. (1966), and
0’Sullivan and Smith (1970). No compositional dependency of the
Sechenov values is observed for brine concentrations up to 5.5 N NaCl.
The derived solubility curves as a function of temperature are reported
in Figure 20 for several brine concentrations. The 5 N NaCl solution
displayé a solubility value at 298 K that is approximately five times
less than the wvalue that is observed for pure water. Minima in the
solubility curves are reduced with increasing brine concentration. The

high concentration solutions exhibit very little temperature dependence.

44



sy

Figure 18
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Figure 20
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NITROGEN SOLUBILITY IN SODIUM CHLORIDE SOLUTION

derived from 1 N NaCl ot 0.101325 MPa partial pressure

2.0 LA 2 ) '_l'l LEBLJ lrl LB l—' LR B B | l L AL l L AN BN B | 'Tl LA 3 I L 200 B 2 § l T €770 I Ty v

L +

r -

D -

1.5 , Hzo .

- .

1.0 | 1N -~

| e J

X — 1

3 N ’

0.5 -
5 SN

- 4

0.0 L A1 IJ!L] l i1 l_Ll Lod i L lJl Al l 2 411 llJLl Il ] 2 14 l [ B S lJ_l | |

280 290 300 310 320 330 340 350 360 370 2380

TEMPERATURE (K)



5.3 Methane

Clever and Young (1987) provide a tabulated summary of the Sechenov
coefficients for methane in sodium chloride solutions at 0.101325 MPa
from twelve experimental studies including Michels et al. (1936), Duffy
et al. (1966), 0'Sullivan and Smith (1970), and Ben-Naim and Yaacobi
(1974). A linear dependence of the coefficients, converted to kgey
values, with temperature is observed and is presented in Figure 21. The
scatter of the data symbols relative to the fitted line provides an
estimate of the variability of the data from the separate studies.
Clever and Young (1987) determined that there appears to be no
dependency of the reported Sechenov coefficients with sodium chloride
concentration or with pressure. Figure 22 presents the solubility
curves derived from the Sechenov data for brine solutions up to 5 N NaCl
as a function of temperature. Methane solubility in 5 N NaCl solution
is decreased by more than a factor of five at 298 K relative to the

solubility in pure water.

5.4 Carbon Dioxide

The Sechenov coefficients for the solubility of carbon dioxide in
NaCl brine at 0.101325 MPa from Markham and Kobe (1941), Ellis and
Golding (1963), Onda et al. (1970), and Malinin (1978) are represented
in the fitted curves of Figure 23. Curves are presented for 1 N and 5 N
NaCl solutions. The kgcx values for carbon dioxide behave similarly to

those of nitrogen by exhibiting a minimum in their temperature
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Figure 21
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Figure 23
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dependence. Approximately 10 to 20 percent variability of the Sechenov
coefficient is observed for the values between the two concentration
curves up to a temperature of 420 K. Figure 24 presents the solubility
curves for carbon dioxide in NaCl brines as extrapolated using the 5 N
NaCl Sechenov values and equation (17). A similar calculation using the
1 N NaCl Sechenov coefficients provided extrapolated solubilities that
are within 10 percent agreement. Carbon dioxide solubility in 5 N NaCl
solution at 298 K is decreased by a factor of four relative to that for

pure water.
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6 GAS SOLUBILITY IN BRINE AT ELEVATED PRESSURES

6.1 Hydrogen

No data exist for the solubility of hydrogen in brine at elevated
pressures. A discussion is presented in Section 7 for estimating the
solubility of hydrogen under these conditions based upon an

extrapolation of the low pressure solubility data.

6.2 Nitrogen

Nitrogen solubility in NaCl brine at elevated pressures is best
represented by the measurements of Wiebe et al. (1933), Smith et al.
(1962), 0’Sullivan et al. (1966), and O’'Sullivan and Smith (1970).
These studies provide solubility values for nitrogen that are within 2
percent agreement of each other. Several other studies are reported in
the literature but have been critically rejected for inconsistencies in
data, contamination, or some other rejection criterion (see Battino,
1982). Figure 25 provides the nitrogen solubility results of Smith et
al. (1962) for pure water and brine solutions up to 5.47 N NaCl at
303.15 K as a function of pressure up to 7 MPa. Figure 26 presents a
 similar solubility plot for the data of 0'Sullivan and Smith (1970) but
at several higher temperatures as a function of pressure up to 60 MPa.
Very little effect of temperature upon the nitrogen solubility is
apparent. The mole fraction solubility data follow similar trends of

nearly linearly increasing values with pressure for both pressure
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Figure 25
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NITROGEN SOLUBILITY IN SODIUM CHLORIDE SOLUTION
at elevated pressures
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ranges. Increasing the brine concentration decreases the solubility as
expected. The pressure derivatives of the solubility decrease

considerably with increasing brine concentration,

6.3 Methane

Numerous studies reported in the literature have examined the
solubility of methane in brine solutions at elevated temperatures and
pressures. The studies of Michels et al. (1936), Culberson et al.
(1950), Culberson and McKetta (1951), Duffy et al. (1961), 0’Sullivan
and Smith (1970), Blanco and Smith (1978), Haas (1978), Blount et al.
(1980), Hanor (1980, 1981), Johnson (1980), McGee et al. (1981), Byrne
and Stoessell (1982), Stoessell and Byrne (1982), Cramer (1984), and
Johnson and Chao (1988) have examined the variability of methane
solubility as a function of temperature and pressure for a wide variety
of electrolyte compositions. Clever and Young (1987) have critically
evaluated most of these studies. The recommended methane solubilities
that provide internally consistent data sets and which are in general
agreement with each other are presented in the following figures.

Figure 27 provides the results of Duffy et al. (1961) for the
variation of solubility for water and brine concentrations up to 5.4 N
NaCl at 303.15 K as a function of pressure up to 7 GPa. Figure 28
presents a similar solubility plot for the data of 0’Sullivan and Smith
(1970) but at several higher temperatures as a function of pressure up
to 60 MPa. As with the previous nitrogen solubility data, little effect
of temperature upon the methane solubility is displayed. The mole

fraction solubility data follow similar trends of nearly lineérly
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Figure 28
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increasing values with pressure for both pressure ranges. Increasing
the brine éoncentration decreases the solubility as expected. The
pressure derivatives of the methane solubility decrease with increasing
brine concentration. Figure 29 provides the solubility data of Michels
et al. (1936) for water and several sodium chloride solutions at 298.15
K as a function of pressure up to 47 GPa. Slightly lower solubility

values than those of 0’Sullivan and Smith (1970) are exhibited.

Figures 30 through 33 present the methane solubility data of McGee
et al. (1981) for various sodium chloride brines as a function of fairly
elevated temperatures and pressures. The solubility data for the pure
water solvent from this study are given in Figure 12. Section 2.6
discusses the details of the experimental approach used by McGee et al.
(1981). These results exhibit consistent trends of the methane
solubility to decrease with increasing sodium chloride content. The
high pressure isobars display slight minima in the solubility and a
significant increase in solubility at the high temperature (above 550

K).
6.4 GCarbon Dioxide

Data for the solubility of carbon dioxide in aqueous sodium
chloride solutions at elevated pressures is provided in the studies of
Ellis and Golding (1963), Takenouchi and Kennedy (1965), Malinin and
Savelyeva (1972), Malinin and Kurovskaya (1975), and Nighwsander et al.
(1989). The study of Takenouchi and Kennedy (1965) provides a complete

data set of solubilities for a broad range of conditions. Figures 34
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Figure 29
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Figure 31
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Figure 32
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Figure 33
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and 35 provide these results in plots of carbon dioxide solubility
isotherms for, respectively, 1.07 N NaCl and 3.93 N NaCl solutions as a
function of pressure up to 140 MPa. The solubility data for pure water
solvent under these pressure-temperature conditions is given in Figure
16. As observed for nitrogen and methane, the solubility of the gas
decreases with increasing sodium chloride content. The high temperature
isotherms exhibit the greatest pressure dependence due to the proximity
to the critical point of the system. The critical point is displaced to
higher temperatures and pressures as the solution becomes more
concentrated in sodium chloride (compare with Figure 16). Figure 36
presents the data of Malinin and Savelyeva (1972) in terms of the mole
fraction solubility at 4.90 MPa as a function of solution concentration
for three relatively low temperatures. The solubility curves display

less of a concentration dependence with increasing temperature.
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Figure 34
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Figure 36
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7 ESTIMATION OF GAS SOLUBILITY

As noted in Section 6.1 there are no data for the solubility of
hydrogen in brines, or similar electrolyte solutions, at elevated
pressure. This paucity of hydrogen solubility data reflects the limited
occurrence of hydrogen gas at elevated pressures in nature and,
probably, in engineering needs. In addition, safety concerns over the
handling of combustib}e hydrogen gas at these pressures would limit any
experimental study. On the other hand, suitable data for nitrogen,
methane, and carbon dioxide solubility in NaCl brine at pressures up to
140 MPa are available (see Sections 6.2 - 6.4). It would be beneficial
to examine the existing solubility pressure derivatives in order to
estimate the behavior of hydrogen solubility in brine at these elevated

pressures.

The mole fraction solubility of hydrogen gas in pure water as a
function of pressure is presented in Figure 7 based upon the data of
Wiebe and Gaddy (1934). More recent solubility data exist for hydrogen
at elevated pressure (see Young 198l), however, these data are mnot as
precise nor internally consistent as this older study, nor do they cover
an extensive pressure range. There is some general agreement of the
solubility values for these recent studies with those of Wiebe and Gaddy

(1934).

To estimate the effect of pressure upon the solubility of hydrogen

in NaCl brine, it is first necessary to evaluate the solubility of
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hydrogen in brine at 0.101325 MPa. This is accomplished using the
Sechenov coefficients of Figure 17 derived from the 1 N NaCl data of
Morrison and Billet (1952) and Crozier and Yamamoto (1974), and the
solubility data for hydrogen in pure water (Figure 7). Calculated
results for a 5 N NaCl solution as a function of temperature are
presented in Figure 18. Only the solubility data derived for room

temperature 298.15 K will be incorporated in the estimation scheme.

The effect of pressure upon the hydrogen solubility for the 5 N
NaCl solution is quite difficult to evaluate without experimental data.
Nonetheless, an extrapolation of 0.101325 MPa hydrogen solubility can be
performed by making use of the ‘available nitrogen data. The pressure
dependence of hydrogen solubility in the electrolyte solution is assumed
to be similar to that of nitrogen solubility, for which high pressure
data for brines are available (see Figure 26). Additionally, both
hydrogen and nitrogen have similar physiochemical properties and exhibit
approximate ideal behavior at low pressures. The pressure dependence of
hydrogen and nitrogen solubilities in pure water exhibit minimal effects
of changing temperature (see Figures 6-9). This is also true for the
solubility of nitrogen in solutions of various concentrations of

electrolytes (see Figure 26).

An analytical derivative was obtained for the pressure dependence
of the nitrogen solubility in NaCl solutions from the third order
polynomial regression presented in Figure 26. The 4.0 N NaCl data for
nitrogen of 0’'Sullivan and Smith (1970) was chosen for this purpose in

order to approximate the desired 5 N NaCl brine concentration for
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hydrogen. A maximum estimate of hydrogen solubility will therefore be
obtained from these approximations because solubility decreases with
increasing NaCl concentration. Note also that the pressure dependence
of gas solubility normally decreases with increasing NaCl concentration
as exhibited in Figure 26 for the nitrogen data. It is then possible to
generate the hydrogen solubility in 5 N NaCl brine as a function of
pressure from the ﬁfeviously calculated value of hydrogen solubility at
298.15 K and 0.101325 MPa. This involves the use of a mid-pressure
numerical extrapolati9n using the pressure derivative from the nitrogen

data.

The results of these calculations are presented in Figure 37 for
298.15 K and pressures ranging from 0 MPa (0.101325 MPa) to 50 MPa. The
graph provides the hydrogen solubilities (filled circle symbols)
obtained from the third order polynomial regression of the experimental
data of Wiebe and Gaddy (1934) for pure water and those estimated for
the 5 N NaCl solution. The solid lines represent the regressions of
these data to the two term pressure dependence equation for gas

solubility (modified form of equation (16)):

1n xH2 - DO’ + Dlln P (18)

xyg2 is the hydrogen solubility in mole fraction and P is the pressure
(partial pressure) in MPa. The best fit values of Dg and Dy are,
respectively, -8.8980 and 0.9538 for pure water and -10.0789 and 0.8205

for the 5 N NaCl brine.
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It should be emphasized that these calculations represent an
educated éstimate of the solubility behavior of hydrogen in NaCl brine
at elevated pressure. These estimates should be treated as such and
should in no way be construed as accurately representing the real
hydrogen gas solubility. Unfortunately, due to the assumptions and
methods used in the above calculations it is impossible to provide
limits or confidence levels on the accuracy of the estimated hydrogen
solubilities. Furthermore, there is no substitute for precise and
accurate gas solubil%ty experiments performed at the desired temperature

and pressure conditions.
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8 SUMMARY AND CONCLUSIONS

The difference in solubilities observed for gases in liquid is
dictated by the fundamentals of thermodynamics in assessing the free
energy difference between gas in a vapor phase and the gas dissolved in
a liquid. Sechenov coefficients quantify the role of solution
electrolytes in modifying the solubility of a gas and, in additionm,
provide a means of evgluating the activity coefficient of the gas
species. A critical evaluation of numerous gas solubility studies from
the literature has provided a graphical summary of the data for the
solubility of hydrogen, nitrogen, methane, and carbon dioxide in pure

water and NaCl brine.

In general, the mole fraction solubility of a gas in water or brine
decreases with increasing temperature at a fixed pressure. All of the
gases show a slight increase in solubility or a trend towards increasing
solubility at temperatures above 320 K. This effect is enhanced at
elevated pressures. Because of its reactivity with the water solvent,
carbon dioxide exhibits an approximate fifty-fold higher mole fraction
solubility relative to the other gases for a given temperature. In pure
water, the solubility of the gés increases with increasing partial
' pressure at a fixed temperature. Sechenov coefficients for NaCl
solutions tend to decrease with increasing temperature, although the
nitrogen and carbon dioxide values exhibit an increase at temperatures
above 350 K. Increasing the electrolyte concentration of a solution

will decrease the gas solubility. The data for nitrogen, methane, and
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carbon dioxide suggest that their solubilities at approximately 50 MPa

will be deéreased by a factor of 3 to 5 as the NaCl brine concentration
increases from zero to near saturation. No solubility data for hydrogen
in NaCl brine at elevated pressures are available, although calculations

suggest that hydrogen will have a similar decrease in solubility.

76



9 REFERENCES

Ashmyan K. D., Skripka, V. G., and Namiot, A. Y. (1984) The .
solubilities of methane and nitrogen in water at high temperatures
and pressures. Geochemistry International, 21, 138-139.

Battino, R. (1982) Solubility Data Series, Volume 10, Nitrogen and
Alr. Pergamon, Oxford.

Battino, R. and H. L. Clever (1966) The solubility of gases in
liquids. Chemical Reviews, 66, 395-643,

Battino, R., Clever, H. L., and Young, C. L. (1981) The solubility of
gases in liquids. In Solubility Data Series, Volume 5/6, Hydrogen
and Deuterium, C. L. Young, Ed., Pergamon, Oxford, xiii-xviii.

Ben-Naim, A. and Yaacobi, M. (1974) Effects of solutes on the strength
of hydrophobic interaction and its temperature dependence. Journal
of Physical Chemistry, 78, 170-175.

Benson, B. B. and Parker, P. D. M. (1961) Relations among the
solubilitiés of nitrogen, argon and oxygen in distilled water and
sea water. Journal of Physical Chemistry, 65, 1489-1496.

Blanco, L. H. and Smith, N. 0. (1978) The high pressure solubility of
methane in aqueous calcium chloride and aqueous tetraethylammonium
bromide. Partial molar properties of dissolved methane and
nitrogen in relation to water structure. Journal of Physical
Chemistry, 82, 186-191.

Blount, C. W., Price, L. C., Wenger, L. M., and Tarullo, M. (1980)
Methane solubility in aqueous NaCl solutions at elevated
temperatures and pressures. Proceedings of the U.S. Gulf Coast
Geopressured-Geothermal Energy Conference, 4, 1225-1262.

Brush, L. H. and Anderson, D. R. (1989) Drum (metal) corrosion,
microbial decomposition of cellulose, reactions between drum-
corrosion products and microbiallly generated gases, reactions
between possible backfill constituents and gases and water chemical
reactions. In Systems analysis, long-term radionuclide transport,
and dose assessments, Waste Isolation Pilot Plant (WIPP),
Southeastern New Mexico; March 1989, A. R. Lappin and R. L. Hunter,
Eds. Sandia Report, SAND89-0462, A3-A30,

Byrne, P. A. and Stoessell, R. K. (1982) Methane solubilities in
multisalt solutions. Geochimica et Cosmochimica Acta, 46, 2395-
2397, - '

Clever, H. L. (1982) The Sechenov salt effect parameter. In
Solubility Data Serles, Volume 10, Nitrogen and Air, R. Battino,
Ed., Pergamon, Oxford, xxxix-xlv.

77



Clever, H. L. and Young, C. L. (1987) Solubility Data Series, Volume
27/28, Methane. Pergamon, Oxford.

Cramer, S. D. (1984) Solubility of methane in brines from 0 to 300°C.
Industrial and Engineering Chemical Process Design and Development,
23, 533-538.

Crovetto, R., Fernandex-Prini, R., and Japas, M. L. (1982)
Solubilities of inert gases and methane in H20 and in D20 in the
temperature range of 300 to 600 K. Journal of Chemical Physics,
76, 1077-1086.

Crozier, T. E. and Yamamoto, S. (1974) Solubility of hydrogen in
water, seawater and NaCl solutions. Journal of Chemical and
Engineering Data, 19, 242-244,

Culberson, 0. L. and McKetta, J. J. (1951) Phase equilibria in
hydrocarbon-water systems: III--The solubility of methane in water
at pressures to 10,000 PSIA. Petroleum Transactions, AIME, 192,
223-226.

Culberson, O. L., Horn, A. B., and McKetta, J. J. (1950) Phase
equilibria in hydrocarbon-water systems: The solubility of ethane
in water at pressures to 1200 pounds per square inch. Petroleum
Transactions, AIME, 189, 1-6.

D’'Appalonia (1985) Results of gas testing in WIPP underground drifts
in 1983. D’Appalonia Report, Project No. ALE-78648-840.

Dodds, W. S., Stutzman, L. F., and Sollami, B. J. (1956) Carbon
dioxide solubility in water. Industrial and Engineering Chemistry,
1, 92-95,

Duffy, J. R., Smith, N. 0., and Nagy, B. (1961) Solubility of natural
gases in aqueous salt solutions--I. Liquidus surfaces in the system
CH,4-H30-NaCl-CaClg at room temperatures and at pressures below 1000
psia. Geochimica et Cosmochimica Acta, 24, 23-31.

Ellis, A. J. (1959) The solubility of carbon dioxide in water at high
temperatures. American Journal of Science, 257, 217-234.

Ellis, A. J. and Golding, R. M. (1963) The solubility of carbon
dioxide above 100°C in water and in sodium chloride solutions.
American Journal of Science, 261, 47-60.

Glasstone, S. and Lewis, D. (1960) Elerents of Physical Chemistry.
Van Nostrand, ‘inceton.

Haas, J. L. (1978) An empirical equation with table of smoothed
solubilities of methane in water anc aqueous sodium chloride
sol. _.ons up to 25 weight percent, 360°C and 138 MPa. U.S.
Geological Survey Open-file Report, 78-1004, 41 p.

78



Hanor, J. S. (1980) Dissolved methane in sedimentary brines:
Potential effect on the PVT properties of fluid inclusions.
Economic Geology, 75, 603-617.

Hanor, J. S. (1981) The solubility of methane in sedimentary pore
waters: Effect of other dissolved gas species. Geological Society
of America Abstracts with Programs, 13, 467.

Johnson, A. E. (1981) Correlation of methane-brine solubility data.
Proceedings of the Geotechnical and Environmental Aspects of
Geopressure Energy Conference, 325-346.

Johnson, A. E. and Chao, Y. (1988) Solubility of methane in
electrolyte solutions at high pressure. Proceedings of the
American Institute of Chemical Engineers, 1-42.

Kobayashi, R. and Katz, D. L. (1953) Vapor-liquid equilibria for
binary hydrocarbon-water systems. Industrial and Engineering
Chemistry, 45, 440-451.

Lappin, A. R. and Hunter, R. L. (1989) Systems analysis, long-term
radionuclide transport, and dose assessments, Waste Isolation Pilot
Plant (WIPP), Southeastern New Mexico; March 1989. Sandia Report,
SAND89-0462.

Long, F. A. and McDevit, W. F. (1952) Activity coefficients of
nonelectrolyte solutes in aqueous salt solutions. Chemical
Reviews, 51, 119-169.

McGee, K. A., Susak, N. J., Sutton, A. J., and Haas, J. L. (1981) The
solubility of methane in sodium chloride brines. U.S. Geological
Survey Open-file Report, 81-1294, 41 p.

Malinin, S. D. (1978) Solubility of COp in aqueous solutions of
electrolytes (Problems of salting out). Geochemistry
International, 5, 108-119.

Malinin, S. D. and Kurovskaya, N. A. (1975) Solubility of CO3 in
chloride solutions at elevated temperatures and COp pressures.
Geochemistry International, 2, 199-201.

Malinin, S. D. and Savelyeva, N. I. (1972) The solubility of CO2 in
NaCl and CaCly solutions at 25, 50, and 75° under elevated CO2
pressures. Geochemistry International, 6, 410-418,.

Markham, A. E. and Kobe, K. A. (1941) The solubility of carbon dioxide
and nitrous oxide in aqueous salt solutions. Journal of the
American Chemical Society, 63, 449-454.

Michels, A., Gerver, J., and Bijl, A. (1936) The influence of pressure
on the solubility of gases. Physica, 3, 797-808.

79



Morrison, T. J. (1952) The salting-out of non-electrolytes: Part I.
The effect of ionic size, ionic charge, and temperature. Journal
of the Chemical Society of london, 3, 3814-3818.

Morrison, T. J. and Billett, F. (1952) The salting-out of non-
electrolytes: Part II. The effect of variation in non-electrolyte.
Journal of the Chemical Society of London, 3, 3819-3822.

Munjal, P. and Stewart, P. B. (1971) Correlation equation for
solubility of carbon dioxide in water, seawater, and seawater
concentrates. Journal of Chemical and Engineering Data, 16, 170-
172.

Nighswander, J. A., Kalogerakis, N., and Mehrotra, A. K. (1989)
Solubilities of carbon dioxide in water and 1 wt % NaCl solution at
pressures up to 10 MPa and temperatures from 80 to 200°C. Journal
of Chemical and Engineering Data, 34, 355-360.

Norman, D. I. and Bernhardt, C. B. (1982) Analysis of gases in
inclusions from evaporites, Salado Formation, New Mexico.
Unpublished manuseript.

Onda, K., Sada, E., Kobayashi, T., Kito, S., and Ito, K. (1970)
Salting-out parameters of gas solubility in aqueous salt solutions.
Journal of Chemical Engineering of Japan, 3, 18-24.

0’Sullivan, T. D. and Smith, N. 0. (1970) The solubility and partial
molar volume of nitrogen and methane in water and in aqueous sodium
chloride from 50 to 125° and 100 to 600 Atm. Journal of Physical
Chemistry, 74, 1460-1466.

0‘Sullivan, T. D., Smith, N. 0., and Nagy, B. (1966) Solubility of
natural gases in aqueous salt solutions--III. Nitrogen in aqueous
NaCl at high pressures. Geochimica et Cosmochimica Acta, 30, 617-
619.

Parker, J. C. (1989) Multiphase flow and transport in porous media.
Reviews of Geophysics, 27, 311-328.

Price, L. C. (1979) Aqueous solubility of methane at elevated
pressures and temperatures. American Association of Petroleum
Geologists Bulletin, 63, 1527-1533.

Price, L. C. (1981) Aqueous solubility of crude oil to 400°C and 2000
bars pressure in the presence of gas. Journal of Petroleum
Geology, 4, 195-223.

Prutton, C. F. and Savage, R. L. (1945) The solubility of carbon
dioxide in calcium chloride-water solutions at 75, 100, 120° and
high pressures. Journal of the American Chemical Society, 67,
1550-1554.

Rettich, T. R., Handa, Y. P., Battino, R., and Wilhelm, E. (1981)
Solubility of gases in liquids. 13. High-precision determination

80



of Henry's constants for methane and ethane in liquid water at 275
to 328 K. Journal of Physical Chemistry, 85, 3230-3237.

Smith, N. 0., Kelemen, S., and Nagy, B. (1962) Solubility of natural
gases in aqueous salt solutions--II. Nitrogen in aqueous NaCl,
CaCly, NaSO4 and MgSO; at room temperatures and at pressures below
1000 psia. Geochimica et Cosmochimica Acta, 26, 921-926.

Stewart, P. B. and Munjal, P. (1970) Solubility of carbon dioxide in
pure water, synthetic sea water, and sythetic sea water
concentrates at -5° to 25°C and 10- to 45=-atm pressure. Journal
of Chemical and Engineerig Data, 15, 67-71.

Stoessell, R. K. and Byrne, P. A. (1982) Salting-out of methane in
single-salt solutions at 25°C and below 800 psia. Geochimica et
Cosmochimica Acta, 46, 1327-1332.

Takenouchi, S. and Kennedy, G. C. (1964) The system H0-NaCl at
elevated temperatures and pressures. American Journal of Science,
262, 115-141.

Takenouchi, S. and Kennedy, G. C. (1965) The solubility of carbon
dioxide in NaCl solutions at high temperatures and pressures.
American Journal of Science, 263, 445-454,

Wiebe, R. (1941) The binary system carbon dioxide-water under
pressure. Chemical Reviews, 29, 475-481.

Wiebe, R. and Gaddy, V. L. (1934) The solubility of hydrogen in water
at 0, 50, 75 and 100° from 25 to 1000 atmospheres. Journal of the
American Chemical Soclety, 56, 76-79.

Wiebe, R. and Gaddy, V. L. (1939) The solubility in water of carbon
dioxide at 50°, 75°, and 100° at pressures to 700 atmospheres.
Journal of the American Chemical Society, 61, 315-318.

Wiebe, R. and Gaddy, V. L. (1940) The solubility of carbon dioxide in
water at various temperatures from 12 to 40° and at pressures to
500 atmospheres. Journal of the American Chemical Society, 62,
815-817.

Wiebe, R. and Gaddy, V. L. (1941) Vapor-phase composition of carbon
dioxide-water mixtures at various temperatures and pressures to 700
atmospheres. Journal of the American Chemical Society, 63, 475-
477.

Wiebe, R., Gaddy, V. L., and Heins, C. (1933) The solubility of
nitrogen in water at 50, 75, and 100° from 25 to 1000 atmospheres.
Journal of the American Chemical Society, 55, 947-953.

Wilhelm, E. (1982) The solubility of gases in liquids. In Solubility

Data Series, Volume 10, Nitrogen, R. Battino, Ed., Pergamon,
Oxford, xx-xxviii.

81



Wilhelm, E., Battino, R., and R. J. Wilcock (1977) Low-pressure
solubility of gases in liquid water. Chemical Reviews, 77, 219-
262.

Young, C. L. (1981) Solubility Data Series, Volume 5/6, Hydrogen and
Deuterium. Pergamon, Oxford.

82



DISTRIBUTION LIST

FEDERAL AGENCIES

U. S. Department of Energy, (5)
Office of Civilian Radioactive Waste
Management
Attn: Deputy Director, RW-2
Associate Director, RW-10
Office of Program Administration
and Resources Management
Assoclate Director, RW-20
Office of Facilities Siting
and Development
Associate Director, RW-30
Office of Systems Integration
and Regulations
Associate Director, RW-40
Office of External Relations
and Policy
Forrestal Building
Washington, DC 20585

U. S. Department of Energy (3)
Albuquerque Operations Office
Attn: J. E. Bickel
R. Marquez, Director
Public Affairs Division
P.0. Box 5400
Albuquerque, NM 87185

U. S. Department of Energy

Attn: National Atomic Museum Library
Albuquerque Operations Office

P. 0. Box 5400

Albuquerque, NM 87185

U. S. Department of Energy (4)
WIPP Project Office (Carlsbad)
Attn: Vernon Daub

P.0. Box 3090

Carlsbad, NM 88221

U. S. Department of Energy

Research & Waste Management Division
Attn: W. R. Bibb, Director

P. O. Box E

Oak Ridge, TN 37831

83



U.S. Department of Energy

Richland Operations Office

Nuclear Fuel Cycle & Production
Division

Attn: R. E. Gerton

P.0. Box 500

Richland, WA 99352

U. S. Department of Energy (1)
Attn: Edward Young

Room E-178

GAO/RCED/GTN

Washington, DC 20545

U. S. Department of Energy (6)
Office of Environmental Restoration
and Waste Management

Attn: Jill Lytle, EM30

Mark Frei, EM-34 (3)

Mark Duff, EM-34

Clyde Frank, EM-50
Washington, DC 20585

U. S. Department of Energy (3)
Office of Enviromment, Safety
and Health
Attn: Ray Pelletier, EH-231
Kathleen Taimi, EH-232
Carol Borgstrom, EH-25
Washington, DC 20585

U. S. Department of Energy (2)

.Idaho Operations Office

Fuel Processing and Waste
Management Division

785 DOE Place

Idaho Falls, ID 83402

U.S. Department of Energy

Savannah River Operations Office

Defense Waste Processing
Facility Project Office

Attn: W. D. Pearson

P.0. Box A

Aiken, SC 29802

U.S. Environmental Protection Agency (2)
Attn: Ray Clark

Office of Radiation Programs (ANR-460)
Washington, DC 20460

84



U.S. Geological Survey
Branch of Regional Geology
Attn: R. Snyder

MS913, Box 25046

Denver Federal Center
Denver, CO 80225

U.S. Geological Survey
Conservation Division
Attn: W. Melton

P.0. Box 1857

Roswell, NM 88201

U.S. Geological Survey (2)
Water Resources Division
Attn: Kathy Peter

Suite 200

4501 Indian School, NE
Albuquerque, NM 87110

U.S. Nuclear Regulatory Commission (4)

Attn: Joseph Bunting, HLEN 4H3 OWFN
Ron Ballard, HLGP 4H3 OWFN
Jacob Philip
NRC Library

Mail Stop 623SS

Washington, DC 20555

85



Boards

Defense Nuclear Facilities Safety Board
Attn: Dermot Winters

Suite 675

600 E Street, NW

Washington, DC 20004

U. S. Department of Energy

Advisory Committee on Nuclear
Facility Safety

Attn: Merritt E. Langston, AC21

Washington, DC 20585

Nuclear Waste Technical
Review Board (2) ’
Attn: Dr. Don A. Deere
Dr. Sidney J. S. Parry
Suite 801
1111 18th Street, NW
Washington, DC 20006

Richard Major
Advisory Committee
on Nuclear Waste
Nuclear Regulatory Commission
7920 Norfolk Avenue
Bethesda, MD 20814

86



STATE _AGENCIES

Environmental Evaluation Group (3)
Attn: Library

Suite F-2

7007 Wyoming Blvd., N.E.
Albuquerque, NM 87109

New Mexico Bureau of Mines
and Mineral Resources (2)
Attn: F. E. Kottolowski, Director
J. Hawley
Socorro, NM 87801

NM Department of Energy & Minerals
Attn: Librarian

2040 S. Pacheco

Santa Fe, NM 87505

NM Environmental Improvement Division
Attn: Deputy Director

1190 St. Francis Drive

Santa Fe, NM 87503

87



LABORATORIES /CORPORATIONS

Battelle Pacific Northwest Laboratories (6)
Attn: D. J. Bradley

Relyea

E. Westerman

Bates

C. Burkholder

. Pederson

Battelle Boulevard

Richland, WA 99352

rHEwno o

Savannah River Laboratory (6)
Attn: N. Bibler

E. L. Albenisius

M. J. Plodinec

G. G. Wicks

C. Jantzen

J. A, Stone
Aiken, SC 29801

Savannah River Plant
Attn: Richard G. Baxter
Building 704-S

Aiken, SC 29808

George Dymmel
SAIC

101 Convention Center Dr.
Las Vegas, NV 89109

INTERA Technologies, Inc. (4)
Attn: G. E. Grisak

J. F. Pickens

A. Haug

A. M. LeVenue
Suite #300
6850 Austin Center Blvd.
Austin, TX 78731

INTERA Technologies, Inc.
Attn: Wayne Stensrud
P.0. Box 2123

Carlsbad, NM 88221

IT Corporation (2)
Attn: R. F. McKinney

J. Myers
Regional Office - Suite 700
5301 Central Avenue, NE
Albuquerque, NM 87108

88



IT Corporation (2)
Attn: D. E. Deal
P.O0. Box 2078
Carlsbad, NM 88221

Charles R. Hadlock
Arthur D. Little, Inc.
Acorn Park

Cambridge, MA 02140-2390

Los Alamos Scientific Laboratory
Attn: B. Erdal, CNC-11
Los Alamos, NM 87545

Oak Ridge National Laboratory (4)
Attn: R. E. Blanko
E. Bondietti
C. Claiborne
G. H. Jenks
Box 2009
Oak Ridge, TN 37831

RE/SPEC, Inc.
Attn: W. Coons

P. F. Gnirk
P.0. Box 14984
Albuquerque NM 87191

RE/SPEC, Inc. (7)

Attn: L. L. Van Sambeek
D. B. Blankenship
G. Callahan
T. Pfeifle
J. L. Ratigan

P. 0. Box 725

Rapid City, SD 57709

Center for Nuclear Waste
Regulatory Analysis (4)

Attn: P, K. Nair

Southwest Research Institute

6220 Culebra Road

~ San Antonio, TX 78228-0510

89



Science Applications
International Corporation
Attn: Howard R. Pratt,
Senior Vice President
10260 Campus Point Drive
San Diego, CA 92121

Science Applications
International Corporation
Attn: Michael B. Gross
Ass’'t. Vice President
Suite 1250
160 Spear Street
San Francisco, CA 94105

Systems, Science, and Software (2)
Attn: E. Peterson ’
P. Lagus
Box 1620
La Jolla, CA 92038

Westinghouse Electric Corporation (7)
Attn: Library
Lamar Trego
W. P. Poirer
W. R. Chiquelin
V. F.Likar
D. J. Moak
R. F. Kehrman
P. 0. Box 2078
Carlsbad, NM 88221

Weston Corporation (1)
Attn: David Lechel
Suite 1000

5301 Central Avenue, NE
Albuquerque, NM 87108

90



UNIVERSITIES

University of Arizona

Attn: J. G. McCray

Department of Nuclear Engineering
Tucson, AZ 85721

University of New Mexico (2)

Geology Department

Attn: D. G. Brookins
Library

Albuquerque, NM 87131

Pennsylvania State University
Materials Research Laboratory
Attn: Della Roy

University Park, PA 16802

Texas A&M University
Center of Tectonophysics
College Station, TX 77840

G. Ross Heath
College of Ocean

and Fishery Sciences
University of Washington
Seattle, WA 98195

INDIVIDUALS

Dennis W. Powers
Star Route Box 87
Anthony, TX 79821

91



IBRARIES

Thomas Brannigan Library

Attn: Don Dresp, Head Librarian
106 W. Hadley St.

Las Cruces, NM 88001

Hobbs Public Library

Attn: Ms. Marcia Lewis, Librarian
509 N. Ship Street

Hobbs, NM 88248

New Mexico State Library
Attn: Ms. Ingrid Vollenhofer
P.0. Box 1629

Santa Fe, NM 87503

New Mexico Tech

Martin Speere Memorial Library
Campus Street

Socorro, NM 87810

Pannell Library

Attn: Ms. Ruth Hill

New Mexico Junior College
Lovington Highway

Hobbs, NM 88240

WIPP Public Reading Room

Attn: Lee Hubbard, Head Librarian
Carlsbad Municipal Library

101 s. Halagueno St.

Carlsbad, NM 88220

Government Publications Department
General Library

University of New Mexico
Albuquerque, NM 87131

92



THE SECRETARY'S BLUE RIBBON PANEL ON WIPP

Dr. Thomas Bahr

New Mexico Water Resources Institute
New Mexico State University

Box 3167

Las Cruces, NM 88003-3167

Mr. Leonard Slosky
Slosky and Associates
Suite 1400 :
Bank Western Tower

1675 Tower

Denver, Colorado 80202

Mr. Newal Squyres
Eberle and Berlin
P. O. Box 1368
Boise, Idaho 83701

Dr. Arthur Kubo

Vice President

BDM International, Inc.
7915 Jones Branch Drive
McLean, VA 22102

Mr. Robert Bishop

Nuclear Management Resources Council
Suite 300

1776 I Street, NW

Washington, DC 20006-2496

93



NATIONAL ACAD OF SCIENCES. WIPP PANEL

Dr. Charles Fairhurst, Chairman

Department of Civil and
Mineral Engineering

University of Minnesota

500 Pillsbury Dr. SE

Minneapolis, MN 55455

Dr. John O. Blomeke
Route 3

Sandy Shore Drive
Lenoir City, TN 37771

Dr. John D. Bredehoeft

Western Region Hydrologist
Water Resources Division

U.S. Geological Survey (M/S 439)
345 Middlefield Road

Menlo Park, CA 94025

Dr. Karl P. Cohen
928 N. California Avenue
Palo Alto, CA 94303

Dr. Fred M. Ernsberger
250 01d Mill Road
Pittsburgh, PA 15238

Dr. Rodney C. Ewing
Department of Geology
University of New Mexico
200 Yale, NE
Albuquerque, NM 87131

B. John Garrick

Pickard, Lowe & Garrick, Inc.
2260 University Drive
Newport Beach, CA 92660

John W. Healy
51 Grand Canyon Drive
Los Alamos, NM 87544

Leonard F. Konikow
U.S. Geological Survey
431 National Center
Reston, VA 22092°

Jeremiah O'Driscoll

505 Valley Hill Drive
Atlanta, GA 30350

9%



Dr. D’Arcy A. Shock
233 Virginia
Ponca City, OK 74601

Dr. Christopher G. Whipple
Electric Power Research Institute
3412 Hillview Avenue

Palo Alto, CA 94303

Dr. Peter B. Myers, Staff
Director

National Academy of Sciences

Committee on Radioactive
Waste Management

2101 Constitution Avenue

Washington, DC 20418

Ina Alterman

Board on Radioactive Waste
Management

GF462

2101 Constitution Avenue

Washington, D. C. 20418

95



. FOREIGN ADDRESSES

Studiecentrum Voor Kernenergie
Centre D'Energie Nucleaire
Attn: Mr. A. Bonne

SCK/CEN

Boeretang 200

B-2400 Mol

BELGIUM

Atomic Energy of Canada, Ltd. (2)
Whiteshell Research Estab.
Attn: Peter Haywood
John Tait
Pinewa, Manitoba, CANADA
ROE 1L0

Dr. D. K. Mukerjee
Ontario Hydro Research Lab
800 Kipling Avenue
Toronto, Ontario, CANADA
M8Z 5S4

Mr. D. Alexandre, Deputy Director
ANDRA

Route du Panorama Robert Schumann
B.P.38

92266 Fontenay-aux-Roses Cedex
75015 Paris, FRANCE

Mr. Jean-Pierre Olivier

OECD Nuclear Energy Agency

Division of Radiation Protection
and Waste Management

38, Boulevard Suchet

75016 Paris, FRANCE

Claude Sombret

Centre D'Etudes Nucleaires
De La Vallee Rhone

CEN/VALRHO

S.D.H.A. BP 171

30205 Bagnols-Sur-Ceze

FRANCE

Bundesministerium fur Forschung und
Technologie

Postfach 200 706

5300 Bonn 2

FEDERAL REPUBLIC OF GERMANY

96



Bundesanstalt fur Geowissenschaften .
und Rohstoffe

Attn: Michael Langer

Postfach 510 153

3000 Hannover 51

FEDERAL REPUBLIC OF GERMANY

Hahn-Meitner-Institut fur Kernforschung
Attn: Werner Lutze

Glienicker Strasse 100

100 Berlin 39

FEDERAL REPUBLIC OF GERMANY

Institut fur Tieflagerung (4)
Attn: K. Kuhn
Theodor-Heuss-Strasse &
D-3300 Braunschweig

FEDERAL REPUPLIC OF GERMANY

Kernforschug Karlsruhe
Attn: K. D. Closs

Postfach 3640

7500 Karlsruhe

FEDERAL REPUBLIC OF GERMANY

Physikalisch-Technische Bundesanstalt
Attn: Peter Brenneke

Postfach 33 45

D-3300 Braunschweig

FEDERAL REPUBLIC OF GERMANY

D. R. Knowles

British Nuclear Fuels, plc

Risley, Warrington, Cheshire WA3 6AS
1002607 GREAT BRITAIN

Shingo Tashiro

Japan Atomic Energy Research Institute
Tokai-Mura, Ibaraki-Ken

319-11 JAPAN

Netherlands Energy Research Foundation
ECN (2)
Attn: Tuen Deboer, Mgr.
L. H. Vons
3 Westerduinweg
P.O. Box 1
1755 ZG Petten, THE NETHERLANDS

97



Svensk Karnmbransleforsorjning AB
Attn: Fred Karlsson

Project KBS

Karnbranslesakerhet

Box 5864

10248 Stockholm, SWEDEN

98



1153
1510
1520
1521
1521
3141
3141
3151
6000
6200
6232
6233
6233
6233
6233
6300
6310
6340
6340
6341
6341
6341
6342
6342
6343
6343
6344
6344
6345
6345
6346

6346

8524
9300
9310
9320
9325
9325
9330
9333
9333
9334

IRTEN-ARY- N XS

SANDIA INTERNAL

Boslough
Cummings
Peterson
Arguello

Morgan
Landenberger (5)
Ward, (8) for DOE/OSTI
Esch (3)

Dugan, acting
Marshall, acting
Wawersik
Eichelberger
Cygan (15)
Krumhansl

Stein.

Hunter, acting
Blejwas, acting
Weart ,
Pickering

. Lincoln

Staff (7)

Sandia WIPP Central Files (10)
D. R. Anderson

Staff (11)

T. M. Schultheis
Staff (2)

E. Gorham

staff (8)

A. R, Lappin

Staff (9)

J. R. Tillerson

Staff (7)

Wackerly (SNLL Library)
Powell

Plimpton
Navratil

Rutter
McIlmoyle

. Kennedy

Burchett

. W. Mercer

. D. Seward

x u:izhihiC)L421fif:p!f:CBF)ysp:LaF;Laz
oxpmorpHamSrrrPnOZOw

U:—lt“f—*_bm>

99



st LUEAEI,

g?’?‘é Sandia Welional |aboratones

1B OR
3 Heit
it R




	TABLE OF CONTENTS
	LIST OF FIGURES
	ACKNOWLEDGEMENTS
	1 INTRODUCTION
	1.1 MOTIVATION
	1.2 GAS CONCERNS AT WIPP
	1.3 ORGANIZATION OF GAS SOLUBILITY TOPICS

	2 THEORETICAL BACKGROUND AND NOMENCLATURE OF GAS SOLUBILITY
	2.1 THEORY
	2.2 UNITS AND NOTATIONS
	2.3 METHODS OF EXPRESSING GAS SOLUBILITY
	2.4 TEMPERATURE AND PRESSURE DEPENDENCE OF GAS SOLUBILITY
	2.5 SOLUBILITY OF GAS MIXTURES
	2.6 EXPERIMENTAL METHODS

	3 GAS SOLUBILITY IN PURE WATER
	3.1 INTRODUCTORY REMARKS
	3.2 HYDROGEN
	3.3 NITROGEN
	3.4 METHANE
	3.5 CARBON DIOXIDE

	4 GAS SOLUBILITY IN PURE WATER AT ELEVATED PRESSURES
	4.1 HYDROGEN
	4.2 NITROGEN
	4.3 METHANE
	4.4 CARBON DIOXIDE

	5 GAS SOLUBILITY IN BRINE
	5.1 HYDROGEN
	5.2 NITROGEN
	5.3 METHANE
	5.4 CARBON DIOXIDE

	6 GAS SOLUBILITY IN BRINE AT ELEVATED PRESSURES
	6.1 HYDROGEN
	6.2 NITROGEN
	6.3 METHANE
	6.4 CARBON DIOXIDE

	7 ESTIMATION OF GAS SOLUBILITY
	8 SUMMARY AND CONCLUSIONS
	9 REFERENCES

