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ABSTRACT

A generalized empirical correlation for predicting methane hydrate equilibrium data in pure water and aqueous 
solutions of single sodium chloride, potassium chloride, calcium chloride and magnesium chloride salts is developed 
in this work. Contrary to the general thermodynamic approach which involves rigorous and complex computations, an 
easy-to-use prediction method is developed by regressing several experimental data for methane hydrate formation in 
pure water and aqueous salt solutions. The predictions from the generalized correlation show satisfactory agreements 
with all the experimental data reported in the literature and are more accurate than the results from the common 
hydrate prediction programs.
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INTRODUCTION

Hydrates are crystalline compounds formed from water molecules and volatile compounds existing at high pressure 
and low temperature conditions. The water molecules form different types of cavities such as pentagonal dodecahedron 
(512) and are linked together by hydrogen bonding. These cavities are usually occupied by guest compounds having 
molecular diameters that are smaller than those of the cavities. The guest compounds improve the stability of the 
hydrate crystal lattice. The common hydrate formers are methane, carbon dioxide, ethane, propane, n-butane, i-butane, 
nitrogen and hydrogen sulfide. Hydrates are mainly grouped into sI, sII and sH crystal structures. They are stable 
at temperatures above the freezing point of water to about 300 K and at pressures higher than 0.6 MPa [1,2]. The 
formation conditions of hydrate are influenced by the presence of heavier hydrocarbon, phase compositions and 
salinity of the system. Hydrate formation and dissociation can cause severe problems in oil and gas exploration, 
transportation and processing. Hydrate-related problems can lead to equipment blockage and affect the safety/integrity 
of deep water facilities. In order to solve these hydrate-related problems, techniques/methods such as dehydration, the 
use of electrolytes (salts) and inhibitors (methanol) are commonly employed [3,4]. The applications of these methods 
require accurate hydrate equilibrium data, i.e., temperature and pressure. Error and uncertainty in these data will affect 
the efficiency of any of the techniques. Therefore, it is vital to ensure that the hydrate equilibrium data are as accurate 
and precise as possible.

Reliable prediction techniques and accurate phase equilibrium data are important in the design of deep water 
hydrocarbon facilities due to the conditions of the environments. Mohammadi et al. [4] discovered that electrolytes 
such as sodium chloride can reduce hydrate equilibrium conditions due to the strong electrostatic forces that are 
created when salt dissolves in water. The ionization of salt in water distorts the hydrogen bonding that exists between 
the molecules of water and hydrate former. The presence of ions in the system inhibits the formation of hydrate. Thus, 
aqueous solutions of salts are used as electrolytes to suppress hydrate formation temperature [4,5]. The amount and 
type of salt dissolve in water affect the degree of temperature reduction at any given pressure. Hu et al. [6] stated that 



Aregbe Adv Appl Sci Res., 2018, 9(1):56-64

Pelagia Research Library
57

there is uncertainty on how hydrate formation occurs in systems containing saturated salt solutions. Hydrate formation 
and salt precipitation will occur simultaneously in systems containing saturated salt solutions.

Therefore, it is important to extensively investigate salt precipitation and hydrate formation for these types of systems. 
Hydrate formation in salt solutions is important in the exploration and development deep water reserves such as the 
Gulf of Mexico. The salinity, temperature and pressure conditions of these environments significantly influence the 
formation of hydrates. In addition, aqueous solutions of salts are mixed with drilling fluid in most drilling processes. 
These salts are used to reduce the freeing point of water and control hydrate formation in the wellbore [7-9]. There 
are also few experimental data and correlations in the literature on hydrate formation conditions in high salinity 
systems and at extremely high pressure. This is because of the difficulties associated with conducting research under 
such severe conditions. Thus, reliable prediction techniques must be developed to estimate accurate values of hydrate 
equilibrium data in different salt solutions/high salinities and at very high pressure.

Experimental data and thermodynamic models for predicting hydrate equilibrium date in pure water and low to 
moderate salinity systems have been extensively determined. Englezos and Bishnoi [1] conducted experiments to 
determine ethane hydrate formation conditions in systems containing sodium chloride, potassium chloride, calcium 
chloride and potassium bromide salts. Their experimental results showed satisfactory agreement with the theoretical 
predictions. Dholabhai et al. [3] performed experiments to investigate the three-phase equilibrium data of carbon 
dioxide hydrate in the presence of electrolytes and methanol. They reported that in the presence of methanol, sodium 
chloride acts as a stronger inhibitor than calcium chloride in the same solvent. Holzammer et al. [10] conducted 
experiments to study carbon dioxide hydrate equilibrium properties in the presence of sodium chloride using Raman 
spectroscopy. They concluded that thermodynamic inhibitors do not only alter the hydrate equilibrium conditions 
but also decrease the amount of hydrate crystals formed in the system. Parrish and Prausnitz [11] combined van der 
Waals-Platteeuw solid theory and the Kihara spherical-core potential function to predict hydrate dissociation data. 
The Kihara parameters and thermodynamic properties of different hydrate formers. They also compared experimental 
results and predictions from their model. Good agreement was recorded for equilibrium data of hydrates formed by 
gas mixtures. Ng and Robinson [12] modified Parrish and Prausnitz model. They combined the improved model with 
the Clapeyron equation and Peng-Robinson Eos to predict fluid properties for gas mixtures (methane – propane and 
methane – isobutane). They used the calculated fluid properties to estimate hydrate equilibrium data for the systems 
and recorded minimal difference between predicted and experimental results. John et al. [13] modified the solid 
theory of van der Wash and Platteeuw by considering the effects of spherical asymmetric. They also calculated the 
deviation of Langmuir constants from ideality by using a corresponding states correlation. The Kihara parameters 
were also determined from hydrate equilibrium data and the results showed satisfactory agreement with those obtained 
from the viral coefficient data. The developed model can be used to predict hydrate equilibria of most gas mixtures 
except hydrogen rich gas mixtures. Chen and Guo [14] proposed a two-step hydrate formation mechanism which 
comprises hydrate formation by a quasi-chemical reaction process and linking of gas molecules in the hydrate cavities 
by adsorption process. The proposed mechanism was used to develop a prediction model for hydrate formation. 
The developed model was used to predict hydrate equilibrium data for different hydrate formers. They concluded 
that the proposed model is a good predictive tool for estimating the hydrate equilibrium data of pure gases and gas 
mixtures. Generally, the thermodynamic models are rigorous and complex. Different variables such as water activity, 
cell potential and Langmuir constant must be accurately estimated to ensure reasonable predictions from these models. 
The computation of these variables is tedious.

Another method for predicting hydrate equilibrium data is the use of empirical correlations and there are several 
correlations in the literature. The empirical correlations are used to estimate hydrate formation suppression 
temperature caused by the presence of inhibitors and/or electrolytes. The first empirical correlation was developed by 
Hammerschmidt [15] to estimate the suppression temperature of hydrate caused by aqueous solutions of inhibitors. 
The principle of freezing point depression was used to develop the correlation shown in equation 1. The variable ΔT 
is the temperature depression (°C), M is the molar mass (g/mol), W is the concentration (wt %) of the inhibitor in 
the aqueous solution and KH is a constant equivalent to 1297. The correlation can only be used for methanol/ethylene 
glycol concentrations less than 30 wt % and 20 wt % for other glycols.

( )
HK WT   

M 100 W
∆ =

−
                                      (1)

In deep water drilling processes, salts solutions are blended with the drilling mud to inhibit the formation of hydrate 
and reduce the freezing point of water. The most widely used salts are sodium, potassium, calcium and magnesium 
chlorides salts. Yousif and Young [16] developed a correlation for calculating the hydrate suppression temperature in 
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the presence of aqueous solutions of salts and glycerol. The correlation is shown in equation 2 and ΔT is the hydrate 
temperature suppression (°F) and ‘x’ is the total mole fraction of the inhibitors in the aqueous solution, i.e., 0.2. 
The value of ‘x’ depends on the apparent molecular weight and degree of ionization of the inhibitors in the aqueous 
solution.

2 3T 112.3x 2011.6 6505.0∆ = + −x x                                                                               (2)

Mohammadi and Tohidi [17] proposed an improved Yousif and Young’s [16] correlation as shown in equation 3. In 
the correlation, solutex is the mole fraction of the inhibitor, Wi is the weight percent of the salt ‘i’ in aqueous solution, 
and a, b, c1, c2 and c3 are constants. But the proposed correlation ignores the effects of pressure on hydrate depression 
temperature which can lead to large error for high pressure systems.

( ) ( )2 2 3
solute solute 1,i i 2,i i 3,i iT a ln 1 x bx c W c W c W ∆ = − − + + + + ∑                            (3)

Hu et al. [7] proposed an empirical correlation referred to as Hu-Lee-Sum correlation for hydrate suppression 
temperature in aqueous solutions of single salts. The proposed correlation is shown in equation 4 and ΔT (°C) is the 
hydrate suppression temperature, T0 (°C) and T (°C) are the hydrate dissociation temperatures in fresh water and 
in aqueous solution of single salt respectively, aw is the water activity, β is a constant which depends on the type of 
hydrate formers, xi is the salt concentration and X is the effective mole fraction. 

( ) 2 3
w i 1 2 3

0

T lna x ,T C X C X C X  
T T

= β = + +
                                                       (4)

Generally, the thermodynamic models are too complex and require rigorous computations. In addition, the correlations 
available in the literature are restricted to certain conditions and ignored the effects of pressure on hydrate formation 
condition. The predictions from the correlations will give large errors for high pressure systems. Therefore, it is vital 
to develop a simple and reliable method for accurate prediction of hydrate equilibrium data in aqueous solutions 
of electrolytes such as chloride salts. In this work, a generalized correlation is developed for prediction of methane 
hydrate equilibrium data in pure water and aqueous solutions of single NaCl, KCl, CaCl2 and MgCl2 at pressure up to 
500 MPa.

METHODOLOGY

Thermodynamic models are commonly used to predict hydrate equilibrium data for different systems. In developing 
these models, several assumptions are made. It is usually assumed that the chemical potential of each component in a 
given system is uniform. And at constant temperature the fugacity of each component in the system will not be uniform 
[4,5,11]. These assumptions are used to develop thermodynamic models and combined with the specific equation of 
state selected for the given system. In contrast to the statistical thermodynamic approach, regression analysis is used 
to develop the empirical correlation for predicting methane hydrate equilibrium data. Regression analysis is a simple 
but reliable modeling technique for predicting the relationships that exist between two or more variables. In this work, 
a generalized correlation was developed for predicting methane hydrate equilibrium data in pure water, and aqueous 
solutions of single sodium chloride, potassium chloride, calcium chloride and magnesium chloride salts. Several 
experimental data in the literature were used to develop the correlation [1,3,7,18-21]. The concentration range of the 
electrolytes is 0.5 wt %-28 wt % for NaCl and CaCl2, 0.5 wt %-36 wt % for KCl and 0.5 wt %-26 wt % for MgCl2. 
The temperature range is 273 K-320.61 K and the pressure range is 1 MPa-500 MPa. The generalized correlation 
developed in this work is shown in equation 5.

5 4 3 2
eq eq eq eq eq eqP A T B T C T D T E T F         = + + + + +        x x x x x x                          (5)

The parameters Peq (MPa) and Teq (K) are the hydrate equilibrium pressure and temperature respectively. The 
correlation variables are Ax (Mpa/K5), Bx (MPa/K4), Cx (Mpa/k3), Dx (Mpa/k2). Ex (Mpa/k) and fx (Mpa) for dimensional 
consistency. These variables were studied by considering the type/amount of salts in solution and specific trends were 
observed. For example, Ax has different values when 10 wt % and 20 wt % sodium chloride salt are dissolved separately 
in water. Also, the type of salts dissolved in solution affects the values of these constants. Based on the properties 
of these regression variables, the generalized correlation was simplified for pure water and aqueous solutions of the 
chloride salts considered in this work. They are affected by the amount and type of salts dissolved in water and these 
characteristics were used as bases to develop equations for these regression coefficients. The developed equations can 
be used to approximate their values for different type/amount of chloride salts. The values of the variable Ax (Mpa/K5) 
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can be approximated by using equation 6.
6

n 2 3 4 5 6
x n 0 1 2 3 4 5 6

n 0

A A x A A x A x A x A x A x A x
=

= + + + += + +∑                                            (6)

The constants A0, A1, A2, A3, A4, A5 and A6 depend on the type and amount of salts dissolved in water, and ‘x’ is the 
weight fraction of salt in solution. The constants A0-A6 have the same units as Ax (MPa/k5). Also, the variable Bx (MPA/
K4) can be approximated by using equation 7.

6
n

x n
n 0

B B x
=

=∑                                                         (7)

The constants B0-B6 have the same units as Bx (MPa/k4) and also depend on the amount/type of salt dissolved in water. 
Similarly, for Cx (MPa/k3), Dx (MPa/k2), Ex (MPa/k) and Fx (MPa), the expressions in equations 8-11 can be used to 
estimate their values.

6
n

x n
n 0

C C x
=

=∑                                                   (8)
6
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x n

n 0

D D x
=

=∑
                                                              (9)
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F F x
=

=∑                                                            (10)
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x n
n 0

F F x
=

=∑                                                                           (11)

The constants C0-C6 (MPA/k3), D0-D6 (MPa/K2), E0-E6 (MPa/K) and F0-F6 (MPa) in equations 8–11 have the same 
characteristics as those in equations 6 and 7.

CORRELATIONS FORMULATION

Methane hydrate equilibrium data in pure water

In the presence of pure water system, the generalized correlation in equation 5 was simplified by using several 
experimental data reported for methane hydrate formation in pure water [8,17,22-25]. The simplified correlation in 
equation 12 was derived for methane hydrate equilibrium data in pure water systems.

5 4 3 2
eq eq eq eq eq eqP A T B T C T D T E T F           = + − + − +                                               (12)

The variables Peq (MPa) and Teq (K) are the methane hydrate equilibrium pressure and temperature in pure water 
respectively, and A, B, C, D, E, and F are constants with definite values. This is because in pure water system, there 
are no dissolved salts or ions in solution. As a result, these constants are definite and independent on any variable. The 
temperature and pressure ranges considered in this analysis are 273 K-320.61 K and 1 MPa-500 MPa, respectively.

Methane hydrate equilibrium data in aqueous solutions of chloride salts 

The correlation for methane hydrate formation conditions in aqueous solutions of sodium, potassium, calcium 
and magnesium chloride salts was developed by considering relevant experimental data published in the literature 
[2,3,5,9,18,19,21]. The generalized correlation in equation 5 was also simplified to derive the empirical correlation in 
equation 13.

4 3 2
eq eq eq eq eqP B T C T D T E T F       = − + − +      x x x x x                         (13)

The variables Peq (MPa) and Teq (K) are the methane hydrate equilibrium pressure and temperature in pure water 
respectively, and the coefficients are Ax (Mpa/K5), Bx (MPa/K4), Cx (Mpa/k3), Dx (Mpa/k2). Ex (Mpa/k) and fx (Mpa). 
The concentration ranges of NaCl and CaCl2 salts considered are 0.5 wt %-28 wt %, KCl salt is 0.5 wt %-36 wt % and 
MgCl2 salt is 0.5 wt %-26 wt %. The temperature and pressure ranges considered are 273 K-300 K and 1 MPa-200 
MPa, respectively.
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RESULTS AND DISCUSSION

The developed correlations were validated using experimental data for methane hydrate equilibrium data in pure 
water and aqueous solutions of chloride salts. The experimental data used for validation are different from those used 
to develop the correlations [2,4,6,17,26-28]. The formation conditions of methane hydrate in pure water are shown 
in Figure 1 and those in aqueous solutions of the chloride salts are shown in Figures 2-5. In these figures, it is clearly 
shown that hydrate formation pressure is directly proportional to the formation temperature at any given condition, i.e., 
increase in temperature leads to a corresponding increase in pressure and vice versa. Also, the equilibrium conditions 
of hydrate are affected by the type/amount of salts dissolved in water. For example, hydrate equilibrium data in 12 wt 
% sodium chloride solution are higher than those in 5 wt % sodium chloride solution. In addition, hydrate equilibrium 
data in 10 wt % potassium chloride solution are different from that in 10 wt % calcium chloride or magnesium chloride 
solution. This is because the chloride salts have different degrees of ionization and chemical activities in water.

Methane hydrate equilibrium data in pure water system are shown in Figure 1. The predictions from the correlation 
developed in this work are compared with different experimental data and data from hydrate prediction programs 
(Multiflash and CSMGem). The correlation developed in this work gives a better prediction and also fits very well 
with the experimental data reported in the literature. At high temperatures, i.e., ≥ 300 K and high pressures, i.e., ≥ 
200 MPa, the prediction errors of Multi flash and CSM Gem increase and their predicted results deviate from the 
available experimental data. This shows that the developed correlation is an excellent prediction tool for methane 
hydrate equilibrium data in pure water system at low, moderate and high-pressure systems. This is a simple but reliable 
alternative in situations/conditions where experimental data are not available or difficult to obtain (Figure 1).

The inhibitive power of sodium chloride salt on methane hydrate equilibrium data is shown in Figure 2. The results 
from the correlation developed in this work are compared with the methane hydrate experimental data reported in the 
literature: 5 wt% NaCl [4] and 12 & 23 wt% NaCl [6], and data from hydrate prediction programs: 5 & 12 wt% NaCl) 
[29] and 12 & 23 wt% NaCl [30]. It is clearly shown that the predictions from this work fit with the experimental data 
and are better than those from the hydrate prediction programs. These prediction errors from these programs increase 
with increase in salt concentration, temperature and pressure of the system. The prediction error from CSM Gem [29] 
is more than that from Multi flash [30]. Methane hydrate equilibrium data in aqueous solutions of potassium chloride 
are shown in Figure 3. The predicted data from the correlation developed in this work are compared with experimental 
data: 5 wt% & 10 wt% KCl [4], and data from hydrate prediction programs: 10 wt% & 20 wt% KCl [30] and 5 wt%, 
10 wt% & 20 wt% KCl [29]. There is a satisfactory agreement between the predictions from the correlation developed 
in this work and experimental data of methane hydrate equilibrium conditions in presence potassium chloride solution. 
The predicted results in this work are also more accurate than those from Multiflash [30] and CSMGem [29]. The 
prediction error of CSMGem increases with increase in the salt concentration and at salt concentration ≥ 20 wt%, 
CSM Gem gave the largest error when compared with Multi flash and the correlation developed in this work. Also, 

Figure 1: Methane hydrate equilibrium data in pure water system. Experimental data for CH4 hydrate equilibrium data: rectangle – red [22], 
star – yellow [27], heptagon – ash [26], pentagon – brown [28], rectangle – white [8], rhombus – black [17], circle – green [30] and triangle 
– blue [29]. This work (curve - black)
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for Multiflash, the prediction error increases more at salt concentrations ≥ 20 wt% but gave more accurate prediction 
than CSMGem. It can be inferred that the correlation developed in this work is also a good prediction tool for methane 
hydrate equilibrium data in aqueous solution of potassium chloride salts. Methane hydrate formation conditions in 
aqueous solution of calcium chloride are shown in Figure 4. The predictions in this work are compared with different 
experimental data: 5 wt% CaCl2 [4], 17.05 wt% CaCl2 [2] and 20 wt% CaCl2 [9], and data from hydrate prediction 
programs: 5 wt% & 17.05 wt% CaCl2 [29] and 17.05 wt% & 20 wt% CaCl2 [30] (Figures 2 and 3).

There was good agreement between the predictions in this work and experimental data in the literature. The predictions 
are better than those from the hydrate prediction program and also more accurate at higher salt concentrations and 
pressure. The prediction error from CSMGem is higher than that of Multiflash. Also, the predictions from these 
programs deviate from experimental data at high salt concentration and extremely high pressure. The equilibrium 
data of methane hydrate in aqueous solutions of magnesium chloride are plotted in Figure 5. The results from the 
correlation developed in this work are also compared with experimental data: 5 wt%, 10 wt% & 15 wt% MgCl2 [2] and 
20 wt% MgCl2 [9] and predicted data from hydrate prediction programs: 5 wt%, 10 wt%, 15 wt% & 20 wt% MgCl2 
[30]. CSM Gem cannot be used to predict hydrate formation conditions in the presence of magnesium chloride salts, 
therefore it was not considered in this analysis. The predicted data in this work are in excellent agreement with the 
experimental results and more accurate than the predictions from Multi flash at higher salt concentrations and pressure 
as high as 200 MPa. Prediction error from Multi flash increases with increase in salt concentration and pressure of the 
system. In general, the correlation developed in this work is a good prediction tool for methane hydrate equilibrium 
data in pure water and aqueous solutions of the chloride salts considered in this work. This is also reflected in the 
overall AADP (%) shown in Table 1. The overall AADP (%) for CSM Gem, Multi flash and the correlation developed 
in this work are 16.51 %, 7.44 % and 4.04%, respectively. The overall AADP (%) value of the predictions from the 
developed correlation is the lowest and the best among the three prediction tools Therefore, the developed correlation 
is a simple but accurate prediction tool for methane hydrate formation conditions in pure water and aqueous solutions of 
single sodium chloride, potassium chloride, calcium chloride and magnesium chloride salts (Figures 4 and 5) (Table 1).

The absolute average deviations of the hydrate equilibrium pressure (AADP). Percentage is calculated by using the 
formula in equation 14. In the equation, Np is the number of data points, Pcal (MPa) is the equilibrium pressure 
calculated using either CSM Gem, Multi flash or the developed correlation and Pexp (MPa) is the equilibrium pressure 
determined experimentally as reported in the literature.

( )
PN

cal exp

i 1P exp i

P P1AADP 100  
N P=

 −
% = × 

  
∑                                                    (14)

Figure 2: Methane hydrate equilibrium data in aqueous solutions of sodium chloride. Experimental data for CH4 hydrate equilibrium data: 
rectangle – brown [6] and rhombus – red [4]. Data from hydrate prediction programs: circle – green [30] and triangle - blue [29]. This work 
(curve - black)
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Figure 3: Methane hydrate equilibrium data in aqueous solutions of potassium chloride. Experimental data for CH4 hydrate equilibrium data: 
rectangle – red [4]. Data from hydrate prediction programs: circle – green [30] and triangle - blue [29]. This work (curve - black)

Figure 4: Methane hydrate equilibrium data in aqueous solutions of calcium chloride. Experimental data for CH4 hydrate equilibrium data: 
rectangle – red [4], rhombus – brown [2], pentagon – yellow [9]. Data from hydrate prediction programs: circle – green [30] and triangle - blue 
[29]. This work (curve - black)

Figure 5: Methane hydrate equilibrium data in aqueous solutions of magnesium chloride. Experimental data for CH4 hydrate equilibrium data: 
rectangle – red [2], rhombus – blue [9]. Data from hydrate prediction program: circle – green [30]. This work (curve - black)
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CONCLUSION

A reliable correlation has been developed and successfully used to predict methane hydrate equilibrium data in pure 
water and aqueous solution of single chloride salts. The overall absolute average deviations of methane hydrate 
equilibrium pressure, AADP (%) for CSM Gem, Multiflash and the correlation developed in this work are 16.51%, 
7.44% and 4.04%, respectively. The predicted data in this work are more accurate and closest to all experimental 
data reported in the literature than those from CSM Gem and Multi flash. Therefore, the generalized correlation is an 
excellent prediction tool for estimating methane hydrate formation conditions in pure water and aqueous solutions of 
single sodium, potassium, calcium and potassium chloride salts.
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