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Abstract. In the last fifty years, many researchers have been workingemeral thermodynamical
equilibrium problems, including multicomponent isothafrflash applied to oil recovery, complex
mixtures separation dynamics, and critical conditionsiklra. Most of these works have been fo-
cused on many different subjects of the vapor-liquid eloiilm of complex mixtures, such as physical
models, equations of state, combining and mixing rules antithization methods. In order to eval-
uate the equilibrium behavior, it is necessary to calculde chemical’'s composition of each phase
under equilibrium condition. Indeed, several models weteoduced based on the equality of the
chemical potential of the species of each phase. Such moaelbe redefined and thus the molar
Gibbs energy for a given temperature and pressure must benmm. In complex system, as those
involving hydrates formation, the molar Gibbs energy is dtivariate function, and thus the mini-
mum of such function may involve the search of a global exinenin this work, a new formulation
is introduced that aims to find out the composition of the ldeyium during the hydrate formation
through a cubic equation of state using an stochastic atpari The results from the present formula-
tion are favourably compared with both numerical resultsrirother formulations and experimental
data.
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1. INTRODUCTION

latex Natural gas (NG) is a gaseous fossil fuel consistingiyaf methane and significant amount
of light hydrocarbons (ethane, propane and butane), cadimade, nitrogen, hydrogen and water
(Carroll, 2003). It may be found in oil and gas fields and caad$ Technologies based on NG are
used in a wide range of chemical, and energy generation ggesenith a budget of billion dollars
annum (Sloan, 1998). The contaminants are also used, yuh#ve a lesser aggregate value. Water,
in particular, must be removed to prevent the hydrate faonathich may increase the costs of
production and refining and drop the efficiency in procesaimg transporting the NG (Sua Chen,
2006).

Hydrates are crystalline solid, similar to the ice, compessbf not stoichiometric hydrocarbons
(HC) (C;-C5) and water (see Sloan, 1998). They are denser than typicdl HG and the gas
molecules they contain are compressed in a complex netwsdpane and n-buthane may form un-
stable hydrates whereas penthane hydrates are usuabyt@thby methanol, ethanol, monoethyleneg-
lycol (MEG) and diethyleneglycol (DEG). Hydrates of alkane the crystalline form may appear at
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very mild industrial conditions of temperature and presgetg. 22C and 300E+5 Pa).

Two conditions are essential in the hydrate formation,dajderature and pressure (b) presence of
hydrocarbons and HD. Water one of the components of hydrates. For having itstdianomalous
bubble (high enthalpy of vaporization with regard to othelap molecules), it has lesser density in
its solid form. The crystal structure may occupy a large spache liquid phase and if mixed with a
gas, it may form a precipitant mixture, i.e., hydrates. Tiee fwater facilitates the hydrate formation
(Carroll, 2003).

Carroll (2003) classified the hydrates based on the crgsgfia@phic structure, i.e., the arrangement
of water molecules in the crystal: (a) type I: there are 4Gewatolecules forming small (pentagonal
dodecahedron shape) and large (tetrakaidecahedron steges (see also Sloan, 1998, for further
details). Its composition is: CH ethane, CQ H,S; (b) type II: its structure is more complex than
type | with 136 molecules of water molecules surroundingogien, propane and isobutane. They
form cages with a pentagonal dodecahedron shape and héegelthedron shape cage; (c) type H -
they are rarer and consists of 34 molecules of water in thyeestof cages and require two guest
gases to become stable.

In this work, the formation of types | and Il hydrates are stigated through the study of the
equilibrium of the aqueous and hydrate phases in a multi oot systems. Individual equations
of state are used for each guest molecules and water withtabkimixing rule. In addition, the
authors considered that the enclathration rate of guestculas is similar to the rate of desorption.
The equilibrium conditions, at constant temperature am$gure, are achieved by minimizing the
free Gibbs energy. Thus, the equilibrium calculation isglesd as a problem of global optimization
of the nonlinear (free Gibbs energy) and multi variable fiorc(Hendersort al., 2001).

2. THETHERMODYNAMICAL MODEL

Hydrates formation occurs at low temperature and high pressconditions (Ballard: Sloan,
2002). The thermodynamic formulation used in this work issented here. In order to reach the
equilibrium state in a closed system, three conditions mesalfilled (Callen, 1985): (a) temperature
(T") and (b) pressure must be constant in all the ph4$¥%3 and (c) the fugacitiegfi*) of each
component must be constant in all phases.

In a system wittc components and phases, the mass conservation requires that:

Zakxf:zi 1=1,c¢ Q)
k=1

with the following constraints

i ab =1 (2)
k=1

and

C

fo: k=1, (3)

i=1

wherec is the molar phase fraction} is the mole fraction of componenin phasek andz is the
global composition. Introducing a reference phRsthe mass balance, Eqn. 1 may be written as

™ l‘k
. T

ot + g ! —x; R =z 4)
k=1k#R i
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The constant fugacity in all phases for a given componentineagxpressed as

R afgRp
A

i=1,¢c k=1 (5)

whereg is the fugacity coefficient. Equation 5 may be rewritten aipfvs by definingiC¥

of _ aj .
Kf:ﬁzx_R 1=1,¢c k=17 (6)
This expression is satisfied only if all phases are presettiénequilibrium. In the calculation of
hydrates formation, Egn. 6 must be redesigned in orderdaadhe calculation for all phases, present
or not. Considering that

f_ﬁ =1 if phasek is present @

fF 1< 1 if phasek is not present
Multiplying the mole fraction ratioiC* (Eqn. 6), by the fugacity ratio (Eqn. 7) leads to

¥k k

KF = x—;%exp [— In %] (8)

Defining* as the stability parameter of phdse
k

6" =In i (©)

Equation 8 may be rewritten as (see Sloan, 1998)
k
x:
i =K (10)

Equation 10 is valid for all phases regardless their presenthe equilibrium.
3. THE FREE GIBBSENERGY MINIMIZATION

As expressed by th&ibbs potential minimum principléCallen, 1985),the equilibrium value
of any unconstrained internal parameter in a system mimsiize Gibbs potential at constant tem-
perature and pressure’. Therefore, the equilibrium statebe written as an optimization problem,
AG—min (Gomeset al, 2001) Equation 10 describes the composition in the eqiuhiregardless
the presence of any phase. Replacing the mole fractionfratioEqn. 10 in the mass balance (Eqgn.
4) leads to

s
aft + Z ozk/Cfe@k i =z (11)
k=1,k#£R

with the mole fraction constraints defined in Eqn. (Aésuming thak’? = 1 andd® =0 )

Kk b
ok = fﬁ’cle ‘ i—1c k=1 (12)
1+ Y o (Kle?” —1)

i=1j#R
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From the mole fraction constraint (Eqn. 3), the objectivection, ®*, is obtained

i ¢ 2 (Kfeek - 1)
F = - =0 k=1, 13
;1+ > ol (Kle? —1) " (13)
B j=Lj#R

Ballard & Sloan (2002) (see also Sloan, 1998) showed that by definmgntie fraction ratio, as
defined by Eqn. 109* is equivallent to the free Gibbs energy. In this work, theaftity model in
the clathrate is based on the Van der WdalRlatteeuw (1959) approach (see Clieisuo , 1996;
Ballard& Sloan, 2002; Inerbaest al, 2006; Sur&z Chen, 2006), in which the guest species’ fugacity
is calculated from the Paté Teja (1982) EOS. This hybrid model is based on fugacity ofgihest
molecules (i.e., the desorption rate) in the gas phase arattivity of water molecules in the aqueous
phase.

4. RESULTS

The results shown in this section are preliminary and néne, to be fully benchmarched. Simple
methane and ethane solutions were chosen in a narrow rapgessiure and temperature conditions.
Pressur@gainsttemperature of methane and ethane hydrate formation avenshd=ig. 1. At lower
pressures, the results obtained by the model describedsiwtitk, matches a few experimental data
from the literature. However, at larger pressure, disaref@s occurred, suggesting that further fitting
in the equations of state parameters should be performgd g&oichiometric hydrate parameters,
Langmuir desorption rate constant, and others). The cortiposf the guest molecules at the aque-
ous phaseagainsttemperature at constant pressure (300 MPa) is shown at Fig. 2
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Figure 1. Pressure temperature at constant feeding composition of (a) methadgb) ethane.
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Figure 2. Temperatuse guest molecules molar composition at constant pressui@ §ags): (a)
methane and (b) ethane.

5. CONCLUSION

This work reports the first part of the research project toehtite hydrate formation in natural gas.
The thermodynamical formulation used here takes into atcie kinetics mechanisms of hydrate
formation, non-stoichiometric properties of hydrates ahdtering stability (i.e., filling of cavities
with guest molecules). Using individuals equations ofestat each guest molecules and water may
allow the accurate prediction of the thermodynamical b&havof each specie, however in order to
avoid discontinuities in the equilibrium conditions, ctmtent and adaptive fitting parameters for all
equations of state and mixing rules (when appropriate) acessary. The general thermodynamical
model is shown in this work and the full model will be presehs®on. The results shown here at
relatively low pressure conditions matches well with expental data, however at larger pressures,
discrepancies occurred, possibly due to fitting parameters
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