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Abstract 

A new robust flash algorithm was developed for equilibrium calculation in systems 

with clathrate hydrates. The algorithm is based on the minimization of the Gibbs free 

energy by solving the reformulated Richford-Rice equation. Special considerations 

have been taken for the algorithm to work with clathrate hydrates of different struc-

tures. In the current work, the cubic plus association equation of state (combined 

with the Peng-Robinson equation of state and a group contribution method to calcu-

late binary interaction parameters between non-associating components) is used to 

calculate fugacity in fluid phases while the van der Waals and Platteeuw approach is 

used to calculate the fugacity of water in the hydrate phase.  

The developed algorithm has been applied to complex multicomponent example sys-

tems for which experimental data are available as well as new experimental data on 

both hydrate dissociation points and composition of vapour phase in equilibrium with 

hydrates inside the hydrate phase boundary for a natural gas. The new algorithm is 

fast and offers a simple routine for initial guess calculation and is capable of showing 

complex behaviours in hydrate forming systems including stability of more than one 

hydrate structure at equilibrium conditions and pseudo-retrograde behaviour in hy-

drate formation. For the examples used in this work, a good agreement between the 

experimental measurements and predictions is observed, demonstrating the reliabil-

ity of the approach. 

Keywords 

Flash Calculation; Clathrate hydrates; Gibbs free energy minimization; CPA; Experi-

mental hydrate equilibria 
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1. Introduction 

Flow Assurance involves overcoming problems associated with solids that may form 

such as wax, asphaltene, hydrate and scale.  In the oil and gas Industry these prob-

lems can be encountered at any stage from production to processing, including injec-

tion for pressure maintenance, EOR or storage as well as recovery from storage.  

Hydrate is a key element that needs to be considered in process design, specifically 

because its formation can lead to flow restriction and, in worst case scenario, block-

age.  For hydrates to form the requirements are water, hydrate forming components 

and the correct P/T conditions. Employing methods to treat hydrate related problems 

such as anti-agglomerants or transporting within the hydrate stability zone, necessi-

tates knowledge of both the hydrate dissociation condition and the amount of hy-

drates that could potentially form. 

The methods devised so far for the equilibrium calculation with hydrate phases can 

be categorized into two groups. The first group are those based on the concept of 

Gibbs free energy minimization (the current work algorithm belongs to this group). 

One example of this type of methods is the work of Ballard and Sloan [1] (as imple-

mented in CSMGEM software [2])  which is an adaptation of the original work by 

Bishnoi et al. [3] which was later detailed in the work of Gupta et al. [4]. Very recently 

Segtovich et al. [5] have made new modifications to the original work of Gupta et al. 

[4] to make it faster and more robust. The second group are those not based on the 

concept of Gibbs free energy minimization. The works of Ma et al. [6,7] based on the 

two-step hydrate formation scheme of Chen and Guo [8] and the work of Tavasoli 

and Feyzi [9] are examples of the second group. These algorithms for the most part 

consist of consecutive VLE flash calculations and changing the amount of water 

converted to hydrate so that in equilibrium the isofugacity criterion (directly or in a 

reformulated way) is fulfilled. There are some major drawbacks, however, with the 

second group. Firstly, the equality of fugacities is just a necessary and not a suffi-

cient condition to be checked if the solution is corresponding to the global minimum 

of the Gibbs energy surface and not a local one (more information on this regard can 

be found in the work of Baker and Luks [10]). Secondly, these methods are unable to 

show more than one structure of hydrate (if present). In fact, in these methods the 

number of phases in equilibrium should be specified beforehand and only one hy-

drate structure can be specified and taken into account during calculations.  
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As mentioned, the first group, which are all based on the method of Gupta et al. [4], 

make use of the Gibbs free energy minimization concept. This method offers simul-

taneous stability analysis and flash calculations in multiphase systems. Many au-

thors have gone through the limitations of the Gupta et al. [4] method (examples are 

the works of Alsaifi and Englezos [11] and Eghbali and Okuno [12]). Very recently 

Eghbali and Okuno [12] have devised a new multiphase flash calculation scheme. In 

their method the Rachford-Rice equations are solved by the method of Okuno et al. 

[13] which is solving the Michelsen [14] formulation by constraining the feasible re-

gion. They also suggested the use of this method over the Gupta et al. [4] method. 

The drawbacks of the Gupta et al. [4] method are not addressed here as it is beyond 

the scope the current work. The focus is to prove, for the first time to our knowledge, 

the applicability and robustness of the Michelsen [14] algorithm, adapted for the flash 

calculation in presence of hydrate phases. 

The calculations in this work are performed using the Cubic Plus Association (CPA) 

EoS combined with the Peng-Robinson EoS to describe non-hydrate phase as this 

EoS has been proven to be superior to classical cubic EoSs in presence of polar 

components [15,16] . This is indeed very important as the associating type EoSs can 

take the quasi-chemical force due to hydrogen bonding in presence of water into 

consideration. The importance and formulation of CPA EoS used here will be dis-

cussed in the following sections. In the current work, detailed description of the spe-

cific initialization scheme, inner loop multiphase flash calculation and outer loop 

modification of compositions are first presented. In each part the special considera-

tions, made on the algorithm for the hydrate phase equilibria, are fully described. 

Then the thermodynamic models used to characterise different hydrate and non-

hydrate phases are described in detail. Finally the model was tested on some com-

plex systems representing interesting behaviour in hydrate formation as well as new 

experimental data inside the phase boundary with the aim of checking this model ac-

curacy are presented. 

2. Methodology 

2.1. General Multiphase Flash  

The equilibrium calculation routines, traditionally, involve two sequential iterative 

processes, namely, the inner and the outer loops. Providing the initial guess of the 
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composition for each phase, the non-ideality of each phase is calculated in terms of 

fugacity coefficients in the outer loop. The fugacity coefficients (often in the form of 

equilibrium ratio) are then fed into the inner loop where a multiphase solution algo-

rithm is devised to calculate the incipient phase fractions for constant equilibrium ra-

tios. After convergence is achieved in the inner loop, the calculated phase fractions 

are used in the outer loop to update phase compositions. The new composition will 

again be used to calculate new fugacity coefficients in the outer loop which are again 

fed into the inner loop.  

For the case of multiphase flash in complex systems where the number and nature 

of the incipient phases in equilibrium is not known a priori, the flash calculation is 

coupled with a stability analysis routine. This is schematically represented in Fig. 1.  

The stability analysis will check if the compositions in solution are the real stable so-

lutions i.e. they are corresponding to the global minimum of the Gibbs surface ener-

gy. If the solution is not a stable one, the stability analysis can provide initial guess 

compositions to start a new flash calculation. In the current work a stability analysis 

algorithm based on the concept of the Tangent Plane Distance (TPD) as introduced 

by Michelsen [17] was used for the multiphase flash calculations when no hydrate 

phases are present (called No-hydrate flash hereafter). In fact, coupled Gibbs free 

energy minimization approach and tangent plane distance stability analysis is an ex-

tensively utilized routine for determining the solution of multiphase flash problem as 

stated by Michelsen [18]. This is important as the results of No-hydrate flash are then 

used as a part of the initial guess of compositions for flash with incipient hydrate 

phases. Here the Michelsen’s TPD function stationary points are obtained by the ap-

plication of Broyden–Fletcher–Goldfarb–Shanno (BFGS) algorithm which is a very 

strong strategy for quasi-Newton approach with a superlinear convergence rate [19]. 

In the current work a combination of trial compositions calculated by Wilson correla-

tion [20] and those suggested by Li and Firoozabadi [21] are used. Also, as suggest-

ed by Li and Firoozabadi [21], after flash calculation solution is achieved, to check 

the stability of the result it is sufficient to check the stability of the phase with highest 

molecular weight. More details on the Stability analysis applied here can be found 

elsewhere [22].  
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As the solution obtained by the Michelsen [14] algorithm is corresponding to a stable 

phase equilibrium solution, one may not need to perform stability analysis separate-

ly. In this case, it should be assured that the initial number of phases is not less than 

the number of phases in real equilibrium. Therefore, in some works e.g. [4,5] the 

number of phases at the start of calculation are set at equal to number of compo-

nents (or even more). This is however only computationally feasible when a limited 

number of components are present. That is why in this new method for No-Hydrate 

flash a consecutive flash with Gibbs free energy minimization approach and stability 

analysis routine is performed and the number of phases are increased by 1 if the 

stability is not achieved with fewer phases which is schematically presented in Fig. 1.  

As shown in Fig. 1 when the solution of No-hydrate flash is achieved, the upper limit 

for the number of phases to be present for hydrate flash is set to be equal to the 

number of phases in the result of No-hydrate flash plus two. The two new phases are 

representatives of sI and sII hydrates and their composition will be initialized as out-

lined in the initialization section 2.2. The flash algorithm developed here can be easi-

ly extended for cases where sH phases are present as well. After initialization of 

compositions and phase fractions, the fugacity coefficients of each phase is calculat-

ed by the fugacity calculation routine which also specifies the type of each fluid 

phase as discussed in the outer loop section 2.4. It should be noted that in this work 

the fugacities are calculated in such a way that guarantees existence of both sI and 

sII hydrate phases in the first iteration of the outer loop (if both sI and sII formers are 

present).  

The major difficulties of equilibrium calculation with hydrate phases are twofold: 

• Firstly, the inner loop multiphase algorithm should be strong enough to avoid 

disappearance of the hydrate phases(s) at equilibrium unless the temperature and 

pressure conditions are corresponding to a point outside of the hydrate dissociation 

boundary. The inner loop algorithm should also be able to reactivate the hydrate 

phase(s) which has (have) disappeared in the previous iterations of the outer loop 

due to poor initial guesses, by checking stability constraints. Needless to say, the in-

ner loop algorithm should be fast and efficient due to concerns about computational 

cost. These complications are convincing enough to utilise the algorithm devised by 

Michelsen [14] to perform multiphase flash calculation in the current work. According 
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to some researchers, this method is believed to be the strongest re-formulation of 

the Rachford–Rice problem [23].  The Michelsen algorithm [14] is in fact a modified 

formulation of the Rachford–Rice equations, in terms of a convex function defined on 

a convex set of phase fractions, and will be presented in detail in section 2.3. 

• Secondly, applying the normal phase composition update based on conven-

tional Rachford-Rice or Michelsen formulations in the outer loop may force too much 

change in the composition of existing hydrate phases. This may wrongly change the 

nature of the phase mostly by reducing the mole fraction of water below the lower 

limit of water fraction required in the hydrate phase (around 85%) so that they cannot 

be treated as hydrate in the next iteration, hence the hydrate phase disappears. This 

problem is tackled by specifying a different routine for updating composition in hy-

drate phase as discussed in the outer loop section.  
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Fig. 1: Flow chart of the flash algorithm: (Right side) General multiphase No-hydrate flash as the ini-

tial step of hydrate flash. (Left side) Hydrate flash flowchart (T: temperature; P: pressure; ��: num-

ber of phases) 

Below, details of the flash calculation process in both inner and outer loops are pre-

sented with details on their specific modifications for hydrate phases. 

2.2. Initialization of the Phase Compositions and Fractions 

Initialization of phase compositions is a major step in each flash calculation as if poor 

initial compositions are specified the convergence is uncertain. The inner loop of the 
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flash calculation problem is solved at constant equilibrium ratios; therefore, there is 

no need to specify the compositions but equilibrium constants instead. These con-

stants can either be introduced directly by fugacity coefficients or by composition dis-

tribution variable which are the ratio of fugacity coefficient to that of a reference 

phase and termed K-values. Ballard at al. [1] were the first to introduce two different 

sets of initial K-values, namely, (1) Composition-Independent Ideal K-values and (2) 

Incipient Phase K-values. In the first approach, as the name says, the authors have 

provided correlation for K-values of hydrate phases where the inputs are pressure 

and temperature conditions. However, they have just provided this correlation for the 

major hydrate former guest components and not for all of them (e.g., for cyclopro-

pane). In addition, the initial guess of K-values by this method does not guarantee 

convergence as mentioned by the authors. That is why they have also provided the 

second approach which is Incipient Phase K-values and involves intricate routine of 

multiple two-phase flash and saturation pressure calculations in an iterative manner. 

As acknowledged by the authors this approach may not converge when solid phases 

are present in large proportions.  

In the current work, no equilibrium constant is calculated as the inner loop is solved 

for phase fractions at constant fugacity coefficients. Therefore, here only the initial 

number of phases and composition of each phase are required. As shown in the left 

flowchart of Fig. 1, in the current work, first an isothermal-isobaric classic (i.e. No-

hydrate) multiphase flash is performed. The number of phases for the start of the 

Hydrate flash is set to number of phases of the results of No-hydrate flash plus two 

where the last two phases are corresponding to sI and sII hydrate phases. Equal 

amounts can be set as the initial phase fractions for each phase.  

2.2.1. Initialization of the composition of the hydrate phases  

The initial compositions of non-hydrate phases are set equal to the compositions re-

sulting from No-Hydrate flash. The initial compositions of the sI and sII hydrates are 

calculated from: 

 ��(��) = ∑ ��(�)���(��)�����1 + ∑ ∑ ��(�)���(��)��������  (1) 
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Here, ��(��) is the fractional occupancy of hydrate former component � in the cavity 

type � of hydrate �� structure,  ��(�) is the number of cavities of type � at hydrate 

structure	�� and ���� and �� are number of cavity types in structure �� and number 

of �� hydrate formers guest components in the composition. The fractional occupan-

cies of hydrate formers in each structure are in turn calculated from: 

 ���(��) =  !��(�)"�(��)1 + ∑  !��(�)"�(��)���  (2) 

where,  !��(�) is the Langmuir type constant of guest component � in the cavity type 

� of hydrate �� and is calculated by guest-host interaction model of van der Waals 

and Platteeuw [24]. Also, "�(��) is the fugacity of guest component � in the hydrate 

structure	��. For the initial composition of hydrate phases "�(��) is set equal to equi-

librium fugacities of the No-hydrate flash results, based on which the fractional occu-

pancies are calculated by Eq. 2 which are then used to calculate hydrate composi-

tions by Eq. 1. Our experience revealed that using these fugacities provide very reli-

able initial guess of compositions in the hydrate phase. 

2.3. Flash Calculation Inner Loop 

The Inner loop multiphase flash calculation in the current work (for both Hydrate and 

No-hydrate flashes) is performed by applying the approach devised by Michelsen 

[14]. This method was proven to be robust and efficient and can also be extended to 

negative flash [23]. Here, for the first time, this method was applied for flash calcula-

tion with hydrate phases. As this work focuses on regions constrained to non-

negative phase amounts, the method in its original form is exploited as detailed be-

low.  

Similar to the derivation presented in the work of Yan and Stenby [25], for a given 

feed composition # with �� components and �� phases at equilibrium condition, the 

mass balance constraint requires that: 

 $ ���%��&
�'( = #� � = 1,… , �� (3) 
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Here ��� is the composition of component � in the phase	+. Besides, the isofugacity 

criteria for each component in multicomponent multiphase system in equilibrium re-

quires that:  

 ��(	,�(- = ��.	,�.- = ��/	,�/-⋯ = ��1	,��&- = "� � = 1, 2, 3, … , � (4) 

Where 	,�� is the fugacity coefficient of component � in the phase	+  and "� 	is the fu-

gacity of component � in the equilibrium condition. Combining Eq. 3 and Eq. 4 gives: 

 $ 4 "�-	,��5%�
�&
�'( = #� � = 1, 2, 3, … , �� (5) 

Now by defining function 6 as: 

 6� =$ %�	,��
�&
�'(  � = 1, 2, 3, … , �� (6) 

Eq. 5 would can be re-arranged as follows: 

 8"�-9 = #�∑ 8 %�	,��9�&�'(
= #�6� � = 1, 2, 3, … , �� (7) 

Then, the mole fractions of component � in phase + at the equilibrium is: 

 ��� = #�	,��6� � = 1, 2, 3, … , �� + = � = 1, 2, 3, … , �� (8) 

Writing the overall Gibbs energy of a multiphase system at equilibrium: 

 :;� = 1;�$ %�$ ���<���
�

�&
� = 1;�$ <�$ ���%��&

�
��
� = 1;�$ <�#���

�  (9) 

Where the chemical potential of component � at equilibrium is: 

 <� = <�= + ;�!�"� (10) 

Then the overall Gibbs for the whole system at equilibrium can be written as: 

 :;� = 1;�$ <�#� =��
�

1;�$ <�=#� +��
� $ #�!�"�	��

�  (11) 

By substituting Eq. 7 into Eq. 11 one can find: 

 :;� =$ <�=#� ><�=;� + !�(#�-)? −$ 	��
� #�!�	(6�)��

�  (12) 

Where the first term of right hand side representing the ideal mixing contribution 

which is constant for a given composition at isothermal-isobaric flash. Therefore Min-
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imizing Gibbs free energy is equivalent to minimizing the second term in the right 

hand side for phase fractions.  

Finally, by avoiding to treat phase fractions as dependent variables Michelsen [14] 

devised a re-formulation of phase equilibrium calculation in terms of a minimization 

problem where the objective function A is defined as: 

 A =$ %��&
�'( −$ #�	!�(6�)��

�'(  (13) 

Subject to non-negativity of phase fractions % at global minimum (%� ≥ 0).The mini-

mization of A is equivalent to solving: 

 DAD%� = 1 −$ 4 #�6�	,��5 = 0�
�'(  + = 1, 2, 3, … , �� (14) 

Then, as mentioned, at the solution, ��� = #�/6�,�� 	is used to calculated the value of 

mole fractions (this new composition are in fact calculated in the outer loop).An in-

teresting feature of the objective function A is that its Hessian is at least positive 

semi definite. The Hessian of A is: 

 F�� =$ #�6�.,��,��
�
�  (15) 

Michelsen [14] then states that (with scarce exceptions) the Hessian matrix is posi-

tive definite when number of phases are less than or equal to the number of compo-

nent in which case A would become strictly positive definite hence have a unique 

minimum [26]. This will also guarantee a descent step which makes Newton method 

– coupled with a proper line search algorithm – an excellent candidate to solve Eq. 

14.  Details of a proper line search algorithm can be found elsewhere [27,28].  Fur-

thermore, in contrary to the Gupta et al. [4] method no derivatives are required to 

construct the Hessian matrix (the Jacobian in Gupta et al. [4] method) which in-

creases the simplicity of this formulation. Based on the Michelsen method the pres-

ence or absence of a phase in equilibrium is specified by: 

 DAD%� G= 0						> 0						 IℎKLM	+	�L	INMLM�O	(θQ > 0)IℎKLM	+	�L	�RO	INMLM�O	(θQ = 0) (16) 

In fact at the solution, ∂Q ∂θQ⁄ > 0 for an absent phase	+ is equivalent to ∑ ���� < 1 

which does not meet the stability criterion [17] hence the phase + would become ab-

sent. Therefore, the method checks the presence of phases by evaluating a term 
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equivalent to stability constraint. If the constraint is not met the absent phase + would 

be reactivated in the next iteration of the outer loop. It should be pointed out that by 

imposing the constraint on the unity summation of phase fraction, one can also re-

duce the number of equations to	�� − 1. This in turn increases the complexity of the 

algorithm as care should be taken while the dependant phase is disappeared (see 

[14,25] for more details). This is an important issue with the models based on the 

Gupta et al. [4] formulation where considerations should be taken when the refer-

ence phase is disappeared. However, as shown, here no reference phase is re-

quired. As an important note, for the components which are not present in hydrate 

phases (non-hydrate formers) a very large (say 10100) is assigned for their fugacity 

coefficient in the hydrate phase, so that they do not contribute to the value of 6� of 

that component. An in depth description of the Michelsen algorithm can be found 

elsewhere [29].  

2.4. Flash Calculation Outer Loop 

As discussed earlier and shown schematically in Fig. 1 the outer loop of the flash in-

volves calculating the fugacity coefficient of each phase and feeding the inner loop. 

When the fugacities are calculated the objective error,	MN", is calculated as the 

summation of relative error in fugacities with respect to an arbitrary active phase (N) 

by: 

 MN" = 1����WX�Y $ $ Z"�� − "�[Z"�[
��
�

�&��WX�Y
�  (17) 

If the calculated error is less than the tolerance (here 10-12) the flash calculation is 

stopped. Otherwise, the next inner loop multiphase flash is performed and composi-

tions are updated (see Fig. 1). In order to do a multiphase flash in systems with 

phases of different nature where the same thermodynamic models (equation of 

state/activity coefficient model) are used to describe the non idealities of the phases 

here (CPA for Vapour, Liquid and Aqueous phases) there should be a comparative 

procedure which identifies the nature of a given phase composition in the way that 

guarantees the minimization of overall Gibbs energy of the system. Similar to the 

overall Gibbs free energy of a system, the Gibbs free energy of a single phase + can 

be written as: 
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 :�;� =$ ��� <��=;���
� +$ ���!�"����

�  (18) 

The first term of the right hand side of Eq. 18 is representing the ideal mixing contri-

bution which is constant for a given composition at isothermal-isobaric flash. There-

fore, in the current work, the type of the given fluid phase is identical to the type as-

signed by the thermodynamic model for which the second term of the right hand side 

equation is minimized and this routine enables reverting the wrongly assigned fluid 

phase types in the initialization to the correct phase type. 

After convergence in the inner loop, the compositions should be updated in the outer 

loop for the next iteration. For the non-hydrate phases, based on the Michelsen’s 

[14] formulation, the new compositions at the inner loop solution are calculated from 

Eq. 8 which, however, cannot be applied on hydrate phases as they imposes too 

much change on the composition of the hydrate which results in either the water 

mole fraction to be less than the lower limit required for hydrate phases, or the water 

fraction becomes too high that the phase can no longer be treated as hydrate. This is 

in fact due to the highly non-ideal behaviour of the hydrate phases as pointed out by 

Ballard and Sloan [1]. For the hydrate phase, Eq. 1 and Eq. 2 together are again 

used to update the compositions. However, as mentioned, Eq. 2 requires the values 

of the fugacities of guest components in the hydrate to be available which are also 

dependent on the new composition. As mentioned earlier, a way to solve this prob-

lem is to use the fugacity of guest components in any updated and active (θQ > 0) 

composition of a non-hydrate phase. This is a valid workaround as in the equilibrium 

the fugacity of each component in all phases should be equal. The remaining is to 

calculate the fugacity of water in the hydrate phase which is described in details in 

the “Hydrate phase non-ideality” section. In contrast to the work of Ballard and 

Sloan[1] and based on our experience with current methodology, there is no need for 

a scaling procedure to prevent jump in compositions in the phase amounts during 

iterations. To sum up, the evaluation of new compositions and the fugacities includes 

the following steps: 

1. After solution is achieved in the inner loop, the composition of the fluid (non-

hydrate) phases are updated by Eq. 8. 
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2. The fugacities of the non-hydrate phases are evaluated using the CPA-PR 

model and the nature of the phases are assigned by the approach detailed at 

the beginning of this section. 

3. The fugacity of guest components in the hydrate phase are set equal to the 

new fugacity of guest components in one of the fluid phases which is active 

(θQ > 0). 

4. The fugacities in step 3 are used to: 

a. Calculated the composition of the hydrate phase using Eq. 1 and Eq. 2. 

b. Calculate the fugacity of water in the hydrate phase using the van der 

Waals and Platteeuw [24] algorithm detailed in the next section (Eq. 25 

to Eq. 27). 

5. Using the composition and fugacities calculated in step 4, the formula 	,�(�\]) = "�(�\])/(��(�\])-) is used to calculate the fugacity coefficients of 

components in the hydrate phase. 

6. The new compositions are now used in the next iteration of the inner loop.  

As a final note to the current flash calculation algorithm, based on the evaluation of 

the approach, the initial number of phases equal to “number of phase in equilibrium 

in No-Hydrate flash plus two for sI and sII hydrates” is high enough to perform the 

Hydrate flash calculation. However, if in the final solution the number of phases pre-

sent is less than the number of potentially existing phases in reality, it may be nec-

essary to redo the stability analysis of the solution. 

2.5. Thermodynamic Models for Non-idealities 

2.5.1. Vapour, Liquid and Aqueous Phases 

The non-idealities of the non-hydrate phases (Vapour, Liquid and Aqueous Phases) 

are described with the Cubic Plus Association EoS (CPA) as originally presented by 

Kontogeorgis et al. [30].  It is of crucial importance to utilize an associating type EoS 

in systems where water is present as the traditional cubic EoSs do not include the 

contribution in non-ideality due to associative hydrogen bonds. This contribution is of 

specific importance in modelling hydrate systems due to significant effect of water 

self and cross associations on the systems thermodynamic properties. In the current 

work, the non-associative part of the CPA EoS is described using the Peng and Rob-

inson (PR) equation of state [31]. The PR, or broadly speaking the cubic part, takes 
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contributions of the physical interactions (generally known as van der Waals forces) 

into account. The contributions due to chemical/quasi chemical (strong hydrogen 

bonds) are calculated by Wertheim’s perturbation theory elaborated elsewhere [32]. 

The final form of CPA-PR EoS in its simplified formulation (sCPA) in terms of pres-

sure is: 

 

 - = -��\^ + -�^^_� = ;�` − a�bc − K�(�)`(` + a�bc) + a�bc(` − a�bc)deeeeeeeeeeefeeeeeeeeeeeg−
PR (non-associating part)

 

12;�̀ 41 + h D!�(i)Dh 5$ ��$ (1− jkX)kX
l
�deeeeeeeeeeeeefeeeeeeeeeeeeeg

associating part

	 (19) 

Here K� and 	a� are attractive and co-volume parameters of the component � respec-

tively, ; is the universal gas constant, ` is the molar volume and i is the radial dis-

tribution function which in the simplified form is defined as [33]: 

 i^�m� = 11 − 0.475	ah (20) 

In the associating part, h is density and jkX is fraction of the component � molecules 

at site	r (which can be either hydrogen-bond donor sites or hydrogen-bond acceptor 

sites) which are not bonded to the active sites s	on molecules + and is a function of 

density of the fluid as well as fractions jt of all other kind of association sites s and 

the association strength	δvwxw: 
 jkX = 11 + h∑ �� ∑ jtXykXtXtX�  (21) 

Where	ykXtX is given by: 

 ykXtX = i zM{I 4|kXt};� 5 − 1~ �kXtXa�� (22) 

Where | is the association energy and � is volume parameter of CPA when square-

well model is describing the sites. These two parameters can be adjusted by fitting to 

experimental data.  

The pure components attractive and co-volume parameters (K� and	a� 	respectively) 

for non-polar components are calculated by the formulation of Peng and Robinson 
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[31] for which the critical properties are those reported in [34]. For polar components 

(in our work only water), the values of �� and K�� parameters used in calculation of K� 
of PR equation of state (K�(�) = K���1 + ���1 − ��[,���.) and the value of a� as well 

as association energy and volume parameter (|� and	�� 	respectively) are those re-

ported by Hajiw et al. [35,36] which are presented in Table 1. These values were ad-

justed by fitting on vapour pressure and saturation liquid density data. 

Table 1: CPA-PR parameters for polar compounds [35] 

Compound ��� (MPa.L²/mole²) � (L/mole) � � (MPa.L/mole) � (× 10
3
) 

Water 0.2174 0.015 0.639 14.639 68.31 

 

A detailed description of the model and parameters for water and other association 

compounds can be found in the work of Hajiw et al. [35,36]. The binary interaction 

parameters are calculated by a group contribution methods introduced in details in 

the next section. 

2.5.2. Binary Interaction Parameters 

The binary interaction parameters between non associating components are calcu-

lated by the method developed by Jaubert et al. [37]. This method enables calcula-

tion of ��� as a function of temperature by knowing the functional groups of the com-

ponents. In this works the values for the functional groups mentioned in Table 2 as 

reported in one of their latest works (Qian et al. [38]) are used to estimate binary in-

teraction parameters.  

Table 2: Groups defined in the PPR78 EoS 

Family Group 

Alkanes CH3, CH2, CH, CH4, C2H6 

Aromatics CHaro, Caro, Cfused aromatic rings 

Napthenics CH2,cyclic, CHcyclic or Ccyclic 

Alkenes C2H4, CH2,alk or CHalk, Calk, CHcyclic,alk or Ccyclic,alk 

Inert gases CO2, N2, H2S, SH, H2 

Using Jaubert et al. [37] model  ��� are given by: 

 ���(�) = �−12 × �bbc�� − >���(�)a� 	–���(�)a� ?.� 42���(�)��(�)a�a� 5�  (23) 
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Where: 

 �bbc�� =$ $ ���� − �������� − ����r�� 8298.15� 9�t��k���(�l�
�'(

l�
�'(  (24) 

Here  ��� is the ratio of number of group � in molecule � to total number of groups in 

molecule �, �i is the number functional groups and r�� and s��are group interaction 

parameters specific to each functional group as reported in Qian et al. [38]. 

2.5.3. Hydrate Phase Non-ideality 

For the calculation of fugacity in the hydrate phase the modification of the solid solu-

tion of van der Waals and Platteeuw [24] by Parrish and Prausnitz  [39] is used to 

calculate the fugacity of the water in the hydrate phase. According to Anderson and 

Prausnitz [40] the fugacity of water in the hydrate phase can be calculated by: 

 " ¡ = " ¢M{I >−∆< ¢�¡;� ? (25) 

Where " ¡ and " ¢ are the fugacities of water in the hydrate and hypothetical empty 

hydrate lattices respectively. ∆< ¢�¡	 is the difference between the chemical potential 

of  hydrate and the hypothetical empty lattices which is given by [24]: 

 ∆< ¢�¡ = ;�$ ��(�)!� 41 +$  !��(�)"�(��)��
� 5����

�  (26) 

Where "�(��) is the fugacity of the hydrate former	+. The Langmuir constants 

 !��(�)are a measure of the interaction potential between the guest molecule inside 

the cage and the surrounding water molecules and can be expressed by [24]: 

  m�(�) = 4¤��¥ M{I 4−¦(N)�t� 5N.§N
∞

=  (27) 

Where �t is the Boltzmann constant and ¦(N) is the spherically symmetric cell po-

tential in the cavity (with N the radial distance from the cavity centre) and depends on 

the intermolecular potential function defined between a host molecule and a guest 

molecule. In the present work, the Kihara model [41] as described by McKoy and 

Sinanoglu [42] has been used to calculate the interaction potential functions. All the 

extra formulations required along with the parameters used for calculating " ¢ and ¦(N) are provided in the Supplementary Materials document, associated with this 
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paper, though an in depth description of the model used for hydrate phase equilibria 

can be found elsewhere [16,43]. 

As can be seen in Eq. 26 in the equilibrium calculations, the fugacity of guest com-

ponents in the hydrate phase are also required to calculate the water fugacity in the 

hydrate phase. Instead of using the method of Cole and Goodwin [44] which was lat-

er modified by Michelsen [45], as mentioned earlier in section 2.4 here the fugacities 

of the guest component in the hydrate are set equal to the fugacity of the same com-

ponent in any of the non-hydrate phases after updating their composition. The main 

reason of not using the Cole and Goodwin [44] approach is due to convergence 

problems in their method when more than a few components are present [6].  

3. Experimental Measurements 

In this section the experimental setup and procedure used to measure hydrate dis-

sociation points (as well as the composition of the vapour phase in equilibrium with 

hydrate at P/T conditions inside the hydrate phase boundary (for example 4) are 

presented.  

3.1. Materials 

The natural gas used in this work was purchased from BOC and its composition is 

given in Table 3. Deionised water was used in the test.  

Table 3a. Suppliers and specification of the materials used in this study. 

Chemical Name Supplier Mass fraction purity Purification Method 

Gas Mixture BOC - none 

Water - - deionized 

 

Table 3b:  Composition of the gas mixture 

Component Mole% (U(x) <2%) 

C1 87.440 

C2 6.000 

C3 2.043 

iC4 0.1995 

nC4 0.2998 

N2 1.502 

CO2 2.013 

3.2. Experimental Equipment 
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The experimental set-up was originally designed and built for the purpose of measur-

ing inhibitor distribution in multi-component, multi-phase systems. The set-up is 

comprised of a titanium cell with two windows and surrounded by an integral water 

jacket (Fig. 2). The cell volume is about 180.1 (±2) ml and it can be operated up to 

20 MPa between 243 and 373.15 K.  The temperature of the cell is controlled by cir-

culating coolant from a cryostat within the jacket surrounding the cell.  The cryostat is 

capable of maintaining the cell temperature to within 0.05 °C. A platinum resistance 

probe monitors the temperature and is connected directly to a computer for direct 

data acquisition. The pressure is measured by means of a QUARTZDYNE pressure 

transducer (model QS30K-B, Quartzdyne Inc., U.S.A.) mounted directly on the cell 

and connected to the same data acquisition unit.  This system allows real time read-

ings and storage of temperatures and pressures throughout the different isothermal 

runs.  To achieve a fast thermodynamic equilibrium and to provide a good mixing of 

the fluids, a high pressure magnetic stirrer ((Top Industrie SA, France, model 

6180300B) was used to agitate the test fluids at around 1,000 RPM with a Rushton 

type impeller.  

 
Fig. 2: Schematic of equilibrium cell 
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The cell is fitted with a moveable capillary sampler (ROLSITM). A schematic of the 

set-up is shown in Fig. 3. The sampling is carried out using the capillary sampler, 

which is connected to the top of the cell through 0.1 mm internal diameter capillary 

tube.  Combining the visual capabilities with the moveable capillary sampler allows 

for small, microlitre samples of any chosen fluid phase to be taken and passed to a 

GC for analysis as shown in the schematic flow diagram for the set-up in Fig. 3.  The 

withdrawn samples are swept into a Varian 3800 gas chromatograph for analysis 

through heated lines (T=453.15 K). The capillary inlet of the sampler can be dis-

placed directly into the vapour phase and the outlet of the capillary is closed by a 

movable micro-stem operated by a magnet.  When the magnet is energised it opens 

the outlet of the capillary, then the sample can flow inside the expansion room which 

is flushed with the carrier gas.  The carrier gas sweeps the sample to the GC column 

for analysis.  The sampler allows direct sampling at the working pressure without dis-

turbing the cell equilibrium due to the relatively small size of the sample compared to 

the internal volume of the cell.  The mass of samples can be adjusted continuously 

from 0.01 to several mg using an electronic timer.  The expansion room of the sam-

pler is heated independently from the equilibrium cell to allow the samples to remain 

in vapour state and/or vaporize a liquid sample.  The GC is equipped with a Flame 

Ionisation Detector (FID) and a Thermal Conductivity Detector.  The TCD was used 

to detect nitrogen and carbon dioxide. The FID was used to measure the concentra-

tions of hydrocarbons (methane to n-butane). 

Prior to the tests the equilibrium cell was cleaned and vacuumed.  A known amount 

of water (about 50 g.) was loaded into the cell and then the hydrocarbon mixture was 

injected into the cell to achieve the desired starting pressure from a piston cylinder 

that was weighted before and after introduction of the gas.  Once the cell had been 

charged with the desired components the mixing was started and the temperature 

lowered to form hydrates, their presence being confirmed by monitoring the pressure 

drop. The hydrate formation caused a rapid decline in the cell pressure as gas mole-

cules were consumed during the process. Dissociation point measurements were 

conducted using the classical isochoric step-heating method.  The temperature is 

increased stepwise, slowly enough to allow equilibrium to be achieved at each tem-

perature step. At each temperature, when the system has reached equilibrium, com-

position of the vapour phase was analysed by taking samples using the moveable 
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capillary sampler. At temperatures below the point of complete dissociation, gas is 

released from decomposing hydrates, giving a marked rise in the cell pressure with 

each temperature step.  However, once the cell temperature has passed the final 

hydrate dissociation point, and all clathrates have disappeared from the system, a 

further rise in the temperature will result only in a relatively small pressure rise due to 

thermal expansion.  This process results in two traces with very different slopes on a 

pressure versus temperature plot; one before and one after the dissociation point.  

The point where these two traces intersect (i.e., an abrupt change in the slope of the 

P/T plot) is taken as the dissociation point. 

Prior to any analysis, 10 samples are withdrawn to flush the capillary sampler to 

guarantee that samples withdrawn are representative of the system under-

investigation. For each equilibrium condition, 3-5 samples of the gas phase to be 

measured are withdrawn using the sampler and analysed in order to check for 

measurement repeatability.  Because the volume of the withdrawn samples is very 

small compared to the volume of the equilibrium cell, it is possible to withdraw many 

samples without any measurable disruption of the phase equilibria. More fluid can be 

introduced after each set of measurement to achieve the next desired pressure con-

ditions. 

 
Fig. 3: Flow diagram of apparatus for on-line compositional analysis (GC: Gas Chromatograph, CS: 

Capillary sampler). 

The Flame Ionisation Detector (FID) was used to detect the hydrocarbons (methane, 

ethane, propane, i-butane, n-butane). For calibration, pure gases are simply injected 

in the chromatograph via the injector with gas syringes of given volumes: 500-µl sy-

CS

GC Carrier Gas: Helium

GC

CS

GC Carrier Gas: Helium

GC
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ringe for methane calibration and a 100-µl syringe for ethane. For heavier hydrocar-

bons (propane to butanes), the multicomponent mixture was used for calibration. 

Calibration curves for the different hydrocarbons are obtained, that is a relationship 

between the response of the detector and the injected quantity. 

Comparison between injected quantities and calculated quantities (after adjustment 

of the parameters of polynomial expressions) allows estimation of the calibration un-

certainty, which is in a range of +/- 0.8% for methane (second order polynomial ad-

justment), of +/- 1.2% for ethane (first order polynomial adjustment) and of +/- 2 % 

for propane to butanes (first order polynomial adjustment). 

The Thermal Conductivity Detector (TCD) was used to detect N2 and CO2. For cali-

bration, the same procedure is used. The gases are simply injected in the chromato-

graph via the injector with gas syringes of given volumes: 100-µl syringe for CO2 and 

Nitrogen calibration.  Comparison between injected quantities and calculated quanti-

ties allows estimation of the calibration uncertainty, which is in a range of +/- 1 % for 

CO2 (second order polynomial adjustment), of +/- 0.8% for Nitrogen (first order poly-

nomial adjustment). 

4. Results and Discussion  

The proposed algorithm has been successfully applied to available experimental 

measurements including the works of Tohidi et al. [46], where the hydrate formation 

data in North sea gas condensate samples are provided, Tohidi et al. [47], in which 

hydrate formation in presence of inert gas Xenon as a hydrate former is investigated, 

Cole and Goodwin [44], where hydrate formation ability of cyclopropane is experi-

mentally measured, Ma et al. [6], where Hydrogen is considered to be a hydrate for-

mer, and Belandria et al.[48,49] (though for very few cases and with the equilibrium 

condition near the dissociation line). It has also been tested by comparing the results 

for systems where other modelling work has been presented, Ballard et al. [50,51], 

Avlonitis [52] and Bishnoi et al. [3]. An exact match with previous works cannot be 

achieved because in contrast to the previous modelling works the CPA equation of 

state is used for non-idealities of non-hydrate phase, while, as an example, Avlonitis 

[52] used the Valderrama-Patel-Teja EoS with non-density dependent mixing rule. 

No issues with convergence were observed in the variety of systems tested. Here, 

we present the application of the devised method for four examples. Firstly we start 
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with rather simple systems in example one for which experimental data are available. 

Then in the next two examples, we focus on systems representing complex behav-

iours in hydrate forming systems. For these two examples the experimentally meas-

ured hydrate dissociation points are presented. Finally, the results obtained by the 

current approach are compared to the results of hydrate formation experiment in a 

natural gas system for which the vapour phase compositions at some specific points 

inside hydrate boundary as well as dissociation point’s data were experimentally ob-

tained. 

For the examples presented here, the number of iteration to achieve convergence 

are also provided in corresponding tables. The speed of the devised algorithm can 

be concluded by noticing that small number of iterations are required to achieve con-

vergence. As shown, for all the cases, the current algorithm converges to the very 

small tolerance of 10-12 (as defined in Eq. 17) in an average of 6 to 7 iterations from 

which it is readily concluded that the algorithm is fast enough.  Obviously, if the tol-

erance is increased the convergence would be achieved in even fewer number of 

iterations.  

Example 1 

In the first example the hydrate formation in Carbon Dioxide-Nitrogen-Water ternary 

systems for which the experimental data are reported in the work of Belandria et al. 

[48] is investigated. The results obtained for these systems are reported in Table 4. 

For all the points, L¨ hydrates are formed. The current algorithm converged for all the 

points and, compared to CSMGEM reported in Belandria et al. [48], as shown in Ta-

ble 4. The results of the current work are in slightly better agreement with the exper-

imental data which could be attributed to the use CPA equation of state with temper-

ature dependent ���  instead of the SRK EoS as it is the case for CSMGEM. As pre-

sented in Table 5 convergences are not achieved for some points when using the 

CSMGEM software as reported by Belandria et al. [48] . Points 7, 16 and 25 in Table 

4 and 5 are well within the hydrate stability zone of the considered systems and all 

the water is predicted to be fully converted to hydrates.  
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Table 4: Experimental [48] and predicted Phase equilibrium data for the ternary CO2-N2.(y: composi-

tion in the vapour phase; h: composition in the hydrate phase; It: number of iterations) 

Feed Composition Experimental Data Calculated Results 

Point T (K) P 
(MPa) CO2 N2 Water yCO2 

hCO2 (wa-
ter free) yCO2 yN2 yH2O hCO2 hN2 hH2O It*** 

1 273.6 2.032 0.1145 0.0382 0.8473 0.6170 0.9700 0.6099 0.3897 0.0004 0.1280 0.0088 0.8632 6 
2 273.6 8.149 0.0835 0.2507 0.6658 0.1710 0.6570 0.1200 0.8799 0.0001 0.0777 0.0630 0.8593 7 
3 273.6 11.943 0.0262 0.0785 0.8953 0.1790 0.3730 0.0603 0.9396 0.0001 0.0504 0.0915 0.8581 6 
4 273.6 2.962 0.0263 0.0088 0.9649 0.4290 0.8970 0.4090 0.5907 0.0003 0.1193 0.0184 0.8623 5 
5 273.6 3.761 0.0954 0.1014 0.8032 0.3200 N.R. 0.3146 0.6852 0.0002 0.1123 0.0261 0.8616 5 
6 274.6 2.543 0.0822 0.0290 0.8888 0.7280 0.7390 0.5443 0.4554 0.0003 0.1258 0.0117 0.8625 6 
7 274.9 5.204 0.1656 0.0558 0.7787 0.7170 0.7880 0.5463 0.4535 0.0002 0.1265 0.0149 0.8586 11 
8 275.2 2.29 0.1145 0.0382 0.8473 0.6560 0.8970 0.6514 0.3482 0.0004 0.1296 0.0079 0.8626 6 
9 275.2 2.643 0.0822 0.0290 0.8888 0.7290 0.8880 0.5805 0.4192 0.0003 0.1272 0.0105 0.8623 6 
10 275.2 3.256 0.0263 0.0088 0.9649 0.4490 0.8790 0.4528 0.5469 0.0003 0.1216 0.0167 0.8617 6 
11 275.2 4.045 0.0954 0.1014 0.8032 0.3570 N.R. 0.3597 0.6401 0.0002 0.1155 0.0234 0.8612 6 
12 275.2 7.45 0.0277 0.0295 0.9428 0.1740 0.8170 0.1790 0.8208 0.0002 0.0915 0.0491 0.8594 6 
13 275.2 8.246 0.0835 0.2507 0.6658 0.1760 0.7990 0.1572 0.8426 0.0001 0.0863 0.0546 0.8591 5 
14 275.2 12.745 0.0262 0.0785 0.8953 0.1600 0.3820 0.0799 0.9199 0.0001 0.0581 0.0841 0.8578 6 
15 275.6 2.714 0.0822 0.0290 0.8888 0.7300 0.7640 0.5745 0.4252 0.0003 0.1271 0.0109 0.8621 6 
16 275.8 5.381 0.1656 0.0558 0.7787 0.7190 0.8020 0.5482 0.4516 0.0002 0.1263 0.0151 0.8587 11 
17 276.1 2.5 0.1145 0.0382 0.8473 0.6820 0.9840 0.6629 0.3367 0.0004 0.1301 0.0078 0.8622 6 
18 276.1 2.865 0.0822 0.0290 0.8888 0.7310 0.7900 0.5777 0.4220 0.0003 0.1272 0.0109 0.8619 6 
19 276.1 3.703 0.0263 0.0088 0.9649 0.4880 0.7030 0.4441 0.5557 0.0003 0.1209 0.0178 0.8613 6 
20 276.1 4.401 0.0954 0.1014 0.8032 0.3960 0.6880 0.3707 0.6290 0.0002 0.1159 0.0233 0.8608 6 
21 276.1 8.58 0.0835 0.2506 0.6658 0.1960 0.5740 0.1745 0.8254 0.0002 0.0891 0.0520 0.8589 6 
22 276.7 3.703 0.0263 0.0088 0.9649 0.4880 0.7030 0.4795 0.5202 0.0003 0.1228 0.0161 0.8612 6 
23 277.1 2.706 0.1145 0.0382 0.8473 0.7050 0.8380 0.6897 0.3099 0.0004 0.1310 0.0072 0.8618 6 
24 277.3 3.13 0.0822 0.0290 0.8888 0.7320 0.8300 0.6117 0.3879 0.0003 0.1285 0.0101 0.8614 6 
25 277.8 6.159 0.1656 0.0558 0.7787 0.7470 0.8640 0.5547 0.4450 0.0002 0.1257 0.0158 0.8585 11 
26 278.1 2.974 0.1145 0.0382 0.8473 0.7290 0.8900 0.7083 0.2914 0.0004 0.1317 0.0069 0.8614 6 
27 278.1 3.411 0.0822 0.0290 0.8888 0.7340 0.7520 0.6200 0.3797 0.0003 0.1288 0.0101 0.8611 6 
28 278.1 4.194 0.0263 0.0088 0.9649 0.5210 0.6550 0.5063 0.4934 0.0003 0.1238 0.0155 0.8606 6 
29 278.1 9.146 0.0835 0.2506 0.6658 0.2290 0.5410 0.2263 0.7735 0.0002 0.0964 0.0450 0.8586 6 
30 278.1 14.26 0.0262 0.0785 0.8953 0.1270 0.5130 0.1286 0.8712 0.0001 0.0716 0.0710 0.8574 6 
31 279.7 4.817 0.0263 0.0088 0.9649 0.5570 0.6980 0.5456 0.4541 0.0003 0.1253 0.0146 0.8601 6 
32 279.7 10.021 0.0277 0.0295 0.9428 0.2630 0.6070 0.2676 0.7322 0.0002 0.1003 0.0415 0.8583 7 
33 279.7 15.816 0.0262 0.0785 0.8953 0.1480 0.5510 0.1563 0.8435 0.0002 0.0761 0.0669 0.8571 7 
34 281.2 17.628 0.0262 0.0785 0.8953 0.1760 0.5840 0.1870 0.8129 0.0002 0.0798 0.0635 0.8567 6 
35 281.7 6.329 0.1656 0.0558 0.7787 0.7460 0.8060 0.5599 0.4398 0.0003 0.1249 0.0159 0.8592 9 

*  Experimental data of Belandria et al. [48] 
** Not reported 
*** The error tolerance was 10-12 
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Table 5: Results of this flash calculation and CSMGEM (as reported in [48])  in CO2-N2-Water sys-

tems compared to experimental data of Belandria et al. [48]; V: Vapour phase; 

Aq: Liquid aqueous phase; HI: Structure I hydrate phase. 

 

Calculated Phase fractions Hydrate Structure This model relative er-
ror CSMGEM relative error 

Poi
nt V Aq HI 

This 
work CSMGEM yCO2 

hCO2  
(water free) yCO2 

hCO2  
(water free) 

1 0.0877 0.4601 0.4523 sI sI 1.15 3.54 0.20 3.30 
2 0.2340 0.0551 0.7110 sI sI 29.85 15.92 36.40 18.30 
3 0.0396 0.5108 0.4497 sI sI 66.34 4.78 74.80 30.00 
4 0.0104 0.8497 0.1399 sI sI 4.66 3.44 5.60 4.70 
5 0.1302 0.4059 0.4639 sI sI 1.68 N.R. 4.40 - 
6 0.0536 0.5565 0.3899 sI sI 25.24 23.8 24.20 23.00 
7 0.0932 0 0.9069 sI N.C. 23.8 13.52 N.C. N.C. 
8 0.1019 0.5597 0.3385 sI sI 0.7 5.09 4.00 4.90 
9 0.0608 0.6065 0.3327 sI sI 20.37 4.07 21.30 2.90 
10 0.0123 0.8679 0.1198 sI sI 0.85 0.04 1.30 1.50 
11 0.1458 0.5114 0.3429 sI sI 0.75 N.R. 0.30  N.R. 
12 0.0226 0.7594 0.2180 sI sI 2.88 20.34 4.60 23.90 
13 0.2671 0.2654 0.4674 sI sI 10.66 23.36 18.20 26.20 
14 0.0533 0.5988 0.3479 sI sI 50.04 6.99 59.00 3.20 
15 0.0594 0.5984 0.3422 sI sI 21.3 20.59 19.20 20.00 
16 0.0932 0 0.9068 sI N.C. 23.76 11.39 N.C. N.C. 
17 0.1063 0.5924 0.3013 sI sI 2.8 4.1 1.20 4.20 
18 0.0599 0.6037 0.3364 sI sI 20.98 16.57 18.60 16.10 
19 0.0118 0.8675 0.1207 sI sI 9 23.97 8.00 22.90 
20 0.1495 0.5383 0.3122 sI sI 6.38 21.06 6.60 19.60 
21 0.2803 0.3507 0.3690 sI sI 10.98 10 17.30 6.40 
22 0.0135 0.8817 0.1049 sI sI 1.75 25.76 0.20 24.90 
23 0.1183 0.6756 0.2061 sI N.C. 2.17 13.12 N.C. N.C. 
24 0.0676 0.6589 0.2736 sI sI 16.43 11.74 12.70 11.70 
25 0.0931 0 0.9070 sI sI 25.74 2.8 N.C. N.C. 
26 0.1278 0.7434 0.1288 sI sI 2.84 6.76 N.C. N.C. 
27 0.0695 0.6747 0.2558 sI sI 15.53 23.32 5.70 24.60 
28 0.0148 0.8965 0.0887 sI N.C. 2.81 35.65 N.C. N.C. 
29 0.3193 0.6027 0.0781 sI sI 1.16 25.97 7.40 22.40 
30 0.0744 0.7375 0.1881 sI sI 1.28 2.16 13.40 7.60 
31 0.0171 0.9192 0.0637 sI N.C. 2.04 28.32 N.C. N.C. 
32 0.0326 0.8381 0.1293 sI sI 1.75 16.56 0.80 14.50 
33 0.0831 0.7961 0.1209 sI sI 5.63 3.42 5.40 7.80 
34 0.0923 0.8582 0.0496 sI sI 6.23 4.62 3.40 8.20 
35 0.0942 0.0028 0.9030 sI N.C. 24.95 10.09 N.C. N.C. 
 Overall Average Error   12.70 13.42 - - 
 Overall Error for points converged in 

CSMGEM (for comparison) 
  12.45 12.84 13.86 14.11 

*   N.C.: Not converged 
** N.R.: Experimental data not reported 
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Example 2: 

As mentioned, an important feature of a multiphase hydrate equilibrium algorithm is 

the ability to represent the existence of more than one structure of hydrate (if possi-

ble). The algorithm was tested for a variety of systems showing this behaviour in-

cluding those reported in the works of Bishnoi et al. [3], Avlonitis [52] and Ballard et 

al. [53]. The works mentioned above however provide example of multi-structure hy-

drate presence in a simple, maximum four component systems. This example [54] 

shows this behaviour in a rather more complex system as shown in Table 6. It is 

quite common to observe an inflation point in the hydrate dissociation line where a 

hydrate structure transition happens [55]. The example here is of this case. Fig. 4 

represents the experimental hydrate dissociation conditions as well of modelling with 

the SRK, PR and CPA-PR EoSs for the dissociation line as well the experimental da-

ta. This figure clearly shows the resulting dissociation line using CPA-PR is in far 

better agreement with experimental data compared to those of cubic EoSs. The hy-

drate phase envelope of this system around the transition point calculated by this 

flash calculation algorithm at very small P-T increments along with the experimental 

dissociation points are presented in Fig. 5.  

 
Fig. 4: Experimental [54]  and predicted hydrate dissociation points for example 2. ;� Experimental 

dissociation points;� Predicted quintuple end point; – – –Predictions with the SRK-EoS; … Predictions 
with the PR-EoS; —— Predictions with the CPA-PR 
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Table 6: Compositions of the examples used in this work 

Component Example 2 [54] Example 3 [54] Example 4 

Methane 0.56 10.96 87.44 
Ethane 0.07 - 6.00 
Propane 0.03 - 2.43 
i-Butane - - 0.20 
n-Butane - - 0.30 
Carbon Dioxide 65.57 38.23 2.13 
Nitrogen - - 1.50 
Hydrogen Sulphide - 50.80 - 
Cyclopentane 0.99 - - 
Benzene 19.69 - - 
Toluene 10.76 - - 
m-Xylene 2.34 - - 

Water/Hydrocarbon (mole) 10.00 1.19 
Set1:    13.76 

Set2:    6.12 

 

As observed there is an excellent match between the calculated and measured dis-

sociation conditions with the CPA-PR. Based on the model this system has a quintu-

ple end point (V-LHC-Aq-sI-sII) at 275.5 K and 1.95 MPa, at lower temperature the 

system is predicted to form structure II (and coexistence of both structures at higher 

pressure). At higher temperatures as can be seen in Fig. 5 only structure sI hydrate 

are predicted to form. Note that the formation of sII hydrate will not result in con-

sumption of all the vapour phase.  After formation of sI hydrate there is just a narrow 

region in which the vapour phase exists as well. In fact after formation of sI hydrates 

all the vapour phase is consumed by about 0.007 MPa increase in pressure at con-

stant temperature. Example flash calculations inside the hydrate phase boundary for 

some points are presented in Table 7. The table covers points from all existing re-

gions in Fig. 5.  
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Fig. 5: Phase boundary of Example 2 system around the quintuple hydrate structure transition end 

point in presence of excess water;� Experimental dissociation points [54];� Predicted quintuple end 

point;� Points for which flash results are presented in Table 7; —— Phase change boundaries. 
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Table 7: Flash calculation results for sample points in Example 2 (Np: number of phases present; It: 

Number of iterations till convergence; FV: molar fraction of vapour; FLhc: molar fraction of liquid hy-

drocarbon; FAq: molar fraction of liquid aqueous; FHI: molar fraction of sI hydrate; FHII: molar fraction 

of sII hydrate; V: Vapour phase; Lhc: Liquid hydrocarbon phase; Aq: Liquid aqueous phase; HI: Struc-

ture I hydrate phase; HII: Structure II hydrate phase) 

    
Phase Type 

Point Component V Lhc Aq HI HII 
A 
 

T(K) 278 Methane - 0.0014 4.34E-06 0.00167 - 
P(MPa) 2.3 Ethane - 2.60E-04 1.22E-07 1.80E-04 - 
Np 3 Propane - 6.27E-04 2.11E-07 0 - 
It* 22 Carbon Dioxide - 0.35285 0.00989 0.13624 - 
FV - Cyclopentane - 0.01882 6.87E-07 0 - 
FLhc 0.04759 Benzene - 0.37515 6.06E-05 0 - 
FAq 0.68808 Toluene - 0.20544 3.43E-06 0 - 
FHI 0.26433 m-Xylene - 0.04464 1.38E-07 0 - 
FHII - water - 8.14E-04 0.99004 0.8619 - 

B 
 

T(K) 277.5 Methane - 0.00128 4.03E-06 0.00161 0.00211 
P(MPa) 2.5 Ethane - 2.41E-04 1.14E-07 1.76E-04 1.20E-04 
Np 4 Propane - 6.16E-04 2.10E-07 0 6.40E-04 
It* 10 Carbon Dioxide - 0.33309 0.00956 0.13611 0.08813 
FV - Cyclopentane - 0.01831 6.53E-07 0 0.02236 
FLhc 0.04606 Benzene - 0.38726 6.16E-05 0 0.00817 
FAq 0.6753 Toluene - 0.2123 3.46E-06 0 0 
FHI 0.2763 m-Xylene - 0.04613 1.39E-07 0 0 
FHII 0.00235 water - 7.79E-04 0.99037 0.8621 0.87847 

C 
 

T(K) 276 Methane 0.01147 5.67E-04 1.86E-06 - 0.00114 
P(MPa) 1.5 Ethane 0.00101 4.02E-04 1.93E-07 - 2.17E-04 
Np 4 Propane 3.07E-04 3.76E-04 1.34E-07 - 4.29E-04 
It 6 Carbon Dioxide 0.98349 0.25892 0.00798 - 0.08252 
FV 0.04209 Cyclopentane 5.37E-04 0.01917 6.31E-07 - 0.02422 
FLhc 0.04111 Benzene 0.00223 0.4308 6.51E-05 - 0.00923 
FAq 0.9133 Toluene 3.62E-04 0.23744 3.59E-06 - 0 
FHI - m-Xylene 2.24E-05 0.05165 1.44E-07 - 0 
FHII 0.00351 water 5.67E-04 6.73E-04 0.99195 - 0.88225 

D 
 

T(K) 278 Methane 0.01336 9.41E-04 2.92E-06 0.00112 - 
P(MPa) 2.07 Ethane 8.02E-04 4.09E-04 1.93E-07 2.82E-04 - 
Np 4 Propane 2.93E-04 4.44E-04 1.49E-07 0 - 
It* 10 Carbon Dioxide 0.98224 0.35521 0.00993 0.13662 - 
FV 0.04453 Cyclopentane 4.87E-04 0.01851 6.77E-07 0 - 
FLhc 0.07078 Benzene 0.00196 0.37392 6.05E-05 0 - 
FAq 0.79832 Toluene 3.35E-04 0.20514 3.43E-06 0 - 
FHI 0.08636 m-Xylene 2.21E-05 0.0446 1.38E-07 0 - 
FHII - water 4.98E-04 8.17E-04 0.99 0.86197 - 

E 
 

T(K) 276 Methane 0.01425 7.80E-04 2.56E-06 0.00113 0.00147 
P(MPa) 1.65 Ethane 6.46E-04 2.79E-04 1.35E-07 2.32E-04 1.65E-04 
Np 5 Propane 2.99E-04 3.95E-04 1.41E-07 0 4.94E-04 
It 7 Carbon Dioxide 0.98145 0.28642 0.00869 0.13576 0.08742 
FV 0.02098 Cyclopentane 3.85E-04 0.01435 4.82E-07 0 0.0201 
FLhc 0.0424 Benzene 0.00209 0.41659 6.42E-05 0 0.0099 
FAq 0.78389 Toluene 3.43E-04 0.23041 3.57E-06 0 0 
FHI 0.13882 m-Xylene 2.16E-05 0.05009 1.43E-07 0 0 
FHII 0.0139 water 5.23E-04 6.94E-04 0.99124 0.86288 0.88046 

F 
 

T(K) 278.5 Methane 0.0141 0.00106 3.23E-06 - - 
P(MPa) 2.19 Ethane 0.00102 5.43E-04 2.54E-07 - - 
Np 3 Propane 2.74E-04 4.28E-04 1.41E-07 - - 
It* 0 (No Hyd.) Carbon Dioxide 0.98135 0.37469 0.01024 - - 
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FV 0.03242 Cyclopentane 4.74E-04 0.01794 6.72E-07 - - 
FLhc 0.04908 Benzene 0.00194 0.36224 5.95E-05 - - 
FAq 0.9185 Toluene 3.36E-04 0.19898 3.40E-06 - - 
FHI - m-Xylene 2.24E-05 0.04327 1.37E-07 - - 
FHII - water 4.92E-04 8.54E-04 0.98969 - - 

*   The error tolerance was 10-12 

 

Example 3: 

One interesting, though complex, behaviour in the equilibrium calculation with hy-

drate phases is the pseudo retrograde behaviour of hydrate phases i.e. at a given 

temperature by increasing pressure one may see hydrates forming, then dissociating 

and potentially forming again. This phenomenon has been observed in binary mix-

tures of methane + ethane or ethane and propane (Ballard et al. [50]) as well as low 

water content system of CO2 [56,57]. This type of behaviour can also be observed 

for acid gas stream [58]. Example 3 is a ternary H2S + CO2+ CH4 system (composi-

tion given in Table 6.  H2S, CH4 and CO2 are all structure I hydrate formers. Their 

binary systems with water have been extensively investigated and can be predicted 

with very high accuracy as seen in Fig. 6. 
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Fig. 6:  Experimental and predicted hydrate stability of CO2, H2S and CH4 in equilibrium with liquid 

water; �: CO2 hydrate stability zone [56]; �: H2S hydrate stability zone [59]; :H2S hydrate stability 
zone [60]; �: CH4 hydrate stability zone [61]. ____: predictions with the CPA-PR EoS. 

Dissociation points for this mixture were measured experimentally [54].  As can be 

seen in Fig. 7 a retrograde behaviour is clearly observed, especially within the phase 

envelope. This system has two V-L-Aq-H quadruple end points as opposed to “clas-

sical” hydrocarbon systems, the first quadruple end point (lowest pressure) is more 

stable (higher temperature) than the second quadruple end point. Hydrates are pre-

dicted to be less stable as the system enters the 2-phases region.  The liquid phase 

that forms initially is predicted to be richer in H2S and hence the vapour phase (main 

phase) leaner in H2S as observed in Fig. 8.  As H2S is the most stable hydrate for-

mer in the system, the system is less stable (than when the system enters the 2 

phase region) within the phase envelope.  

The 3D graph of hydrate phase fraction in the retrograde region is presented in Fig. 

9. In this figure four cross sections are specified for which the complete molar phase 

fraction graphs for all present phases are shown in Fig. 10. 
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Fig. 7: Experimental [54] and predicted  hydrate dissociation conditions for the 38.23 mole% CO2 + 
50.8 mole% H2S + 10.96 mole% CH4 in the presence of distilled water (Example 3); � Experimental 

dissociation points; -----bubble line; ……… dew line; ____: predicted dissociation line with the CPA-PR 
EoS 

 
Fig. 8: Predicted molar liquid phase fraction, vapour and liquid compositions in the 38.23 mole% CO2 
+ 50.8 mole% H2S + 10.96 mole% CH4 at 300 K (Example 3- no water). ▬▬▬   H2S vapour composi-
tion; ▬ ▬ ▬   H2S liquid composition; ▬▬▬  CH4 vapour composition; ▬ ▬ ▬    CH4 liquid composition; 

═══   liquid molar fraction 
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Fig. 9: 3D graph of sI hydrate faction of the acid gas Example 3 near the retrograde region; four cross 

sections selected at temperatures of 299.2, 299.5, 300.5 and 301K. 

 

As shown in Fig. 9, for temperatures below about 299.3 K (temperature lower than 

the lowest quadruple end point) (sI) hydrates are formed at low pressures and re-

main stable at higher pressure (299.2 K cross section in Fig. 10). This is while for the 

higher temperatures hydrates disappear for an intermediate pressure region (299.5 

K cross section in Fig. 10). By increasing the temperature the retrograde region nar-

rows down (300.5 K cross section in Fig. 10) and finally completely disappears at 

higher temperatures (301 K cross section in Fig. 10).   
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Fig. 10: Four cross sections of the 3D graph in Fig. 9 in different temperatures; ───   Liquid hydro-

carbon phase fraction; ……. Vapour phase fraction; ▬ ▬ ▬    Liquid aqueous phase fraction; ----- 

Structure I hydrate phase fraction; 

Example 4: 

In this example, the results of our calculations are compared with the data obtained 

using the setup described in Section 3. The overall feed composition of the natural 

gas with water is given in Table 6. The vapour phase composition was measured 

during hydrate dissociation for two sets of conditions. A total of eight equilibrium 

points inside the hydrate phase boundary are presented in Table 8. Fig. 11 shows 

the P/T conditions of these points as well as the measured dissociation points. Table 

9 presents the experimentally measured dissociation points shown in Fig. 11. The 

two sets only differ in the amount of water present as shown in Table 6. Table 8 pre-

sents the results of flash calculation for these points. These experimental results 

were compared to the model predictions by monitoring the ratio of iso-butane and 

propane over methane in the vapour phase normalised to the same ratio in the dry 

gas as these two components are the “strongest” hydrate forming components in the 

systems. The results are presented in Fig. 12 for propane and Fig. 13 for iso-butane.  
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As shown, there is an excellent agreement between measured and calculated results 

for most components, some higher deviations are observed for CO2.  As seen in the-

se figures, the model is predicting the expected trends, in a near future we will test 

systems further inside the hydrate stability zone where two structures are expected 

to form. 

Table 8: Experimental and predicted vapour phase composition for eight points inside the hydrate 

phase boundary in Example 4 

     
Vapour Phase Composition 

Cal. Hyd. 
Fract. 

Itera-
tions** 

 
Pts T(K)* P 

(MPa)* 
P 

(MPa) N2 CO2 C1 C2 C3 i-C4 n-C4 H2O 

Set 
1 

1 277.45 2.785 
EXP 0.0183 0.0157 0.923 0.039 0.0016 0.00010 0.0019 NA 

0.1238 9 
CAL 0.0188 0.0180 0.936 0.024 0.0021 0.00013 0.0009 3.53E-04 

2 279.45 2.875 
EXP 0.0174 0.0150 0.918 0.043 0.0042 0.00020 0.0021 NA 

0.0844 11 
CAL 0.0174 0.0188 0.920 0.037 0.0045 0.00029 0.0016 3.94E-04 

3 281.45 3.019 
EXP 0.0167 0.0148 0.906 0.050 0.0096 0.00070 0.0025 NA 

0.0497 8 
CAL 0.0164 0.0189 0.902 0.050 0.0092 0.00065 0.0023 4.32E-04 

4 282.95 3.149 
EXP 0.0163 0.0148 0.894 0.055 0.0160 0.00130 0.0028 NA 

0.0251 5 
CAL 0.0164 0.0189 0.902 0.050 0.0092 0.00065 0.0023 4.32E-04 

5 284 3.241 
EXP 0.0162 0.0148 0.884 0.059 0.0218 0.00180 0.0030 NA 

0.0070 4 
CAL 0.0157 0.0187 0.889 0.057 0.0153 0.00115 0.0028 4.61E-04 

Set 
2 

1 287.2 6.205 
EXP 0.0163 0.0169 0.902 0.050 0.0108 0.00090 0.0027 NA 

0.1032 8 
CAL 0.0164 0.0200 0.900 0.050 0.0103 0.00080 0.0025 0.000364 

2 288.25 6.405 
EXP 0.0159 0.0163 0.895 0.054 0.0148 0.00120 0.0029 NA 

0.0580 5 
CAL 0.0158 0.0198 0.889 0.056 0.0153 0.00121 0.0028 0.000381 

3 289.25 6.601 
EXP 0.0154 0.0157 0.885 0.059 0.0211 0.00180 0.0030 NA 

0.0133 4 
CAL 0.0152 0.0195 0.879 0.059 0.0220 0.00180 0.0030 0.000398 

* U(P, k=2) = 0.04MPa, U(T, k=2) = 0.1K 
** The error tolerance was 10-12 
 

Table 9: Experimentally measured dissociation point in example 4. 

Set 1 Set 2 
P(MPa) T(K) P(MPa) T(K) 
3.268116 284.25 6.687917 289.65 

        * U(P, k=2) = 0.04MPa, U(T, k=2) = 0.1K 
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Fig. 11: Dissociation point determination from equilibrium step-heating data for the two feed 
compositions and pressure-temperature locations for which the composition of the vapour 
phase was experimentally measured. –––Hydrate dissociation calculated with the CPA-PR 
EoS. : PT locations for feed 1; � PT location for feed 2;�: Experimentally determined hy-

drate dissociation points; 

 
Fig. 12: Calculated and measured ratio of propane to methane in vapour phase to that of the 

feed: Experimentally determined for set 1; � Experimentally determined for set 2; –––
Calculation results for set 1; …...... Calculation results for set 2; 
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Fig. 13: Calculated and measured ratio of iso-butane to methane in vapour phase to that of 

the feed: Experimentally determined for set 1; � Experimentally determined for set 2; –––
Calculation results for set 1; ….….. Calculation results for set 2; 

 

 

5. Conclusions 

In this work a robust algorithm for flash calculation in presence of hydrates is de-

scribed and tested with some examples which show complex behaviour. Coupled 

with the CPA-PR EoS model, the developed algorithm provides results which are in 

excellent agreement with experimental data.  

The model has been tested for simple binary systems forming only one type of hy-

drate structure to more multicomponent fluid showing complex behaviour and/or mul-

tiple structures, i.e. up to five phases. 

The algorithm has the capability of being easily extended to more complex systems 

of solids of different nature (wax, asphaltenes) which are subject of future works. 
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• A new multiphase flash calculation algorithm for complex hydrate forming systems is presented  

• The CPA-EOS is used for describing fluid phases and proves to be accurate in presence of 

hydrates 

• Vapor-Liquid-Hydrate equilibrium measurements performed for a natural gas are reported 

• The flash calculation results are validated with experimental results from 4 different examples  

 


