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Abstract

Background: In the present study, vapor-pressures of three geothermal fluids from Baden-
Baden geothermal field (Kirchenstollen, Friedrichstollen, and Murquelle, southeastern
region of Germany) were measured over the temperature range of 274-413 K. The
combined expanded uncertainty of the temperature and vapor-pressure measurements at
95% confidence level with a coverage factor of k = 2 were estimated to be 0.01 Kand 1-3 Pa
at low and 10-30 Pa at high temperatures, respectively. The measured values of vapor-
pressure were used to calculate other crucial derived thermodynamic properties of these
geothermal fluid samples, such as enthalpy and entropy of vaporization and the heat
capacity.

Methods: The measurements were performed using two different methods and
experimental apparatus: (1) absolute and differential static method which was used at low
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temperatures ranging from 274.15 to 323.15 K; and (2) absolute static method which was
used at elevated temperatures ranging from 323.15 to 413.15 K.

Results: The data obtained from the measurements were utilized to formulate Antoine and
Wagner-type vapor-pressure equations. The effects of various ion species on the vapor-
pressure of the geothermal fluids were studied. In addition, the measured vapor-pressure
values were utilized to develop Riedel’s type correlation model for natural geothermal fluids
in order to estimate the contributions of the various ion species to the total experimentally-
observed values of vapor-pressure. It was observed that the anions were increasing the
vapor-pressure, while the cations were decreasing it, with the rates (magnitudes) of these
increases and decreases being different and strongly dependent on the chemical nature of
the ion species involved. Using the measured vapor-pressure data, the other key
thermodynamic properties, such as enthalpy and entropy of vaporization and the heat
capacity) of the geothermal fluid samples were calculated.

Conclusions: The measured vapor-pressure values of the geothermal fluids were higher than
the pure water values (IAPWS standard data) by 5.5%—25.4% for Kirchenstollen, 3.0%-11.4%
for Friedrichstollen, and 5.3%—-14.8% for Murquelle, depending on the temperature. The
largest deviations (up to 11%—25%) were observed at low temperatures (approximately 277
K), while at high temperatures, the deviations were within the range of 3.0% to 5.5%. This
could be attributed to the effects of soluble gas in the geothermal fluids. The soluble gases
were observed to be strongly affecting the measured vapor-pressure of the geothermal
fluids. The experimentally observed vapor-pressure was the result of the competition
between the opposite effects of the anion and cation contributions.

Keywords
Enthalpy of vaporization; geothermal fluids; heat capacity; thermodynamic properties;
vapor-pressure; water

1. Introduction

Geothermal energy has great potential worldwide [1, 2]. In order to achieve the effective
utilization of geothermal resources, precise thermodynamics and transport properties data are
required for the initial resource estimates, production and reservoir engineering studies, and
binary geothermal power cycle optimization. The energy characteristics of geothermal fluids
would then be extracted directly from their thermodynamic property data [3]. Geothermal fluids
are aqueous salt solutions that are heated by the natural heat flow from the earth (i.e., heated by
natural hot rocks). High-temperature geothermal fluids with temperatures of approximately 120°C
are generally used for electricity generation, while the low-temperature geothermal fluids (with
temperatures below 60 °C) are used directly to supply thermal energy for applications such as
agriculture, aquaculture, and space heating.

Accurate thermodynamic property data of the geothermal fluids at power plant operating
conditions are important [4]. Using these data along with the chemical composition of the
geothermal fluids enables proper power plant dimensioning, especially the size specification of the
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heat exchanger, which is one of the main important components that determine the operational
efficiency of the plant [5-7] and other geothermal energy utilization devices or the likelihood of
scaling and/or corrosion development within the wells and the surface installations. The power
plant design (energy production and equipment size) is considerably dependent on the thermo-
physical properties of the geothermal fluid used. In order to utilize the geothermal resources as
efficiently and economically as possible, and to ensure minimum disruption to the environment,
modeling of the geothermal systems (multi-phase underground flows, phase transition processes
in different reservoir zones, reservoir installations and wells, and geothermal engineering) is
required, which in turn requires precise thermo-physical property data [8, 9]. Modeling of the
geothermal system assists in determining its natural (prior to exploration) state and its behavior
under exploration [5-7, 10-12]. The application of geothermal fluids for providing direct heat and
for electricity generation requires reliable thermodynamic and transport property data which
would determine the energy input of the plant, as was demonstrated in previous studies [13-15].
The total heat content (energy amount) of the geothermal fluid is dependent on its density,
temperature, and heat capacity, as reported by Schroder et al. [10-12]. Imprecise knowledge of
the geothermal water properties (isobaric heat capacity) leads to inaccurate knowledge of the
geothermal water heat content, and in turn to incorrect knowledge of the heat input to
geothermal power plants.

Geothermal fluids consist of complex mixtures of water, salts dissolved in a liquid phase, and
dissolved gases [16]. Pure water is the main component of this mixture. Geothermal brines are
mainly sodium chloride solutions. Sodium chloride (NaCl) typically constitutes 70%—80% of the
total dissolved solids (TDS) in geothermal brines. Calcium is the other major cationic constituent of
the geothermal brines. Chloride ion is the only major anionic constituent of these brines, while
their second most important anionic ingredient is the bicarbonate ion. Due to the lack of
thermodynamic properties of the data, in most cases, geothermal fluids were modeled as pure
water [17] or as binary (H,O+NaCl) [18] and ternary [19] aqueous salt solutions. Anderson et al.
[20] developed a PVT model to predict the thermodynamic properties of a prototype geothermal
fluid represented by the three-component H,0+CO,+NaCl mixtures. The properties of these
mixtures were used in numerical simulations developed for the natural geothermal fluids and as
reference data for designing the power plant and its components [20, 21]. Seawater is the natural
fluid that is the most similar to geothermal water because its main ionic constituents are similar to
those in the geothermal fluids. The properties of seawater have been studied widely by several
authors (see, for example, [22]). Besides the dissolved solids, geothermal fluids may contain
considerable amounts of gases. The main representatives of non-condensed gases in the
geothermal systems are CO,, CH4, H5S, N,, and H,. The contents of salts and dissolved gases
significantly alter the reservoir geothermal performance. Therefore, it is crucial to consider the
effect of the constituent salts and dissolved gases on the thermo-physical properties of natural
geothermal fluids [23].

The previous publications by our research group [24-27] report the experimental study of the
density, speed of sound, heat capacity, and the viscosity of natural geothermal fluids obtained
from various geothermal wells (Russia and Azerbaijan) and having different chemical compositions
(varying with the locations). The present paper reports the continuation of the study on the
thermodynamic and transport properties of these natural geothermal fluids. A detailed review of
the previous studies on the properties of geothermal brines was provided in the recent
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publications by our research group [24-26] (see also, Schrider et al. [10-12]). Limited
thermodynamic property data for natural geothermal brines have been published so far. Most of
the reported data are for the geothermal brines having only binary or ternary aqueous salt
solutions as their main components (basically for the synthetic geothermal brines). Schriider et al.
[10-12] proposed in-situ measurement techniques for the accurate measurement of the key
physico-chemical properties of natural thermal water, such as isobaric heat capacity, density, and
kinematic viscosity, at plant operating conditions, thereby avoiding the risk of changes in the
water composition as a consequence of sample collection. Owing to the scarcity of data on the
thermodynamic properties of geothermal fluids, an approach different from the one used
previously for estimating these properties was adopted in certain studies [21, 28-36]. Wahl [37]
proposed a linear function of salt concentration correlation for the density of geothermal brines.
The simplest way to determine the thermodynamic properties of the geothermal fluids is the one
based on pure water properties, because pure water is the dominant constituent, governs the
properties (thermodynamic behavior) of the agueous salt solutions and geothermal brines [38-42].
However, using direct experimental thermodynamic data of the particular natural geothermal
fluid being studied allows minimization of the errors arising from empirical data prediction in
geothermal brine models. Moreover, the brine composition may be altered during production.
Therefore, direct measurements of natural geothermal brines from various regions (wells)
throughout the world containing various concentrations of dissolved electrolytes are required.
This would allow the generalization of the properties of various geothermal fluids from various
geothermal fields (locations) containing various solutes and would assist in developing prediction
models for geothermal brines with any chemical composition. Unfortunately, the currently
available theoretical models are often unable to describe the real systems that are in practice. For
instance, accurate prediction of the thermodynamic and transport properties of complex multi-
component ionic aqueous solutions such as geothermal fluids is extremely difficult due to their
complexity. In the microscopic point of view, the effect of individual ionic contributions to the
properties of the aqueous solution is dependent on the structure of the ions (shape, size, ionic
environment, polarization orientation, ion mobility, etc.). Even for the binary aqueous salt
solutions, it is quite difficult to accurately estimate the effect of ions on their properties. It is
almost impossible to accurately estimate the effect of all the dissolved salts on the properties due
to the extremely complex interactions among the salt ions, dissolved gases, and the water
molecules and the ion-ion interactions in the multi-component aqueous solutions. Therefore,
accurate thermodynamic data for natural geothermal fluids are of interest to the scientific
researchers for the study of the fundamental physico-chemical basis of the theory of multi-ionic
interactions on the microscopic level. Models with better predictive abilities may be developed on
the basis of reliable direct experimental information on the thermodynamic and transport
properties of natural geothermal brines. However, experimental study of the thermodynamic
properties of each geothermal fluid is a formidable task, and therefore, theoretical or semi-
empirical models that would be able to predict the thermodynamic properties of complex
geothermal brines would be useful. In order to quantitatively describe the thermodynamic and
transport properties of geothermal fluids as a function of T, P, and x, a thermodynamic model
(equation of state) or a reference correlation model for the transport properties would be
required. In addition, direct measurements of the thermo-physical properties of natural
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geothermal brines with complex compositions are required to confirm the applicability and
accuracy of the mixing rules.

2. Materials and Methods
2.1 Characteristics of Geothermal Field Location and Wells

The three geothermal fluid samples used in the present study were collected from three
geothermal hot wells in Baden-Baden geothermal field, Germany [Kirchenstollen (48°45'47.60" N,
8°14'29.17" E), Friedrichstollen (48°45'49.40" N, 8°14'31.35" E), and Murquelle (48°45'48.62" N,
8°14'33.66" E)]. The geothermal field is located in the eastern part of the Rhine (Baden-Baden)
trough. The area map (locations of the hot wells) with the potential for hydrogeothermal
exploitation in Germany may be obtained from certain previous reports [43, 44]. The depths of the
wells from which the samples were obtained ranged from 1200 to 1800m. The well-head
temperatures T,, were within the range of 64.5-69 °C. The debit was approximately 800,000
L/day (9.26 L/sec). The geothermal gradient in this region varied from 3 to 10 °C/100 m.

The most important geological settings for geothermal energy in Germany arethe deep
Mesozoic sediments, which may be located in the North German Basin, the Upper Rhine Graben,
and the South German Molasse Basin [43]. Several projects are under development in the Upper
Rhine Graben, which is one of the regions with hydrogeothermal potential. Above-average
geothermal gradients render this region interesting for the development of electricity projects [45].
The new 5 MWe ORC plant of Insheim in the Upper Rhine Graben began producing geothermal
electricity in November 2012,and heat extraction is planned in the further development of the
project [45]. Most of the geothermal plants are located in the Molasse Basin in southern Germany,
along the Upper Rhine Graben. The main objective of the present study was the accurate
measurement of the vapor-pressure of three natural geothermal fluids obtained from the Baden-
Baden geothermal field (Kirchenstollen, Friedrichstollen, and Murquelle, Germany) as a function of
temperature in the range of 274.15-413.15 K. In the present work, a detailed experimental study
of the effects of dissolved salts (salinity, and therefore, the effect of location), nature of the
chemical composition, and soluble gases on the temperature behavior of vapor-pressure of the
geothermal brine samples collected from the Baden-Baden geothermal field was performed. The
present work provides accurate vapor-pressure and a few derived key thermodynamic properties
data (enthalpy and entropy of vaporization and the heat capacity) for the three natural
geothermal brines with different mineralogical compositions, collected from the Kirchenstollen,
Friedrichstollen, and Murquelle hot wells in Germany. The study area (Baden-Baden) has great
geothermal potentials, holds the highest position among the places for balneological treatment
and society events, and is one of the most prestigious and historic thermal spas in Germany. The
existence of these hot springs has been associated with the deep faults located at the eastern end
of the Upper Rhine Graben. The location of the springs was in use in the middle of 19th-century
post-1868, and a system of tunnels had been constructed to catch the springs and to increase the
production and temperature. The system consisted of two main tunnel areas, one just below the
castle with “Friedrichstollen” as the main tunnel, and the other close to the marketplace with
“Kirchenstollen” and “Rosenstollen”. A new, large bathing facility, the “Friedrichsbad”, was built
later. The geothermal gradient in the second of the deep holes was measured to be 5.1 °C/100 m.
This appeared promising for the use of geothermal energy if either water could be found or the
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technologies from the Hot-Dry-Rock development could be used. Currently, the activities in
Baden-Baden are dominated by two major bathing facilities. One of these two facilities is the
traditional Friedrichsbad, which has been serving to provide relaxation and healing for greater
than a century. Friedrichsbad receives its supply of thermal water from the traditional hot springs
as well as from the two wells drilled in the 1960s. The thermal water is also delivered to three
public drinking fountains and to several private users (such as hotels for hot bathing, hospitals for
healing purposes, etc.). The annual consumption of thermal water from Friedrichsbad is 83,621
m3/year. Geothermal district heating is accomplished with two or more geothermal wells, with at
least one serving as a production well and one serving as an injection well. Re-injection of the
cooled geothermal fluids is necessary to maintain the pressure in the reservoir and to avoid the
contamination of surface waters or the shallow aquifers with high salt loads or toxic fluid
constituents. Several hot springs supply thermal water to the spa facilities, with temperatures
ranging from 52 to 67 °C and mineralization within the range of 2680-3522 mg/kg. The total
thermal water production in Baden-Baden is 9.4 L/s. The thermal water has an energy content of 2
MW, although complete energy use has not been achieved so far [4].

2.2 Sample Description

Thermodynamic properties of natural geothermal fluids are affected strongly by their chemical
composition (concentration and the type of salt and gas contents, as stated earlier). Geothermal
fluid is a brine solution formed as a result of the natural movement of water through the crust of
the Earth. The brine compositions vary from well to well, depending on the depth of the
production and the temperatures of the different parts of the reservoir [46] which lead to the
precipitation of certain components (phase-equilibrium behavior of brine at different pressures
and temperatures). Therefore, the geothermal fluids collected from different wells have different
chemical compositions, and their properties also vary. Studies conducted on the composition of
dissolved ions in the geothermal fluids [24-26] have indicated considerable variations when
moving from one area to another.

The chemical compositions of the geothermal fluid samples collected from the Kirchenstollen,
Friedrichstollen, and Murquelle hot wells of the Baden-Baden (Germany) geothermal field are
listed in Table 1. An IRIS Intrepid Il Optical Emission Spectrometer and ion chromatography
techniques were utilized for the quantitative determination of the elemental composition (cations
and anions) of the geothermal brine samples. The accuracy ranged between 0.2% and 1.0%. The
elements were ionized in the argon plasma flame and were analyzed using a high-resolution mass
spectrometer. As observable from Table 1, the total mineralization values for the geothermal fluid
samples from the Kirchenstollen, Friedrichstollen, and Murquelle wells were 2.74 g/L, 2.60 g/L,
and 2.75 g/L, respectively, i.e., all the values were almost equal. The main chemical composition
distributions for the hot-wells obtained on the basis of the data in Table 1 are presented in Table 2.
As it may be noted from Table 2, the main components of the geothermal fluid samples were:
chloride (52.9%to 55.9%), sodium (26.1% to 28.7%), sulfate (6.7% t06.8%), calcium (3.9%to 4.4%),
potassium (2.2%to 2.4%), and Si and S (1.9% to 2.1%). Therefore, the major mineral components
in the studied geothermal fluid samples were CI, Na*, SO,% Ca™, K*, Si*, and S*. Salinity was
derived mainly from Na*, K*, Ca*%, Si*, and S*, and from SO, 2and Cl ions, all of which together
comprised approximately 71% to 73% of all the compounds in the fluid solution. All the samples
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exhibited similar concentrations of Na*, Ca*}, K', Si*, S*, SO,2, and CI, indicating relatively
homogenous compositions at that depth. The pH-values of the samples measured on the surface
immediately after pressure release varied between 6.43 and 7.47. The composition of a particular
well was observed to vary as a function of the total production time, the rate of flow, and the
nature of the underlying sediments. Table 3 compares the main chemical compositions of the
geothermal fluid sample from hot-well Friedrichstollen as determined in the present study with
the data reported by Sanner [4] in 2000. As observable from Table 3, there was a slight increase in
the sodium (by 14%), potassium (19%), lithium (27%), calcium (12.5%), chloride (4.6%), and nitrate
(46%) contents, and a decrease in the magnesium (by 90%) and sulfate (14.7%) contents. The main
gas contents [together constituting approximately 90% to 95% of the gas content] in the samples
were nitrogen, carbon dioxide, methane, hydrogen, argon, helium, and oxygen. The carbon
dioxide content in the samples was approximately 132 mg/L (or approximately 5%). Prior to the
measurements, the geothermal brine samples were filtered for the removal of suspended solids
using filters of 2-micron pore size.

Table 1 Chemical compositions of the geothermal brines.

Kirchenstollen Friedrichstollen Murquelle

Species

(mg/I) (mg/I) (mg/l)

Cations

Al1862 <0.01 0.02 <0.01
As1890 0.12 0.13 0.12
B2089 1.34 1.31 1.26
Ba2304 0.13 0.15 0.12
Ca3181 107 115 116
Cd2288 <0.01 <0.01 <0.01
Co2286 <0.01 <0.01 <0.01
Cr2055 <0.01 <0.01 <0.01
Cu3247 <0.01 <0.01 <0.01
Fe2599 0.03 0.02 <0.01
Hg1849 <0.02 <0.02 <0.02
K7664 61.8 63.0 60.7
Li6707 7.23 7.11 6.81
Mg2790 331 3.93 3.81
Mn2939 0.26 0.38 0.26
Mo2045 <0.01 <0.01 <0.01
Na8183 716 745 728
Ni2316 <0.01 <0.01 <0.01
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P2136 <0.01 <0.01 <0.01
Pb2203 <0.01 <0.01 <0.01
$1820 51.90 52.10 52.70
Sb2175 <0.02 <0.02 <0.02
Se1960 <0.02 <0.02 <0.02
Si2124 55.00 55.40 52.80
Sn1899 <0.01 <0.01 <0.01
Ti3349 <0.01 <0.01 <0.01
TI1908 <0.01 <0.01 <0.01
V2924 <0.01 <0.01 <0.01
Anions

Chloride 1548.0 1375.0 1537.0
Nitrate 33 3.7 4.5
Sulfate 183.7 177.9 183.9

Total dissolved

2739.4 2600.33 2748.18
salt

Table 2 Distribution of main chemical composition for the geothermal fluid samples.

Hot-well Kirchenstollen Friedrichstollen Murquelle
Sulfate 6.7 % 6.8 % 6.7 %
Chloride 56.5% 52.9 % 55.9 %
Sodium 26.1% 28.7% 26.5%
Sulfur 1.9% 20% 21%
Silicon 20% 2.1% 1.9%
Calcium 39% 4.4 % 4.2 %
Potassium 23% 24 % 22%
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Table 3 Comparison of the main chemical composition for geothermal fluid samples
for hot-well Friedrichstollen.

Species Friedrichstollen Friedrichstollen
(this work) (Sanner [4])

Cations (mg/])

Sodium 745.00 850.66

Potassium 63.00 75.05

Lithium 7.11 9.03

Calcium 115.00 129.35

Magnesium 3.93 2.07
Anions (mg/])

Chloride 1375.00 1437.60

Nitrate 3.7 5.4

Sulfate 177.9 155.1

2.3 Vapor-Pressure Measurements

As stated earlier in the Introduction section, vapor-pressure is a property of natural water that
is highly sensitive to salt and gas concentrations. In order to achieve an accurate estimation of
salinity based on its relationship with vapor-pressure, which is comparable to the accuracy
achieved in the direct measurement of salinity, a vapor-pressure uncertainty of <3 Pa at low
temperature and <30 Pa at high temperature is required. In this context, substitution
measurement involving two methods has been proposed in the present study. The measurements
were performed using two different experimental techniques and apparatus: (1) absolute and
differential static method used at low temperatures ranging from 274.15 to 323.15 K; and (2) the
absolute static method used at elevated temperatures ranging from 323.15 to 413.15 K. The
vapor-pressure measurements of the geothermal fluid samples collected from the Baden-Baden
geothermal field (Germany) for the present study were performed at the Department of Technical
Thermodynamics, Rostock University.

The main part of the experimental apparatus (Figure 1) for the vapor-pressure measurements
at low temperatures (ranging from 274.15 to 323.15 K) consisted of glass cells—3,4, and 27. These
glass cells comprised inner and outer volumes in which the distilled water supplied from
thermostat—21 (Lauda Gold R—415, Germany) flowed. The temperature inside these measurement
cells was achieved and stabilized by using a thermostat—21 with an uncertainty of 0.01 K. The
temperature was measured using PRT-100-6 and 35, with an uncertainty of 0.01 K. The volume of
each glass cell was approximately 80 cm?. In case of solutions with low concentration, for which
the vapor-pressure was quite close to the vapor pressure of the solvent (i.e. if the vapor-pressure
difference was approximately 10 to 30 Pa, within the uncertainty range of the static cell), the
measurements were performed in the differential part—3 and 4 of the experimental apparatus. In
this part, both the cells were immersed in the same water reservoir. The temperature in the
reservoir was measured using PT-100-6 (Figure 1), with an uncertainty of 0.01 K. The vapor-
pressure values in the measurement cells were measured using high-precision pressure meters—
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10,MKS Baratron type 616A (USA) in the differential part of the apparatus with an uncertainty of
1-3 Pa and MKS Baratron type 615A-23 (USA) in the static part with an uncertainty of 10—-30 Pa.
These measurements were performed at the temperature of 333.15 K within the reservoirs-11
which were thermostated to maintain a constant temperature. Water was supplied to the
reservoir through a thermostat Haaki (Germany). The derived results were transmitted to the
pressure signal indicators—13 and 14 (Figure 1) through the adapters—12 and 15, and then directly
to the computer—34 using the LabVIEW software. The measured temperature values were also
transmitted to the same computer—34. The computer-controlled the stabilization of the vapor-
pressure at a given temperature, and after measuring the pressure, it changed the temperature of
the experiment to the next one at a given interval to the maximum value. When the maximum
temperature of the experiment was reached, the computer changed the temperature in the
opposite direction, and the vapor-pressure was then measured to the minimum temperature.
Therefore, a repetition of the experimental points occurred. The repeatability could also be
established in advance using a computer software system. Prior to the commencement of the
measurements, the measurement cells were washed thoroughly with water and acetone, followed
by being vacuumed using a vacuum system—31 to 33 (Figure 1). The magnets—2 and 36 located in
the measurement cells were kept rotating inside the cells using magnetic stirrers—1 and 28, which
assisted in reaching the equilibrium condition (stabilization of the liquid—vapor system). Since the
measurement cells and the pressure meter MKS Baratron were located at a distance of 40 cm
from each other, in order to connect them, a special design had to be used. Therefore, special
adapters «glass—metal» from MDC vacuum Limited (England) were welded to the glass
measurement cells, and the special nozzles from VAT Deutschland GmbH were welded to the
metallic part of the adapters «glass—metal». In-between these nozzles, sealing discs with a rubber
gasket were mounted. The second nozzle was connected with the pressure meter using a capillary
tube. This design lowered the uncertainty in the vapor-pressure measurements. However, it could
not completely eradicate all the possible sources of uncertainty. The design could be evaluated for
accuracy of measurement by using the standard fluids, such as water, alcohol, or hydrocarbons,
the vapor-pressures for which are well-known (REFPROP/NIST [47]). In order to avoid loses, the
portion between the glass measurement cells and the pressure meter MKS Baratron was heated
using electrical (8 and 25) and water (9 and 24) heaters. The accuracy and reliability of the
measured vapor pressure data for the studied geothermal fluids, as well as the correct operation
of the experimental apparatus, were verified by measuring the vapor-pressures of the well-studied
standard fluids, such as pure water, methanol, ethanol, acetone, etc., for which reliable reference
data are available (REFPROP, NIST [47]).

Approximately haft of the measurement cell was filled with the sample to be studied. The
special flask connected to a metal tip—7, 20, and 38-was used to fill the cell. After filling the
measurement cells with the sample to be studied, part of the sample evaporated to form the
vapor phase, creating saturated vapor pressure above the liquid phase. After a little while, when
the system in the measurement cell approached the equilibrium condition, the vapor-pressure
measurement was begun. Since geothermal fluids consist of complex mixtures of water, salts
dissolved in the liquid phase, and dissolved gases, it is crucial to consider the effects of salts and
dissolved gases on the measured vapor-pressure of natural geothermal fluids. Therefore, the
experiments conducted with the geothermal fluids in the present study actually measured the
vapor-pressure of the aqueous salt solutions with a vapor phase consisting of a mixture of water
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vapor and soluble gases. Therefore, the saturated vapor pressure of the geothermal fluids was the
sum total of the saturated vapor-pressures of water and soluble gases. The soluble gases exerted a
strong influence on the measured vapor-pressure of geothermal fluids.

Figure 1 Schematic diagram of the experimental apparatus for vapor-pressure
measurement at low temperatures (from 274.15 to 323.15 K). 1, 28, and 30-magnetic
stirrers; 2 and 36-magnets; 3-measuring cell for differential method of vapor-pressure
measurements for pure water; 4-measuring cell for differential method of vapor-
pressure measurements for the sample; 5 and 37-valves for closing of the measuring
cell of the differential and static-26 methods for the vapor-pressure measurement of
the sample; 6, 35, 39, 40-PRT with a four-channel input module for receiving and
accumulating the temperature data (Omera PT-104A-19); 7, 20, and 38-connections
for sample filling; 8-electrical heating of the cell connections with the pressure meters
MKS Baratron 616Aand 25-MKS Baratron615 A; 9-water heating cell connections with
pressure gauges MKS Baratron 616A and 24-MKS Baratron 615 A; 10-pressure gauge
MKS Baratron 616Afor differential method and 23-MKS Baratron 615 Astatic method;
11-reservoir for maintaining a constant temperature for the pressure meter in the
differential and 22-in static methods; 12-connector of the pressure signal with
pressure indicator for differential and 15-static methods; 13-pressure signal indicator
for differential and 14-static methods; 16-thermostat HAAKE F5; 17-electric heater
control systems for differential and 18-static methods; 21-thermostat Lauda Gold R—
415; 27-measuring cell for static method; 29-flask with a sample under study for filling;
31-vacuum indicator TTR100; 32-liquid nitrogen trap; 33-vacuum pump; 34- PC for
control.

The above-described experimental apparatus (glass cells) cannot be used for the
measurements of vapor-pressure at high temperatures (above atmospheric pressure). Therefore,
a novel apparatus design was developed for the vapor-pressure measurements at temperatures
ranging from 323.15 to 413.15 K (Figure 2). This newly designed experimental apparatus consisted
of metallic cells prepared from stainless steel V4A (Germany). The inner volume of each cell was
approximately 140 cm?, which included the volumes of the cell and the connecting tubes as well as
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haft the volume of the valve-10 (without the volume of PT-2 and 3 inside the cell). The
measurement cell located inside the reservoir—12 was filled with silicon oil (KORASILON oil M50,
Kurt Obermeier Gmb H&Co. KG, Germany). The desired temperature in the measurement cell was
achieved using a thermostat—1 (LAUDA ECO RE 415 G, Germany) with an uncertainty of 0.01 K. The
temperature inside the cell was measured using two platinum resistance thermometers—2 and 3
(PRT-100, 1/10 DIN Class B, Temperatur Messelemente Hettstedt GmbH, Germany). PRT-100 was
connected to a four-channel input module for receiving and accumulating the temperature data—5
(Omera PT-104A, Omega Engineering, Inc., USA). One of the two thermometers was connected to
the thermostat for direct transmission of information. Using this thermometer, the thermostat
created the measured temperature directly inside the measurement cell and not in the thermostat
itself. This was crucialas this method allowed creating any desired temperature with high accuracy
directly inside the measurement area. The second thermometer (PRT—100) transmitted the
measured temperature to the computer. The vapor-pressure was measured using the pressure
meter—4 (SERIE 35 x HTC, Omega Gmb H&Co., Germany) with an uncertainty of 2,000 Pa. After
each time interval, which was predetermined (usually 1 min), the vapor-pressure of a sample was
measured and transmitted to a computer. Stationary operation with a constant temperature was
achieved in approximately 50-70 min. This method and the described experimental apparatus
have already been used successfully for the one-phase PVT and two-phase vapor-pressure
measurements of a natural water sample from the Azerbaijan geothermal field in a previous study
conducted by our research group [26].

Figure 2 Schematic diagram of the experimental apparatus for vapor-pressure
measurement at elevated temperatures (from 323.15 to 413.15 K). 1-thermostate
LAUDA ECO RE 415 G; 2 and 3 PRT; 4-pressure measurement unit (pressure transducer)
SERIE 35 x HTC; 5-four-channel input module for receiving and accumulating
temperature data Omera PT-104A; 6-PC control; 7-pressure indicator; 8-flask with a
sample under study for filling; 9 and 10-valves; 11-measuring cell insulation; 12-
reservoir for maintaining a constant temperature in the measuring cell; 13-measuring
cell; 14-magnet; 15-magnetic stirrer; 16-vacuum indicator TTR100; 17-liquid nitrogen
trap; 18-vacuum pump.
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3. Results and Discussion

In the present study, vapor-pressure values of the three geothermal fluid samples collected
from Baden-Baden geothermal field (Kirchenstollen, Friedrichstollen, and Murquelle, Germany)
were determined as a function of temperature over the temperature range of 274-413 K. The
measured vapor-pressures for the geothermal fluid samples are listed in Table 4 and depicted as a
function of temperature and ion species concentration in Figure 3 and Figure 4, respectively.
Figure 3 also includes the vapor-pressures for pure water calculated using the IAPWS formulation
(Wagner and Pruf’ [48]). As observable from Figure 3, the vapor-pressure data for the geothermal
fluid samples exhibited the temperature behavior (P-T) similar to pure water (Wagner and Prul}
[48]). However, the measured vapor-pressure values for the geothermal fluids were higher by a
factor of 3%—25% compared to those for pure water, depending on the temperature of
measurement. The differences (percentage deviations) between the measured vapor-pressure
values for the geothermal fluids obtained in the present study and the pure water values
published previously (Wagner and PruR [48]), as a function of temperature, are presented in
Figure 5. As visible in the figure, the deviations varied with temperature within the range of 5.5%—
25.4% for Kirchenstollen, 3.0%—-11.4% for Friedrichstollen, and 5.3%—14.8% for Murquelle, all of
which were considerably higher than the corresponding experimental uncertainties of 0.02% to
0.08%. The maximum deviations (in the range of 11%—25%) were observed at low temperatures
(approximately 277 K), while at high temperatures, the deviations were within the range of 3.0%—
5.5%. As may be noted from Figure 3, the measured values of vapor-pressure were higher than
those in the reference data for pure water, although, for most of the aqueous salt solutions,
vapor-pressure was lower than that of the pure water (see Figure 3 for H,O+NaCl solution [49-51]).
This could be attributed to the effect of soluble gases present in the geothermal fluids. It is well-
known that soluble gases strongly affect the measured vapor-pressure of the geothermal fluids
[20, 21] (see below). Large differences in the range of 2.6%—18.7% were observed between the
vapor-pressure data for the Kirchenstollen and the Friedrichstollen samples, while the data for the
Kirchenstollen sample deviated from those for the Murquelle sample by 0.1%—14%. The relatively
low difference in the range of 2.5%—-3.9% was observed between the Friedrichstollen and the
Murquelle geothermal fluid samples. Vapor-pressure is a property that exhibits relatively higher
sensitivity to salt and gas concentrations compared to the other thermodynamic properties such
as density, heat capacity, and speed of sound (see, for example, Abdulagatov et al. [24-26]).
Therefore, the vapor-pressure data measured at standard conditions may be utilized for the
determination of the salt content and its variations in a geothermal fluid, i.e., accurate
measurements of the vapor-pressure—salinity relationship may be applied in the estimation of salt
concentration. Measurement of thermophysical properties has been frequently used to evaluate
the quality of products; in particular, properties such as density, vapor-pressure, and viscosity are
highly sensitive to the composition of a product. The quality of natural water may be determined
through its physical, chemical, and microbiological properties. It is important to establish the
guality of the natural water sources that are to be used for different purposes, in terms of specific
water-quality parameters that would affect the possible use of water the most. Vapor pressure is a
crucial and highly sensitive property of the liquids (in particular, natural water) for their quality
analyses (for example, composition changes), i.e., it is the most sensitive indicator of any changes
in the quality of natural water. The difference between the vapor-pressure of distilled pure water
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and natural water is of the order of just a small magnitude depending on composition (see, for
example [27]). The more accurate the vapor-pressure measurement, the more accurate is the
determination of salinity (by means of the vapor-pressure—salinity relationship).

Table 4 Measured values of temperature (T / K) and vapor-pressure (P / kPa) of the
geothermal fluids from Baden-Baden Geothermal Filed (Germany).

T/K P/kPa T/K P/kPa T/K P/kPa
Kirchenstollen Friedrichstollen Murquelle

274.17 0.882 274.17 0.743 274.18 0.773
278.16 1.160 278.15 0.984 278.15 1.021
282.73 1.571 283.47 1.410 283.36 1.452
292.32 2.863 298.76 3.653 292.20 2.552
303.16 5.348 308.38 6.284 301.47 4.423
313.20 9.123 318.17 10.499 313.15 8.379
322.98 14.792 323.32 13.556 323.19 13.908
333.16 23.632 333.17 21.549 333.17 22.228
343.17 36.315 343.16 33.427 343.18 34.478
353.16 54.238 353.15 50.404 353.19 51.984
363.10 78.858 363.10 73.970 363.10 76.107
373.10 112.328 373.12 106.324 373.11 109.283
383.15 156.961 383.11 149.458 383.13 153.665
393.18 215.024 393.14 206.284 393.15 211.895
403.16 289.029 403.10 279.164 403.14 286.758
413.11 382.021 413.13 372.297 413.13 381.781

Standard uncertainties u are: u(T)=0.005 K; u(P)=0.01 % at low temperatures (<323 K)
and u(P)=0.04 % at high temperatures (>323 K) (level of confidence=95 %).

L 0.04 - L L
275 295 315 335 355 355 370 385 400 415
T/K TIK

Figure 3 Detailed view of the temperature dependence of the measured values of
vapor-pressure of geothermal fluids from Baden-Baden Geothermal Filed together
with pure water values (solid lines) (IAPWS fundamental, Wagner &Pruf’ [48]) in
distinct temperature ranges. o-Kirchenstollen; e-Friedrichstollen; x-Murquelle; ¢-
H,O+NaCl [49]; A- H,0+NaCl [50]; o- H,0+NaCl [51]. The dashed line is calculated
from correlation for H,0+NaCl + CO, mixture [20]; Dashed-dotted line is the values of
vapor-pressure calculated from correlation for H,O+N; mixture [20].
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Figure 4 Effect of various ion species on the vapor-pressure of geothermal fluids along
the different isotherms. (a)- CI; (b)- Na*; (c)- SO4%; (d)- total ions concentration; (e)-
Ca*%; (f)- K;0-343 K; —373 K; x—383 K; A—-393 K; +-403 K; A—413 K.
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Figure 5 Percentage deviations between the present measured vapor-pressures for
geothermal fluids and pure water (IAPWS formulation [48]). Solid line is Kirchenstollen;
Dashed line is Friedrichstollen; and Dashed-dotted line is Murquelle.

The pressure from the dissolved gasses escaping the liquid phase adds to the total vapor
pressure of a solution. If the water contains a huge amount of dissolved gasses, such as CO,, then
the vapor pressure of the solution is greater than that of the pure water. The individual vapor
pressures of all ingredients of the solution contribute to the total vapor pressure of the solution.
Vapor pressure is a property of a liquid and is dependent on two factors: one is temperature and
the other is the presence of solutes or other liquids that interact significantly with the liquid. In the
case of geothermal fluids, the liquid phase is formed by water and a group of non-volatile solutes
and certain dissolved gases such as CO, or others (see above), which interact strongly with the
water molecules. In regard to a solution with one liquid and several non-volatile solutes (salts, for
example), Raoult's law states that the vapor pressure of an impure solution is always lower than
that of a pure solvent. Therefore, an aqueous salt solution has a vapor pressure value lower than
that of pure water. Figure 3 also presents the values of experimental vapor-pressures for the
ternary mixture of H,0+CO,+NaCl which were reported by Anderson et al. [20] (see also, [21]). It
may be noted that the vapor-pressure of the ternary aqueous system of H,0+CO,+NaCl containing
dissolved CO,was considerably higher than those of pure water and the aqueous solution of
H,O+NaCl. In general, for the vapor-pressure measurement, geothermal fluid may be modeled as
a few basic primary agueous salt solutions (depending on the basic component of the geothermal
brine) and certain dissolved gases, using appropriate mixing rules. It is apparent that the
difference in the vapor-pressure of various geothermal fluid samples was the result of the
differences in their composition, i.e., it was the effect of the concentrations of constituent salts
and dissolved gases. However, in certain cases, even the geothermal fluids with the same values of
total mineralization (salinity) exhibited sufficient difference in their vapor-pressure values and
other thermodynamic properties. This implied that the type of constituent ions also affected their
properties to a considerable extent, i.e., the thermophysical characteristics of the geothermal
fluids are dependent on, in addition to the total salt content (total mineralization), the chemical
nature of the constituent ion species. For instance, the total mineralization values for the samples
collected from Kirchenstollen and Murquelle were almost equal: 2.74 g/L and 2.75 g/L,
respectively; however, their vapor-pressure values differed by 0.1% to 14%. This was probably
caused by the differences in their sulfur, silicon, calcium, and/or dissolved gas contents. The
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mechanism through which the chemical nature of the ion species and soluble gases in the
geothermal fluids affect their total measured properties remains unclear. Figure 4 illustrates the
effects of various ion species on the vapor pressure of the geothermal fluid samples along various
isotherms. As may be noted in the figure, different types of ion species affected the vapor
pressure differently. For instance, CI" and Na*ions exerted opposite effects on the vapor-pressure,
i.e., CI"was observed to be increasing the vapor pressure, while Na* was decreasing it. In general,

as inferred from Figure 4, anions were increasing, while the cations were decreasing the vapor-

. (0P /¢, ). . .
pressure. Certainly, the rate, " of these increases or decreases caused by the ion

species was different and was strongly dependent on the chemical nature of the ion species. For
instance, the same concentrations of CI" and Na* ions exerted different effects on the measured

(6P, /6c;)

vapor-pressure; at a temperature of 413 K, the value of "k for Cl ions was 57.2 kPa/(g/L),
while that for the Na® ions was -350.02 kPa/(g/L). Overall, the resultant effect of the various types
of ion species was dependent strongly on the multi-ionic interactions between the different types
of ion species and the water molecules. The experimentally determined vapor-pressure value was
the result of the competition between the opposite effects of anion and cation contributions. As
stated earlier, from the microscopic point of view, the effect of individual ion contributions to the
vapor-pressure of a geothermal fluid was dependent on their structure (shape, size, ions
environment, polarization orientation, ion mobility, etc.). Owing to the complexity of the multi-
ionic interactions among the various types of ion species in the geothermal fluids, it is impossible
to theoretically predict the temperature and concentration dependence of vapor-pressure and the
other properties. Therefore, this evaluation is empirical and based solely on the measured data.

In the present study, the vapor-pressure data for the geothermal fluid samples were fitted to
the following correlation equation:

PS(T’Ci): PSHZO(T{:L"‘ Zn:aiCiJ
= 2)

where Pavio(T) is the vapor-pressure of pure water (IAPWS formulation, Wagner and PruR} [48]),
at temperature T; n is the number of the types of ion species; ag;is Riedel’s characteristic constant
of the ions for each ion species, and ¢; is the concentration (g/L) of the i-thion species. In the
present study, seven main components (ion species) were selected for the geothermal fluid
samples: CI, Na*, Ca*, K, SO, 2, S*, and Si*. All the measured data for the three geothermal fluids
were fitted to Eq. (2). The derived values of the fitting parameter g;(Riedel’s ion constants) are
listed in Table 5. Riedel’s model Eqg. (2) predicts the measured values of vapor pressure for all the
geothermal fluid samples within 3.8%. The values of the ion characteristic constant a;defined the
contribution of each ion species to the total experimentally-observed values of vapor-pressure.
This model may be used to predict the vapor-pressure of any geothermal fluid sample with the
main components of CI, Na*, Ca*, K', SO,2, S, and Si*, using only pure water data and
concentration of the ion species. Riedel [38] used the same correlation model for the thermal
conductivity of multi-component aqueous salt solutions, achieving a good prediction agreement
(within 5%) with the experimental data for several aqueous salt solutions [39-42, 52-61]. Several
authors have examined the accuracy and predictive capability of the Riedel’s model (see also,
review by Horvath [39]). In the previous publications by our research group [24, 25], the Riedel’s
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model Eq. (2) was successfully applied for the density, speed of sound, and viscosity correlation for
natural geothermal fluids.

Table 5 Values of fitting coefficients (ion species characteristic constants) a;for Riedel
vapor-pressure correlation models Eq. (2) for the main ion species.

lons ai/ (I/q)
Ca’ -1.2337
K* 0.4047
Na"* -0.0722
s -4.2460
Sit 1.5237
cr 0.2689
50,7 0.03853
AAD 3.8%

St.D 5.1%

Max. D 0.7%

3.1 Antoine and Wagner-Type Equations for the Vapor-Pressure of Geothermal Fluids

The measured vapor-pressure values of the geothermal fluid samples were used to develop
three constant Antoine and multi-parametric Wagner-type [62] correlation equations, for practical

applications.

NP, = A-—B_
=

-C (3)

P Tre
Ir{P_SJ = ?f(AT +B +C*+Dr* +Er* + Fr7‘5)

ref

(4)

Where A, B, C, D, E, and F are the fitting parameters; T..rand P.sare the adjustable reference
parameters; and t = 1-T/T,.yis the reduced temperature difference. In case of pure liquids (for
example, water), T,s and Py represent the critical temperature and pressure, respectively. Since
the critical parameters for geothermal fluids were unknown, T, and P.; were considered
adjustable parameters (or pseudo-critical parameters). The optimal values of the derived
parameters in Egs. (3) and (4) are presented in Table 6 and Table 7. Wagner-type correlation
model represented by Eq. (4) has been successfully used previously by several authors to provide
vapor-pressure data for a series of pure fluids (see, for example [63]). This equation has also been
applied for pure water [62]. The derived values of the pseudo-critical parameters for the
geothermal fluids, in the present study, were as follows: Kirchenstollen, T,=647.2K and P
20,000kPa; Friedrichstollen, T,,f= 646.4K and P,s= 20,500kPa; and Murquelle, T,.s= 646.4 K and
Pr= 20,500kPa. As may be noted, the values of T,s and P,y for the studied geothermal fluid
samples are close to those for pure water reported in the results of previous studies [62]. Table 6
and Table 7 also present the deviation statistics between the measured and the calculated values
of vapor-pressure for the geothermal fluid samples. The Average Absolute Deviation (AAD) for all
the studied samples were within the range of 0.01%—0.03%, consistent with the corresponding
experimental uncertainty.
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Table 6 Values of fitting coefficients for Antone-type vapor-pressure correlation Eq. (3).

Hot-wells Kirchenstollen Friedrichsstollen Murquelle
A 22.9463 23.1615 23.1685

B 3733.57 3823.20 3817.25

C 43.1965 43.1686 43.0937
AAD (%) 0.01 0.03 0.01

Bias (%) 0.01 -0.03 0.00

St.D (%) 0.01 0.09 0.02

St.Err (%) 0.00 0.02 0.00
Max.D (%) 0.04 0.37 0.05

Table 7 Values of fitting coefficients for Wagner-type vapor-pressure correlation Eq. (4).

Hot-wells Kirchenstollen Friedrichsstollen  Murquelle
A -7.485943 -7.417936 -6.856678
B 1.748927 1.566197 0.399969
C -12.223745 -14.012622 -15.563151
D 19.985764 21.387856 33.394534
E -10.986677 -9.846729 -21.746982
F -3.119380 -5.752147 -1.435095
AAD (%) 0.04 0.04 0.02

Bias (%) 0.05 -0.02 -0.01

St.D (%) 0.10 0.09 0.02

St.Err (%) 0.03 0.02 0.01
Max.D (%) 0.35 0.27 0.07

The derived vapor-pressure correlations (3) and (4) were utilized for the calculation of the other
crucial thermodynamic properties of the studied geothermal fluids, such as enthalpy AH,,, and
entropy AS,q, of vaporization and the isobaric heat capacity AC,, using following thermodynamic
relations:

AH ., =TAV, di
dT (5)
AS,,, = Ps AV,
dT (6)

where AH,qpand AS,,, are the enthalpy and entropy of vaporization, respectively; Psand AVs=

V-V’ are the vapor pressure and the specific volume changes upon vaporization (vapor and liquid
dPs

specific volumes at saturation), respectively, caused due to the change of phase; and dT s the
thermal-pressure coefficient in the saturation curve. Since the volume of vapor is much higher
than the volume of liquid (V”’» V’,AVs=V"’= RT/P), then Egs. (5) and (6) become:

RT? dP, RT dP
= —  AS,=—

AHva - vap —
" P dT ang " P dT (7)
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The isobaric heat capacity may be calculated using the following equation:
dInP, d?InP,
dT? (8)
dP,
where vapor-pressure temperature derivative 4T was calculated using Egs. (3) and (4). The
derived values of the thermodynamic function for all the studied geothermal samples are
presented in Table 8 and in Figure 6 and Figure7.

+RT?

AC, = 2RT

Table 8 Derived thermodynamic properties of the geothermal fluids.

AHygp [ ASyop / ac,/

T/K P/kPa kJ-mol™ kJ-Kt-mol™ kiK™ -mol™
Kirchenstollen
274.17 0.882 43.737 0.159 6.062
278.16 1.160 43.503 0.156 5.826
282.73 1.571 43.245 0.153 5.573
292.32 2.863 42.738 0.146 5.091
303.16 5.348 42.213 0.139 4.618
313.20 9.123 41.767 0.133 4.235
322.98 14.792 41.365 0.128 3.906
333.16 23.632 40.978 0.123 3.602
343.17 36.315 40.624 0.118 3.337
353.16 54.238 40.295 0.114 3.100
363.10 78.858 39.989 0.110 2.888
373.10 112.328 39.701 0.106 2.696
383.15 156.961 39.430 0.103 2.521
393.18 215.024 39.176 0.100 2.363
403.16 289.029 38.937 0.097 2.220
413.11 382.021 38.713 0.094 2.091
Friedrichstollen

274.17 0.743 44.776 0.163 6.355
278.15 0.984 44.538 0.160 6.109
283.47 1.410 44.232 0.156 5.801
298.76 3.653 43.430 0.145 5.034
308.38 6.284 42.976 0.139 4.627
318.17 10.499 42.549 0.134 4.260
323.32 13.556 42.337 0.131 4.084
333.17 21.549 41.954 0.126 3.777
343.16 33.427 41.592 0.121 3.499
353.15 50.404 41.256 0.117 3.250
363.10 73.970 40.943 0.113 3.028
373.12 106.324 40.647 0.109 2.826
383.11 149.458 40.372 0.105 2.644
393.14 206.284 40.111 0.102 2.479
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403.10 279.164 39.868 0.099 2.329
413.13 372.297 39.637 0.096 2.192
Murquelle
274.18 0.773 44.677 0.163 6.326
278.15 1.021 44.440 0.160 6.082
283.36 1.452 44.142 0.156 5.782
292.20 2.552 43.667 0.149 5.321
301.47 4.423 43.206 0.143 4.893
313.15 8.379 42.673 0.136 4.424
323.19 13.908 42.253 0.131 4.071
333.17 22.228 41.867 0.126 3.761
343.18 34.478 41.506 0.121 3.484
353.19 51.984 41.170 0.117 3.236
363.10 76.107 40.860 0.112 3.016
373.11 109.283 40.566 0.109 2.815
383.13 153.665 40.291 0.105 2.634
393.15 211.895 40.031 0.102 2.469
403.14 286.758 39.788 0.099 2.320
413.13 381.781 39.559 0.096 2.183

46
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Figure 6 Derived values of enthalpy (left) and entropy (right) of vaporization for
geothermal fluids as a function of temperature together with pure water values
calculated from IAPWS formulation [48]. 1-Kirchenstollen; 2-Friedrichstollen; and 3-

Murguelle; Dashed line is pure water [48].
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Figure 7 Derived values of heat capacity of geothermal fluids as a function of
temperature. 1-Kirchenstollen; 2,3-Friedrichstollen and Murquelle.

4. Conclusions

In the present study, the vapor-pressure of three natural geothermal fluid samples collected
from the Baden-Baden geothermal field (Kirchenstollen, Friedrichstollen, and Murquelle, Germany)
were measured over the temperature range of 274-413 K using two different methods and vapor-
pressure apparatus. The study revealed that the measured vapor-pressures of the geothermal
fluids were strongly dependent on the total salt contents (salinity), as well as on the nature of the
chemical composition (ion species) and dissolved gases. The measured vapor-pressure values for
the geothermal fluids were higher than those of pure water (IAPWS standard data), by a factor of
5.5%—-25.4% for the Kirchenstollen sample, 3.0%—11.4% for the Friedrichstollen sample, and 5.3%—
14.8% for the Murquelle sample, depending on the measurement temperature. The maximum
deviations (in the range of 11%—-25%) were observed at low temperatures (approximately 277 K),
while at high temperatures, the deviations were within the range of 3.0%—5.5%. This could be
attributed to the effect of soluble gases in the geothermal fluids. The soluble gases exerted a
strong effect on the measured vapor-pressure of the geothermal fluids. Large differences in the
range of 2.6%—18.7% were obtained between the vapor-pressure data for the Kirchenstollen and
Friedrichstollen samples, while the data for Kirchenstollen deviated from those of Murquelle by
0.1%-14%. The relatively low difference, ranging from 2.5% to 3.9% was obtained between the
Friedrichstollen and Murquelle geothermal fluid samples. It was determined experimentally that
different types of ion species exerted different effects on vapor pressure. For instance, CI’, SO,
and Na’ ions were observed to exert opposite effects on vapor pressure, i.e., at a constant
temperature, CI'was observed to be increasing the vapor-pressure, while Na*was decreasing it. In
general, anions were observed to be increasing, while cations were observed to be decreasing the
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(aPS /acl )TC» A . .
vapor-pressure. The rate, “i#i | of these increases or decreases was different and
depended strongly on the chemical nature of the ion species. For instance, the same
concentrations of CI" and Na" ions exerted different effects on the measured vapor-pressure; at a

aP. /éc, N
temperature of 413 K, the value of the (o, C')T'Ciii for ClI"was 57.2 kPa/(g/L), while that for Na

ions was -350.02 kPa/(g/L). A Riedel-type model for the prediction of vapor-pressures for various
concentrations of ion species and temperatures ranging from 274 to 413 K was developed using
the measurement data obtained in the experiments. Riedel’s characteristic constant of the ions
was estimated for each ion species. The contributions of the basic ion species in the geothermal
fluids (Na*, Ca*, S*, Si, K*, S04, and CI') to the total experimentally-observed values of vapor-
pressure were also estimated. The measured vapor-pressure data were utilized to develop
Antoine and Wagner-type correlation models. Using the measured vapor-pressure data, values of
the key derived thermodynamic properties of the geothermal fluid samples (enthalpy and entropy
of vaporizations and the heat capacity) were calculated as a function of temperature. The
developed models reproduced the measured values of vapor-pressure for the geothermal fluids,
with AAD=0.01%—-0.03%, St. Dev=0.01%—0.09%, and Max. Dev=0.04%—0.37%.
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