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Introduction

Corrosion of metallic materials in oil and gas wells is strongly influenced by several parameters, among which carbon dioxide (CO 2 ) and other corrosive agents as hydrogen sulfide (H 2 S) play a central role in controlling the pH. Corrosion prediction models have thus been developed starting several decades ago. While the early model proposed by de Waard and Milliams [START_REF] De Waard | Carbonic-acid corrosion of steel[END_REF] considered only temperature and CO 2 partial pressure, continuous improvements have been made to take into account a greater number of parameters. The efforts to propose new more accurate models have been shared by oil companies or research institutions, and there is a large number of open or commercial models. A large variety of prediction strategies is found. A comprehensive review was recently issued by Nesic [START_REF] Nesic | Key issues related to modelling of internal corrosion of oil and gas pipelines -A review[END_REF], who proposed to classify oil and gas corrosion models in three categories: i/ empirical models are essentially based on correlations with laboratory or field data [START_REF] Dugstad | Parametric study of CO 2 corrosion of carbon steel[END_REF][START_REF] Halvorsen | CO 2 corrosion model for carbon steel including a wall shear stress model for multiphase flow and limits for production rate to avoid mesa attack[END_REF][START_REF] Nesic | CO 2 corrosion of carbon steel -from mechanistic to empirical modelling[END_REF][START_REF]NORSOK standard M-506, CO 2 corrosion rate calculation model[END_REF]; ii/ mechanistic models require a strong theoretical background. Most parameters have a clear physical meaning, and such models often combine chemical evaluation of the environment, electrochemical reactions, hydrodynamics and precipitation of corrosion products [START_REF] De Waard | Carbonic-acid corrosion of steel[END_REF][START_REF] Anderko | Simulation of CO 2 /H 2 S corrosion using thermodynamic and electrochemical models[END_REF][START_REF] Anderko | Computation of rates of general corrosion using electrochemical and thermodynamic models[END_REF][START_REF] Anderko | A model for calculating the rates of general corrosion of carbon steel and 13%Cr stainless steels in CO 2 /H 2 S environments[END_REF][START_REF] Dayalan | Modeling CO 2 corrosion of carbon steels in pipe flow[END_REF][START_REF] Dayalan | CO 2 corrosion prediction in pipe flow under FeCO 3 scale-forming conditions[END_REF][START_REF] Nesic | An electrochemical model for prediction of corrosion of mild steel in aqueous carbon dioxide solutions[END_REF][START_REF] Nesic | A mechanistic model for carbon dioxide corrosion of mild steel in the presence of protective iron carbonate films -Part 2: A numerical experiment[END_REF][START_REF] Nesic | Integrated CO 2 corrosion -Multiphase flow model[END_REF][START_REF] Nesic | A multiphase flow and internal corrosion prediction model for mild steel pipelines[END_REF][START_REF] Nesic | A New updated model of CO 2 /H 2 S corrosion in multiphase flow[END_REF][START_REF] Nordsveen | A mechanistic model for carbon dioxide corrosion of mild steel in the presence of protective iron carbonate films -Part 1: Theory and verification[END_REF][START_REF] Pots | Mechanistic models for the prediction of CO 2 corrosion rates under multi-phase flow conditions[END_REF][START_REF] Pots | Improvements on De Waard -Milliams corrosion prediction and applications to corrosion management[END_REF][START_REF] Pots | Prediction of corrosion rates of the main corrosion mechanisms in upstream applications[END_REF][START_REF] Sridhar | Effects of water and gas compositions on the internal corrosion of gas pipelines -Modeling and experimental studies[END_REF]. Most of these models are proprietary or commercial; iii/ finally, semiempirical models lie in-between the two previous categories. They often contain a part of theoretical calculations, completed by empirical functions calibrated with experimental database [START_REF] Bonis | Basics of the prediction of the risks of CO 2 corrosion in oil and gas wells[END_REF][START_REF] Crolet | Prediction of the risks of CO 2 corrosion in oil and gas well[END_REF][START_REF] De Waard | Prediction of CO 2 corrosion of carbon steel[END_REF][START_REF] De Waard | Influence of liquid flow velocity on CO 2 corrosion: A semiempirical model[END_REF][START_REF] Gunaltun | Combining research and field data for corrosion rate prediction[END_REF]. The model called Corplus (Model A), developed by some of the authors' company, belongs to the semiempirical type. It is based on a detailed analysis of water chemistry for pH calculation, and a large amount of corrosion field data. A comparative study of the performances and limitations of a large number of models was proposed by Nyborg in 2010 [START_REF] Nyborg | CO 2 corrosion models for oil and gas production systems[END_REF]. It shed the light on strong limitations of most of these models to temperatures below 150 °C and acid gas pressure below 70 bar. These limitations were not a problem for typical oil and gas fields operated from the eighties to 2000. However, the number of high pressure (HP) and high temperature (HT) oil and gas fields has considerably increased in the recent years, which cannot be easily treated with common models based on simple assumptions. Various reasons can be found to explain these limitations, depending on the modeling method. As described in details by Nyborg [START_REF] Nyborg | CO 2 corrosion models for oil and gas production systems[END_REF], an accurate corrosion prediction relies on several important factors, including in-situ pH prediction, effect of protective films, effect of oil wetting and connection with fluid flow. Model A was included in the comparative study of Nyborg [START_REF] Nyborg | CO 2 corrosion models for oil and gas production systems[END_REF], and is considered to be reliable up to 120 °C and 20 bar CO 2 . These limitations are to a great extent associated with the pH prediction tool which is included in the model. The goal of this work is therefore to describe the methodology used to extend Model A to HP/HT applications and to highly concentrated brines. The evolution of the model comprises two major steps which are described in this paper: i/ a better description of gases solubility, taking into account the fugacity of gaseous components; ii/ an improvement of chemical equilibria description through the calculation of activity coefficients of species in the liquid phase. It is then compared to experimental data and to other models from the literature.

Background

Before presenting the new model in detail, a brief description of the method of pH calculation used in Model A is proposed. Two groups of reactions are considered: i/ dissolution of acid gases in the aqueous liquid phase and ii/ chemical dissociation of weak acid components [START_REF] Crolet | pH measurements under high-pressures of CO 2 and H 2 S[END_REF]. The corresponding reactions are described below.

At the liquid/gas interface, a quantity of CO 2 and H 2 S dissolves in the aqueous solution according to reactions (1) and (2).

CO 2(g) CO 2(aq) S CO2 (1) 
H 2 S (g) H 2 S (aq) S H2S (2) 
In the liquid phase, dissolved carbon dioxide hydrates to carbonic acid following reaction (3).

CO 2(aq) + H 2 O H 2 CO 3 K hyd (3) 
Carbonic acid and hydrogen sulfide are weak acids. They are likely to dissociate according to reactions (4) to [START_REF] Anderko | Simulation of CO 2 /H 2 S corrosion using thermodynamic and electrochemical models[END_REF].

H 2 CO 3 H + + HCO 3 - K (4) HCO 3 
-

H + + CO 3 2- K 2 (5) 
H 2 S (aq) H + + HS - K' 1

HS -H + + S 2- K' 2 (6) 
The dissolution of acid gases is described by solubility constants S CO2 and S H2S and equilibrium constants K hyd , K, K' 1 , K 2 and K' 2 define chemical equilibria in the liquid phase.

Solubility and equilibrium constants depend only on temperature as long as fugacity and activity notions are used. Under ideal conditions, fugacity and activity are equivalent to partial pressure and concentration. However, this assumption cannot be made under high pressure or in highly concentrated solutions. In order to continue to manipulate partial pressures and concentrations, a common practice consists in using apparent solubility and equilibrium constants which include the impact of both the pressure and the ionic strength (I) in addition to the temperature effect. These constants are then expressed as: , ( , , ) i i app i c S T P I P

( , )

i app i i K T I c (9) 
In these expressions, S i,app (T,P,I) is the apparent solubility constant of H 2 S or CO 2 in water, K app (T,I) is the apparent equilibrium constant of any one of the chemical reactions (3) to ( 7) and P i , c i and i are respectively the partial pressure of gas i and the concentration and the stoechiometric coefficient of component i in the liquid phase.

This method is acceptable as long as the apparent constants S i,app and K app are accurately calculated at given temperature, ionic strength and pressure. The easiest method consists in using empirical expressions as proposed in [START_REF]NORSOK standard M-506, CO 2 corrosion rate calculation model[END_REF][START_REF] Oddo | Simplified calculation of CaCO 3 saturation at high-temperatures and pressures in brine solutions[END_REF][START_REF] Palmer | The chemistry of metal carbonato and carbon dioxide complexes[END_REF][START_REF] Sun | Kinetics of iron carbonate and iron sulfide scale formation in CO 2 /H 2 S corrosion[END_REF].

The main difficulty with this approach is to describe the apparent constants with three different variables. Thus, the validity domain is often limited to low pressures, low temperatures and to slightly concentrated brines solutions. In the case of Model A, the limits are 120 °C, 20 bar of CO 2 and an ionic strength of 0.75 mol.L -1 . In order to extend its range of application, the calculation method of equilibrium constants must be reconsidered taking into account the non-ideal behaviors of the gas and liquid phases. This requires more complete thermodynamics, as described in the next section.

3 Evolution of the model for HP/HT conditions

General methodology

At high pressure, the gas phase cannot be considered as ideal and fugacity correction needs to be applied to account for interactions between gas molecules. As a consequence, three corrections must be applied in the solubility calculations leading to the ensemble Henry's law [START_REF] Carroll | What is Henry's law?[END_REF][START_REF] Nelson | Selecting representative laboratory test conditions for fit-for-purpose OCTG material evaluations[END_REF][START_REF] Mohamed | Water chemistry for corrosion prediction in high pressure CO 2 environments[END_REF] (10):

( ) exp / d i i i i i i c H T v RT P P (10) 
In this expression, c i is the concentration of component i in the liquid phase, H i (T) is the Henry's constant characterizing the solubility of gas i in water and P i is the partial pressure of component i.

The activity coefficient i accounts for non-ideality of dissolved gas, the exponential term is known as the Poynting correction [START_REF] Carroll | What is Henry's law?[END_REF][START_REF] Nelson | Selecting representative laboratory test conditions for fit-for-purpose OCTG material evaluations[END_REF] considering the effect of high pressures on the partial molar volume of the solute under infinite dilution ( i v ) and the fugacity coefficient i corrects the gas phase for non- ideal behavior.

Similarly, reactions in concentrated solutions are influenced by interactions between dissolved molecules and ions. To consider the non-ideal behavior of the liquid phase, the calculation of chemical equilibrium constants must also be corrected adding activity coefficients (11):

( )

i i i i i i i K T a c (11) 
In this expression, K(T) is the equilibrium constant of one of the chemical reactions (3) to ( 7), a i , c i and i are respectively the activity, the concentration and the activity coefficient of component i in the liquid phase and i is the stoechiometric coefficient of component i for the chemical equilibrium considered.

In order to make the model modification as simple as possible, we simply replaced the empirical expressions of solubility constants and chemical equilibrium constants used in Model A by new expressions derived from ( 10) and ( 11), according to respectively ( 12) and ( 13):

, ( , , ) ( ) exp / d

i i i app i i i i c S T P I P H T v RT P (12) 
( , ) ( )

i i app i i i i K T I K T c (13) 
Determination of true Henry's constants and chemical equilibrium constants CO 2 and H 2 S Henry's constant values used in Equation ( 12) are determined with the correlation proposed by de Hemptinne et al. as:

2 ln i i i i B C H T A T T (14) 
where H i (T) is the Henry's constant on the mole fraction scale characterizing the solubility of gas i in water, T is the temperature (K) and A i , B i and C i have the values given in Table 1 [START_REF] De Hemptinne | The Henry constant for 20 hydrocarbons, CO 2 and H 2 S in water as a function of pressure and temperature[END_REF].

This expression was established from experimental databases covering temperature range from 20 °C to 200 °C.

Chemical equilibrium constants K(T) were also determined from correlations presented in the literature [START_REF] Austgen | Model of vapor-liquid-equilibria for aqueous acid gas-alkanolamine systems . 2. Representation of H 2 S and CO 2 solubility in aqueous MDEA and CO 2 solubility in aqueous mixtures of MDEA with MEA or DEA[END_REF][START_REF] Millero | The thermodynamics and kinetics of the hydrogen-sulfide system in natural-waters[END_REF][START_REF] Olofsson | Thermodynamics of ionization of water over wide ranges of temperature and pressure[END_REF][START_REF] Patterson | Carbonate equilibria in hydrothermal systems: First ionization of carbonic acid in NaCl media to 300 °C[END_REF][START_REF] Peiper | Thermodynamics of aqueous carbonate solutions including mixtures of sodium-carbonate, bicarbonate, and chloride[END_REF].

Fugacity coefficients of gaseous components

The Soreide and Whitson [START_REF] Soreide | Peng-Robinson predictions for hydrocarbons, CO 2 , N 2 , and H 2 S with pure water and NaCl brine[END_REF] modification of the Peng-Robinson equation of state (EOS) [START_REF] Peng | A new two-constant equation of state[END_REF] is used for describing the fugacity of CO 2 , H 2 S, H 2 O and CH 4 in the gas phase. Thus the effect of high pressure of natural gas on acid gas fugacity is included in the calculations.

The Peng-Robinson EOS ( 15) is derived from Van der Waals theory:

( ) RT a T P v b v v b b v b (15) 
In this expression, the pressure is calculated as a function of a repulsive term taking into account the co-volume b and a parameter a regarded as a measure of intermolecular attraction forces. This parameter depends on temperature. R is the gas constant, T is the temperature (K), P the total pressure (Pa) and v the molar volume (m 3 .mol -1 ).

Peng and Robinson used this equation to express the fugacity coefficient i of a component i in a mixture [START_REF] Peng | A new two-constant equation of state[END_REF]: In this expression, x i is the mole fraction of component i, b i is the co-volume of component i, a ji characterizes the binary system formed by components j and i. SI units are used in this equation.

The presence of salts in the formation water also has a great influence on gas solubility, which is not directly taken into account by the Peng and Robinson expression. Thus, Soreide and Whitson have proposed an extension of the Peng-Robinson EOS for treating the case of water-hydrocarbon mixtures in the presence of sodium chloride in the water phase. One of the main changes consists in a modification of the attractive term of pure water.

Equation ( 16) was used in this study for the calculation of gases fugacity coefficients, using constant parameters values from reference [START_REF] De Hemptinne | The Henry constant for 20 hydrocarbons, CO 2 and H 2 S in water as a function of pressure and temperature[END_REF].

Activity coefficients in the liquid phase

The calculation of activity coefficients of components in the liquid phase was performed applying Pitzer's model [START_REF] Pitzer | Thermodynamic properties of aqueous sodium-chloride solutions[END_REF][START_REF] Pitzer | Thermodynamics of electrolytes. I. Theoretical basis and general equations[END_REF] which derives from Debye-Hückel's method. This activity model is adapted to describe thermodynamic properties of concentrated brines solutions. Debye-Hückel's equations give an expression of activity coefficients of ionic species from the ionic strength of the solution. This method takes into account long distance interactions between ionic species corresponding to electrostatic interactions. This approach is valid for slightly concentrated solutions (maximum molality of salts of about 1 mol.kg -1 of water).

To adapt the activity model to highly concentrated brines, Pitzer has added short distance interaction terms to the Debye-Hückel's model corresponding to interactions between ionic species and the solvent.

The formalism of Pitzer's model will not be detailed in this paper. However, Table 2 summarizes all binary and ternary interaction parameters that we considered in our system, considering dissolved CO 2 and H 2 S and the following ionic species: Ca 2+ , Na + , Cl -, H + , HCO

, HS -, S 2-and HO -.

Validity domain, capabilities and limitations of the new model

At the present time, the new model only applies to CO 2 , H 2 S, CH 4 and H 2 O for the gas phase. In the liquid phase, ionic species that are considered for calculations of activity coefficients are Ca 2+ , Na + , Cl - , H + , HCO 3

- , CO 3 2- 
, HS -, S 2-and HO -. The main input parameters of the model are: total pressure and partial pressures of CO 2 , H 2 S and CH 4 , temperature and ionic composition of the solution (Ca 2+ , Na + , Cl -, HCO 3 -). The main output data are: in-situ pH, the fugacity of gases, the concentration and the activity of all species in the liquid aqueous phase. Precipitation of solids is not considered and acetate ions are also not included in the new model. It is a perspective of this work to include acetate anions and iron cations parameters in Pitzer's formulation.

As a first approximation, the validity domain can be estimated from the validity of individual elements used in the new model. The main limitations arise from the validity domains of equilibrium constants and of interaction parameters; we can thus expect good predictions up to 200 °C, 1000 bar total pressure, and ionic strengths up to 5 mol.L -1 . However, the availability of experimental data for model validation does not cover this domain completely. A discussion of the validity domain based on comparisons with experimental data and other models is thus given in the next section of this paper.

Only a few published papers were found with pH measurements at high pressure, high temperature and high salinity. None of them covered at the same time the expected validity domain of our new model. Thus, analysis of the new model capabilities could only be performed for one or two parameters at a time.

A selection of comparisons between the new model predictions and data from the literature is provided from Figure 1 to Figure 5. Comparisons with other models freely available or reported in the literature were also performed. A detailed list of these models is given in Table 3. Model A refers to Corplus, which has a known validity domain consisting of 120 °C, 20 bar of CO 2 and ionic strength below 0.75 mol.L -1 . Model A fc is a modified use of Model A, using the fugacity of CO 2 and H 2 S as input instead of partial pressures (fugacity coefficients were calculated by the Soreide and Whitson's model [START_REF] Soreide | Peng-Robinson predictions for hydrocarbons, CO 2 , N 2 , and H 2 S with pure water and NaCl brine[END_REF]). Model B was taken from a paper by Duan and Sun [START_REF] Duan | An improved model calculating CO 2 solubility in pure water and aqueous NaCl solutions from 273 to 533 K and from 0 to 2000 bar[END_REF] with an approach based on Pitzer's theory and an equation of state for fugacity calculations, very similar to our new model. Model C and D consist in pH calculation models by Shell and BP respectively, with calculated values taken from [START_REF] Hinds | Technical note: Measurements of pH in concentrated brines[END_REF]. Model E refers to the freely available Norsok Model [START_REF]NORSOK standard M-506, CO 2 corrosion rate calculation model[END_REF], which can be used at temperature between 5 and 150 °C, ionic strength comprised between 0 and 3 mol.L -1 , and CO 2 fugacity from 0.1 to 10 bar.

Solubility predictions

Once Soreide and Whitson's model and Pitzer's model provide respectively the fugacity and activity coefficients of components in the gas phase and in the liquid phase, the Ensemble Henry's law ( 10) is applied to assess the solubility of H 2 S and CO 2 in different conditions. Note that in the proposed approach, we do not perform a rigorous thermodynamic flash calculation, since the fugacity equality constraint in both phases is not checked for water. It is a limitation of this approach, but the results presented further show that this approximation does not significantly affect the accuracy of the model in the considered temperature and pressure ranges.

The predictions of the new model for H 2 S solubility in pure water were compared to Ng et al. [START_REF] Ng | Water content of natural gas systems containing acid gas, Gas Processors Association (GPA) project[END_REF] experimental data. These authors performed measurements of H 2 S solubility in water in the case of different CH 4 /C 3 H 8 /H 2 S/CO 2 gas mixtures at various temperatures. Figure 1 shows the concentration of dissolved H 2 S versus the total pressure of 75% CH 4 C 3 H 8 (95:5 mole ratio) and 25 % H 2 S CO 2 (3:1 mole ratio). The calculation of fugacity coefficients of gases was performed assuming propane to show similar interactions properties like methane with the others components. The new model gives more accurate predictions of H 2 S solubility with this set of experimental data than models A and A fc .

The predictions of the new model for CO 2 solubility were compared to Rumpf et al. [START_REF] Rumpf | Solubility of carbon-dioxide in aqueous-solutions of sodium-chloride -Experimental results and correlation[END_REF] experimental data. These authors measured CO 2 solubility in highly concentrated NaCl solutions under pressure of pure CO 2 at different temperatures. Figure 2 shows the concentration of dissolved CO 2 in 4 mol.kg -1 NaCl solutions versus the total pressure at 40 °C and 160 °C. On Figure 3, the prediction of the new model were also compared to another model proposed in the literature (Model B) [START_REF] Duan | An improved model calculating CO 2 solubility in pure water and aqueous NaCl solutions from 273 to 533 K and from 0 to 2000 bar[END_REF] and to Takenouchi et al. experimental data [START_REF] Takenouchi | The solubility of carbon dioxide in NaCl solutions at high temperatures and pressures[END_REF] obtained in NaCl solutions (1 mol.L -1 and 4 mol.L -1 ) at 200 °C up to 1400 bar of CO 2 . The new model presents a good agreement with these solubility data, even in a highly concentrated solution and on a wide range of temperature and pressure, whereas model A presents significant error at high pressure CO 2 , even after fugacity corrections (model A fc ). The predictions of the new model are extremely close to those obtained with Model B [START_REF] Duan | An improved model calculating CO 2 solubility in pure water and aqueous NaCl solutions from 273 to 533 K and from 0 to 2000 bar[END_REF].

For highly concentrated brine solutions, these results show that the application of the ensemble Henry's law combining Dhima's constants, Soreide and Whitson's model and Pitzer's model provides accurate predictions of CO 2 and H 2 S solubilities even under high temperature, high pressure. It is therefore appropriate for in-situ pH calculation, as detailed in the next part of the paper.

pH predictions

The calculation method of pH is classically derived from the electroneutrality equation as described elsewere [START_REF] Crolet | pH measurements under high-pressures of CO 2 and H 2 S[END_REF]. Once H + concentration is determined, pH is calculated from H + activity according to:

log log H H H pH a c (17) 
In this expression, a H+ is the activity of H + , H+ is the activity coefficient of H + and c H+ is the concentration of H + in water.

Comparisons with different sets of experimental data are presented on Figure 4 and Figure 5.

Figure 4 illustrates the impact of NaCl concentration on pH. Experimental data was obtained at 25 °C and 1 bar CO 2 by Hinds et al. [START_REF] Hinds | Technical note: Measurements of pH in concentrated brines[END_REF]. In the same paper, these authors compared the prediction of two models of oil and gas companies (Model C and D). The new model predicts the experimental results within less than 0.05 pH unit in the whole range of NaCl concentration from zero to more than 4 mol.L -1 and gives similar results to Model C and Model D. On the other hand, Model A tends to underestimate the pH value for NaCl concentration below 1 mol.L -1 .

Figure 5 shows pH values in pure water under CO 2 pressure up to 350 bar. Experimental data was obtained by Meyssami et al. [START_REF] Meyssami | Prediction of pH in model systems pressurized with carbon-dioxide[END_REF] in autoclave. The new model reproduces the pH evolution with a good accuracy in all P CO2 domain. For comparison, calculations were also performed with Model A after fugacity correction (Model A fc ), and with the Norsok model (Model E, [START_REF]NORSOK standard M-506, CO 2 corrosion rate calculation model[END_REF]). They both give acceptable pH values up to 50 to 100 bar CO 2 .

Although no experimental data of pH measurements were found above 350 bar of acid gases, the prediction of the model was evaluated up to 2000 bar CO 2 in conditions similar to Figure 3. The results are displayed on Figure 6. It appears that above a few hundred bars of CO 2 , the pH value hardly decreases, mainly due to fugacity coefficient evolution. It also appears that at constant NaCl concentration and CO 2 partial pressure, pH increases with increasing temperature. This evolution is mainly due to the decrease of CO 2 solubility at higher temperature. Finally, for the two temperature values chosen for this example i.e. 40 °C and 200 °C, we observe a different impact of NaCl concentration. At 200 °C, the calculated pH hardly varies when NaCl concentration increases from 1 to 4 mol.L -1 . On the contrary, at 40 °C, increasing NaCl concentration results in a significant decrease of pH, as already illustrated in Figure 4 at 25 °C.

Discussion on the validity domain

Two levels of validity domain were considered. The first one is based only on the theoretical validity domain of the different equations used, mostly from Pitzer's model, as well as Soreide and Witson [START_REF] Soreide | Peng-Robinson predictions for hydrocarbons, CO 2 , N 2 , and H 2 S with pure water and NaCl brine[END_REF]. highly concentrated electrolytes. It is thus often reported that the equations provides accurate results up to 5 to 6 mol.L -1 and that the equation of state for fugacity calculations is usually applicable up to 1000 bar of total pressure [START_REF] Ferrando | Coupling activity coefficient models, Henry constant equations, and equation of state to calculate vapor-liquid and solid-liquid equilibrium data[END_REF]. However, the validity domain also depends on the knowledge of Pit Considering our application, the parameters and correlations found in the literature suggest that the temperature limit is 200 °C.

The second level of validity domain which is considered is based on comparisons with experimental data. Due to the difficulty of making experiments at extremely high pressure and temperature, the range of pressure, temperature and ionic strength is narrower than the theoretical validity domain. As shown in Table 4, pH prediction of the new model could be compared with experimental data only up to 350 bar, 42 °C and 4.25 mol.L -1 . Solubility prediction benefits from more published data, and the validity could thus be checked up to 1400 bar, 200 °C and 4 mol.L -1 .

These different validity domains are illustrated on Figure 7.

Conclusion

The in-situ pH of formation water is one of the most important parameters for material selection in the oil and gas production. Most prediction tools currently employed were designed in the 80s and were adapted to temperatures lower than 150 °C, maximum pressures of 50 bar and slightly concentrated solutions (up to 1 mol.L -1 ). Comparison of the new model predictions to experimental data [START_REF] Rumpf | Solubility of carbon-dioxide in aqueous-solutions of sodium-chloride -Experimental results and correlation[END_REF] and to fugacity-corrected Model A (Model A fc ). Tables Table 1: Parameters used for Equation ( 14) [START_REF] De Hemptinne | The Henry constant for 20 hydrocarbons, CO 2 and H 2 S in water as a function of pressure and temperature[END_REF].

Acid gas i A i B i (K -1 ) C i (K -2 ) H 2 S -2.25054 5.98511 x 10 3 -1.23934 x 10 6 CO 2 -6.02700 x 10 -1 5.85739 x 10 3 -1.23934 x 10 6 (mol.L -1 ) (°C) (bar)

Figure 2 :

 2 Figure 2: CO 2 solubility in 4 mol.kg -1 NaCl solution versus CO 2 partial pressure at 40 °C and 160 °C.Comparison of the new model predictions to experimental data[START_REF] Rumpf | Solubility of carbon-dioxide in aqueous-solutions of sodium-chloride -Experimental results and correlation[END_REF] and to fugacity-corrected Model A (Model A fc ).

Figure 3 :

 3 Figure 3: CO 2 solubility in 1 mol.L -1 and 4 mol.L -1 NaCl solutions at 200 °C versus CO 2 partial pressure (P CO2 ). Comparison of the new model predictions to experimental data [59], and to fugacity-corrected Model A (Model A fc ) and Model B [51].

Figure 4 :

 4 Figure 4: pH versus NaCl concentration at 25 °C under 1 bar of CO 2 . Comparison of the new model predictions to experimental data [56], and to Model A, Model C and Model D.

Figure 5 :

 5 Figure 5: pH versus CO 2 partial pressure at 42 °C in pure water. Comparison of the new model predictions to experimental data [60] and to fugacity-corrected model A (Model A fc ) and Model E.

Figure 6 :

 6 Figure 6: Results of pH calculations with the new model with CO 2 partial pressure at different temperature and NaCl concentration.

Figure 7 :

 7 Figure 7: Checked domains of validity for pH and solubility predictions and acceptable application domain based on the limits of thermodynamics models.

Figure 5 :

 5 Figure 5: pH versus CO 2 partial pressure at 42 °C in pure water. Comparison of the new model predictions to experimental data [60] and to fugacity-corrected model A (Model A fc ) and Model E.
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Figure 6 :

 6 Figure 6: Results of pH calculations with the new model with CO 2 partial pressure at different temperature and NaCl concentration.

Figure 7 :

 7 Figure 7: Checked domains of validity for pH and solubility predictions and acceptable application domain based on the limits of thermodynamics models.

  However, the increasing interest of HP/HT fields requires more accurate models with extended validity domain. For this purpose, we applied a calculation method based on the ensemble Henry's law for solubility calculations and taking into account the activity of chemical species for chemical equilibrium constants calculation. Extension of the current model used by the authors was described. It uses fugacity coefficients calculated with Soreide and Whitson's model. The effect of high concentrations of salts on the activity of chemical species in the liquid phase is modeled using Pitzer's formalism.Even though only sparse experimental data is available in the literature at high temperature, high pressure and in concentrated solutions, all comparisons between the new model and the measurements gave a good agreement. New calculations are usually less conservative than the former ones, with higher pH values and lower H 2 S activity. Using such models allows more accurate pH and H 2 S fugacity predictions, with potential impacts on fit-for-purpose testing.FiguresFigure1:H 2 S solubility in pure water versus total pressure of a 75% CH 4 -C 3 H 8 (95:5 mole ratio) and 25% H 2 S-CO 2 (3:1 mole ratio) gas mixture at 49 °C. Comparison of the new model predictions to experimental data[START_REF] Ng | Water content of natural gas systems containing acid gas, Gas Processors Association (GPA) project[END_REF] and to Model A and fugacity-corrected Model A (Model A fc ).
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