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Abstract—We experimentally investigated the hydrate dissociation condition for four phase hydrate (H)-aqueous lig-
uid (L,,)-hydrocarbon rich liquid (Lyc)-vapor (V) for the ternary systems of help gas-heavy hydrate former-water.
Methane and carbon dioxide are known as help gases and benzene and cyclohexane are considered as heavy hydrate
formers. The experimental data were generated using an isochoric pressure-search method. Two different equations of
state (EOS) were employed to study the equilibrium phase behavior of ternary four phase systems. The EOSs consid-
ered are Valderama-Patel-Teja EOS combined with non-density dependent mixing rule (VPT+NDD) and Statistical
Associating Fluid Theory EOS proposed by Huang and Radosz (SAFT-HR). The required binary interaction parame-
ters (BIP) were obtained using vapor-liquid equilibrium (VLE) and liquid-liquid equilibrium (LLE) data. The hydrate
phase was modeled by the modification of the solid solution theory of van der Waals and Platteeuw. To obtain reliable
results, distortion of cages due to occupation of large molecules was considered. The Kihara parameters of cyclohexane
were adjusted to hydrate dissociation data. Model calculations for hydrate forming conditions were found to be in satis-
factory agreement with the newly reported data in this work and literature data.
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INTRODUCTION

Gas hydrates are ice-like compounds which can be formed above
the ice point. Gas hydrates consist of water molecules that are hy-
drogen-bonded to form host cavities with guest molecules inside
the cavities. The cavities are able to encapsulate suitably sized guest
compounds, which are generally low molecular weight gases and
organic substances under the conditions of low temperature and
elevated pressure. The interactions between the guest molecules and
the host water cavities are weak van der Waals forces. These inter-
actions are responsible for the stability of hydrate structure.

For gas hydrates to remain stable, a considerable fraction of the
available cavities have to be occupied by guest molecules. This is
the reason why size and type of guest molecules affect the hydrate
structure. Depending on the type of the guest molecule, different
hydrate structures could be formed. Each structure is composed of
water molecules that form certain number of cavities. Currently,
three possible structures for gas hydrates are known: structure I
(SI), structure II (SIT) and structure H (SH). The differences and
the properties of these structures are reviewed in-depth by [1].

Hydrates of structures I and II are more common. Depending
on the size of the guest molecule, either small or large cavities could
be occupied. The ratio of the van der Waals diameter of the guest
molecule to the size of cavities specifies the tendency of the guest
molecule to fill one or both types of cavities [1]. Small molecules,
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such as methane, could fill both small and large cavities of SI. How-
ever, methane is only capable of filling the small cavities of SII. Oc-
cupying both types of cavities will increase stability of SI compared
to SII and will lead to SI hydrate formation. Nitrogen is smaller than
methane and could only fill the small cavities, but, because of the
greater number of small cavities in SII compared to SI, nitrogen
forms SII hydrate. Large molecules, such as iso-butane and pro-
pane, can only occupy large cavities of SII and will form SII hydrate.
Larger molecules such as n-butane, benzene and cyclohexane, which
are referred to as heavy hydrate formers [2-6], do not form hydrates
unless they are accompanied with small molecules (help gas) which
help them to increase stability of the hydrate structure.

Filling cavities with large guest molecules may cause distortion
of cavities. Generally, hydrate formers of structures I and II do not
distort hydrate cavities and, as a result, the lattice parameter would
not change [1]. However, it has been shown [7] that larger mole-
cules, such as benzene and tetrahydrofuran, stretch the hydrate lat-
tice. Increase in lattice parameter, which is caused by the size of
the guest molecule and results in the increase of the unit cell vol-
ume, may have a significant impact on hydrate properties [8-10].
In addition, small changes in lattice parameter will cause signifi-
cant changes in the hydrate formation pressure [11]. It should also
be mentioned that lattice parameter is a function of temperature
and pressure.

Gas hydrate formation is the subject of many studies. Several
research works have been performed considering gas hydrates as
unwelcomed phenomena and there are also the topics which have
tried to apply gas hydrate properties in different fields of applica-
tion to favor it [1,12]. To consider gas hydrates as a technological
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interest, knowledge of the phase behavior of these systems is of
major importance. The phase equilibrium and thermodynamic sta-
bility of gas hydrates have been predicted by the theory of van der
Waals and Platteeuw [13]. This theory is based on a model in which
guest molecules are dissolved in or adsorbed on the host water lat-
tice as ideal solutions. Some assumptions of the older theory of
van der Waals and Platteeuw [13] are improved, which have made
the theory still applicable in different interesting fields of hydrate
formation.

Because of the possibility of hydrate formation in transportation
of unprocessed hydrocarbon reservoir fluids [4,6], and application
of hydrate formation in separation of close boiling point mixtures
[14], or even promotion of hydrate formation by the help of heavy
hydrate formers [15,16], the study of their phase behavior is of great
interest.

It is suggested that benzene and cyclohexane form SII hydrate
in the presence of help gases such as methane, nitrogen and car-
bon dioxide [17,18]. Hydrate formation point of benzene with
methane [3,19] and hydrate formation point of cyclohexane with
methane [20-22] and carbon dioxide [23,24] are reported.

In this work, gas hydrate formation conditions of benzene and
cyclohexane in the presence of help gases such as methane and
carbon dioxide, are studied. Our main goal was to investigate hy-
drate formation pressure for four phase equilibrium conditions,
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Fig. 1. Schematic diagram of the experimental apparatus.
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hydrate (H)-aqueous liquid (L,,)-hydrocarbon rich liquid (Lyc)-
vapor (V), experimentally and theoreticall,. We have generated
experimental data using an isochoric pressure-search method [25-
27]. To demonstrate the reliability of the experimental method, vali-
dation tests were performed and the generated data were com-
pared with literature data [2,3,19-24]. The dissociation data for
benzene hydrates with carbon dioxide, as the help gas, were pro-
duced in this study. In the theoretical part, the modified theory of
van der Waals and Platteeuw model was applied to the hydrate
phase. Two well-known equations of state (EOS), Valderrama modi-
fication of the Patel-Teja EOS [28] combined with non-density
dependent mixing rule (VPT+NDD) [29] and Statistical Associat-
ing Fluid Theory proposed by Huang and Radosz (SAFT-HR) EOS
[30,31] were applied to the vapor and the two liquid phases in equi-

Table 1. Purities and suppliers of the materials used in this work

Chemical component Supplier Purity

Methane Sabalan oxygen 99.995 (vol%)
Carbon dioxide Sabalan oxygen 99.995 (vol%)
Benzene Merck >99.5% (extra pure grade)
Cyclohexane Merck >99.5% (extra pure grade)

Deionized water was used in all the experiments
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librium with the hydrate phase. The required binary interaction
parameters (BIPs) for each EOS and also Kihara parameters of
cyclohexane were also adjusted.

EXPERIMENTAL SECTION

The main goal of this section is to explain experimental proce-
dure and requirements to investigate hydrate dissociation points
for methane+benzene+water, methane+cyclohexane+water, car-
bon dioxide+cyclohexane+water and carbon dioxide+benzene+
water systems.

1. Chemicals

Table 1 represents the purities and suppliers of the chemicals
used in this work.

2. Experimental Apparatus

The main part of the apparatus is a jacketed cylindrical vessel
made of 316 stainless steel equipped with side-glass which can with-
stand pressures up to 15 MPa. The schematic diagram of the appa-
ratus is shown in Fig. 1. The volume of the vessel is approximately
500 cm’. The vessel is equipped with a magnetic stirrer, which
ensures sufficient agitation to facilitate reaching equilibrium. To
increase contact between the fluids and enhance conversion of water
into hydrate, speed of stirring could be increased up to 1,500 rpm.
A platinum resistance thermometer (Pt100) was inserted into the
vessel to measure the temperature with the accuracy of +0.1K.
The pressure in the vessel was measured by a BD pressure trans-
ducer (BD, type 30.600G calibrated for pressures up to 10 MPa),
calibrated against a dead weight balance. The accuracy of the pres-
sure transducer was +10 kPa. To control the temperature inside the
vessel, mixture of water+ethanol was used as the cooling media
against electrical heater as the heating agent. The temperature and
the pressure of the vessel and the speed of the magnetic stirrer
were recorded every minute.

3. Preparation of the Apparatus

Prior to each run, the vessel was washed and dried. To ensure
the absence of any traces of unwanted gas molecules in the vessel,
it was evacuated and refilled with the desired gases (help gases)
three times. The liquid mixture (250 cm® water+50 cm’ benzene/
cyclohexane) was then added to the cell. The degree of freedom of
the system is unity, so the composition of the feed does not affect
the results of the experimental tests and only temperature acts as
the major independent variable. The help gas (methane/carbon diox-
ide) was supplied from a high-pressure cylinder through a pressure
regulating valve into the vessel. When the temperature and the pres-
sure of the cell are stabilized, temperature controlling program starts.
4. Experimental Procedure

To find the equilibrium conditions of H-L,,-Ly;c-V for methane/
carbon dioxide as the help gas and benzene/cyclohexane as the
heavy hydrate former, isochoric pressure-search procedure [25-27]
was applied in this work. The complete experimental runs consist
of two different paths: cooling path, in which the temperature of
the cell is decreased stepwise until the hydrate forms, and heating
path, in which the temperature of the cell is returned to the initial
value. Hydrate formation in the vessel is detected by sudden pres-
sure drop. Both paths intersect each other at the hydrate dissocia-
tion point.
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Fig. 2. P-T curves for hydrate formation (a) methane+cyclohexane+

water system and (b) carbon dioxide+cyclohexane+water sys-

tem. The data are produced in this work. The symbols @ and

A denote cooling and heating paths, respectively.

In each of our experimental runs, cooling steps were set at 1 K
during 3 hours. To increase accuracy of the heating curve, heating
steps were considered such that the thermodynamic equilibrium
in each step was achieved. Each step in the heating path was set to
0.5 K. The temperature was kept constant for 6 hours to achieve a
steady equilibrium state in the vessel.

As an example of the hydrate formation experiments performed
in this work we refer the reader to Fig. 2(a), (b) which presents the
hydrate formation conditions for methane+cyclohexane+water and
carbon dioxide+cyclohexane+water systems. To find accurate equi-
librium hydrate formation point, second-order poly-nominal equa-
tions were adjusted to cooling and heating curves and their inter-
section was found as the hydrate formation point.

Normally, during the cooling path, due to increase of solubility
of the gaseous component by lowering the temperature, the pres-
sure is decreased. By further cooling, pressure drops suddenly be-
cause of hydrate crystallization. But, for systems in which carbon
dioxide is used as one of the hydrate formers, the cooling path
does not follow the mentioned common trend of the cooling curve
[16]. In such systems, during the cooling path, at the hydrate for-
mation point, a sudden temperature rise could be observed before
sudden pressure drop. This rise is caused by the hydrate nucleation
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Table 2. Literature review of the experimental data for the dissociation conditions of heavy hydrate formers in the presence of the help gases

Clathrate hydrate system Hydrate dissociation temperature range/K ~ Hydrate dissociation pressure range/MPa  References
Methane-+benzene 275.45-287.45 1.507-8.57 (3]
274.2-288.0 1.28-8.98 [19]
Methane+cyclohexane 275.05-290.95 0.779-8.143 [22]
273.97-291.58 0.684-9.486 [21]
Carbon dioxide+rcyclohexane 274.97-279.8 0.9-2.55 [24]
275.2-278.1 0.95-1.81 [23]

and growth which is an exothermic phenomenon. The released
heat is quickly damped by the temperature controlling system which
returns the temperature of the cell to the set point value. The
intensity of the temperature peak depends on the nature of the
hydrate formation process and the amount of the hydrate former
present in the aqueous phase [16].

Hydrate formation of methane+benzene/cyclohexane+water
and carbon dioxide+cyclohexane+water systems is reported in lit-
erature [3,19,21-24]. The corresponding results are summarized in
Table 2. To validate our experimental setup and procedure, and

Table 3. Experimental hydrate dissociation data for ternary-four
phase (V-H-L,-L,,) systems obtained in this work

/K Exp. P/MPa’
Methane+benzene+water hydrate
275.7 1.68
278.0 2.17
279.4 2.66
281.1 3.24
281.1 3.25
281.8 341
282.3 3.94
282.5 4.02
283.7 4.68
Methane+cyclohexane+water hydrate
2784 1.17
280.6 1.76
282.7 2.20
283.8 2.72
285.3 342
285.5 3.48
286.4 3.83
287.1 4.46
Carbon dioxide+cyclohexane+water hydrate
277.7 1.57
2784 1.83
279.0 2.10
279.7 2.36
Carbon dioxide+benzene+water hydrate
276.8 1.63
277.4 1.81
278.1 1.99

"Standard uncertainties u are u(T)=0.1 K and u(P)=10 kPa

also finding new hydrate dissociation data points, these systems
are re-considered in this work. The new results are reported in
Table 3 and are compared with literature data in Figs. 3-5. To the
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Fig. 3. Experimental and calculated dissociation conditions for clath-
rate hydrates of methane+water and methane+benzene+
water. Symbols represent experimental data. Methane+water
hydrate dissociation conditions: @: [84], @: [86], A: [85];
methane+benzene+water hydrate dissociation conditions:
X: This work, O: [3], A: [19].

15 T T T T T T T T T
! +  pure methane, Experimenta Data, [54]

®  pure methane, Experimenta Data, [86]
& pure methans, Experimenta Data, [85] .
O midure of methane + benzene, Experimental Data, [22]
£ midure of methane + benzens, Experimental Data, [21] .
mizture of methane + benzene, Experimental Data, This wark
Calculsted, SAFT-HR EOS

[ — — —Caicusted, vPT+NDD EOS

Pressure (MPa)

1 1 1 1
%?2 274 276 278 280 282 284
Temperature (K)

Fig. 4. Experimental and calculated dissociation conditions for clath-
rate hydrates of methane+water and methane+cyclohexane+
water. Symbols represent experimental data. Methane+water
hydrate dissociation conditions: 4: [84], @: [86], A: [85];
methane-+cyclohexane+water hydrate dissociation condi-
tions: X: This work, O: [22], A: [21].
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Fig. 5. Experimental and calculated dissociation conditions for clath-
rate hydrates of carbon dioxide+water and carbon dioxide+
cyclohexane+water. Symbols represent experimental data.
Carbon dioxide+water hydrate dissociation conditions: 4:
[86], @: [24]; carbon dioxide+cyclohexane+water hydrate
dissociation conditions: X: This work, O: [24], A: [23].
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Fig. 6. Experimental and calculated dissociation conditions for clath-
rate hydrates of carbon dioxide+water and carbon dioxide+
benzene-+water. Symbols represent experimental data. Car-
bon dioxide+water hydrate dissociation conditions: &: [86],
@: [24]; carbon dioxide+benzene+water hydrate dissocia-
tion conditions: X: This work.

best of our knowledge hydrate dissociation points for carbon
dioxide+benzene+water system, which is obtained in this work, is
not reported in literature. The results for this system are reported
in Table 3 and Fig. 6.

Based on our experiments the carbon dioxide+benzene+water
system needs significantly more nucleation time in comparison with
methane-+benzene/cyclohexane+water and carbon dioxide+cyclo-
hexane+water systems. To avoid carbon dioxide condensation, ini-
tial pressure and temperature for carbon dioxide containing sys-
tems should be selected based on upper quintuple point [24].

Due to the nature of four-phase equilibrium systems, reaching
to equilibrium conditions is not as easy as three-phase equilibrium
systems. For such systems speed of mixing, heating steps and also
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the ratio of the amount of heavy hydrate former to water, play sig-
nificant roles. In four-phase equilibrium systems, more time, high
mixing rate and less heavy hydrate former/water ratio are needed
to reach the equilibrium conditions. High ratio of heavy hydrate
former/water will cause high pressure drop caused by hydrate for-
mation, but due to lower phase contact in such systems, higher mix-
ing rate is needed. In fact, none of these items affect thermodynamic
conditions; however, they affect the kinetics of the hydrate formation.
In all the experimental runs in this work, heavy hydrate former/
water volumetric ratio, rate of mixing and heating step size were
considered to be 1/5, 1,250 rpm and 0.5 K/6 h, respectively.

THERMODYNAMIC FRAMEWORK

The scope of this section is to predict hydrate formation pres-
sure of four phase (H-L,,;-Lyc-V) equilibrium conditions. The fugac-
ity-based approach is used. Equality of water fugacity in the co-
existing phases is considered as the equilibrium criteria. The fugac-
ity of water in the V, L,, and Ly phases is calculated by the two
well-known VPT+NDD and SAFT-HR EOSs. VPT+NDD EOS is
chosen as a cubic EOS which is combined with an elaborate mix-
ing rule and is in common use in hydrate formation calculations,
and SAFT-HR EOS is chosen because of the ability of this EOS in
modeling mixtures that contain at least one hydrogen bonded
component. Our aim has been comparing these EOSs in our cal-
culations.

The fugacity of water in the hydrate phase is calculated by the
modified solid solution theory of van der Waals and Platteeuw:.

1. Thermodynamic Modeling of Fluid Phases

VPT+NDD EOS, has been extensively used in gas hydrate cal-
culations [3,22,32,33]. The relations and the required parameters
can be found in literature [34,35]. In cases where the required BIP
was not found in literature, it was either adjusted to liquid-liquid
equilibrium (LLE) or vapor-liquid equilibrium (VLE) data. The
objective function (OF) used to adjust the BIPs is introduced by
Eq. (1).

OF= li X _x!

N& b TR

i=

)

In this equation X;7 is the experimental solubility and X’ is the
calculated solubility of component i in component j, and N
denotes the number of data points. The BIPs between water, gas-
eous and heavy hydrocarbon compounds are presented in Table 4.
The references of binary LLE or VLE data which are used for each
system are also introduced in Table 4 [36-63].

VPT+NDD EOS [29] favors two types of BIPs, k,;-/P TNDD and Ly
which contribute in classical and polar contributions of the mix-
ing rule, respectively. For more explanation we refer the reader to
[29]. Both kinds of BIPs are introduced in Table 4.

The second EOS used in this work is the SAFT-HR EOS [30,
31]. All SAFT-HR EOS parameters (three parameters for non-
associating compounds and five parameters for associating com-
pounds) are used from literature [30,31], and only the BIPs are ad-
justed to the aforementioned VLE or LLE data. The BIP term is
applied in estimating the dispersion contribution of the SAFT-HR
EOS in defining segment energy of binary components [31]. These
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Table 4. BIPs for VPT+NDD and SAFT-HR EOSs. A; and B; parameters are proposed for calculating the BIPs of SAFT-HR EOS [30,31]
according to Eq. (2). I}, and I}, are used in which is suggested by [29]

VPT+NDD EOS SAFT-HR EOS
Component pair Ly Reference Reference Sou(;ces of VLE
5 ; A; B, and LLE data
ip i
Methane - water 0.5044"  1.8302° 51.72" [35] 0.0015 —0.5701 This work  [37,49,54,59,63]
04969°  1.8332° 5813
Carbon dioxide - water 0.19314  0.72280  26.93 [35] 0.0008 —0.3097 This work ~ [42,58,61]
Benzene - water 0.64327 157726  21.00 This work  0.0004 -0.1223 This work  [38,53,55,60]
Cyclohexane - water 039788 125377 314 This work  0.0000 0.0000 This work  [46,51,60]
Methane - benzene 0.05081 0 0 [35] 0.00032  —0.000025  This work  [39,48,50,56]
Carbon dioxide - benzene 0.17565 0 0 [35] 0.00041  —0.04741 This work  [36,44,47]
Methane - cyclohexane 001244 0 0 [35] 0.00017 0.03599 This work  [40,57]
Carbon dioxide - cyclohexane  0.18296 0 0 This work  0.00028 0.05047 This work  [36,41,52]
Ethane - water 0.54421 1.5629 32.23 [35] 0.00116  —0.42931 This work  [45,62]
Ethane - cyclohexane 0.01931 0 0 This work  0.00015  —0.02215 This work  [43]

*: for 277.13<T<313.11 K, ": for 273.15<T<277.13K

BIPs have been considered to be temperature dependent accord-
ing to the following equation.

k= A X T+B; T/K )

In Eq. (2), T is the temperature. A; and By are adjusted over the
entire range of solubility data. The results are presented in Table 4.
2. Thermodynamic Modeling of the Hydrate Phase

Following Klauda and Sandler [64], the fugacity approach model
is used to evaluate the hydrate formation conditions. The fugacity
of water in the hydrate phase is given by:

hyd

(T, P))

£29(T, P)=F~(T, P)ex ( o

®

where R is the gas constant, f is the fugacity and x is the chemical

potential. Subscript w stands for water and superscript hyd stands

for hydrate. The difference between the chemical potential of water

in the hypothetical empty () and filled (hyd) hydrate is introduced
hyd(T P)

Aﬂiyd7M 'uﬁ’ydi RTZV ln( —ZHmj) “@
j

v,, is the number of cavities of type m per water molecule in the
lattice and 6, is defined as the fraction of type m cavities occu-
pied by gas molecules of type j introduced by Eq. (5).

g - Snfi )

i =

’ (1+2Cm] J)

where £ is the fugacity of component j in the vapor phase (or
equally any other coexisting phases in equilibrium) and C,, is the
Langmuir constant of component j in cavity of type m that de-
pends on temperature according to Eq. (6). As explained in our
previous work [12], multi-layered cavity method introduced by
Ballard [65] is a proper method to calculate Langmuir constants.
This approach is effective for heavy hydrate formers because non-
sphericity of the cavity is considered and the guest molecules fit

better in the certain orientations within the cavity. With this regard,
C,; can be calculated from the following equation.

~T 0,0
C,j kTJ. ' ———T—— dr (6)
In Eq. (6), k is the Boltzmann constant and r is the distance of any
point inside the cavity from the center of cavity. The potential func-
tion between component j and a given layer n is given by @,(r),
where the total potential is given by the sum over all layers. To
avoid mathematical singularities, the potential is integrated with
spherical symmetry from the center of the cavity to a small dis-
tance a; away from the smallest shell radius (Rs,).
The interaction potential between guest j and layer n is given by
the spherically symmetric Kihara potential function introduced by
Eq. (7a) and (7b) [65].

12 6
o o c; o
®,,(r)= 251.2{—1;(5?0 + _’5.‘1) _ _Js_(é;‘n +—L jn)} (7a)
Rs, 1 n S,

-N —N-
éN:l[(l_L__“L) _(HL__“L) } N=4,5,10,11 (7b
TN Rsn Rsn Rsn Rsn ’ v ’ ( )

z, and Rs, are the coordination number and the radius of layer of
type n, and &, & and o; are, respectively; the hard core radius, the
depth of the intermolecular potential well, and the soft core radius
of the encaged guest molecule j. The values of layer coordination
number and radius at reference conditions are given in Table 5.

As explained earlier, the nature of the heavy hydrate former com-
ponent will cause distortion of cavities. To consider the effects of
distortion of cavities on Langmuir constants, modifications should
be considered. In fact, temperature, pressure and nature of the
guest component affect the size of the formed cavity [66-69)].

Increasing the temperature and van der Waals diameter of the
guest component results in an increase of volume of hydrate cav-
ity, and increasing the pressure leads to a reduction in volume of
hydrate cavity. Ballard [65] studied changes of the volume of hy-
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Table 5. Cavity parameters in Multi-Layered cage method for structures I and II [65]. These values are measured at reference conditions

(T,=298.15K and P,=1 bar)

SI Small cage (5™ Large cage (5"%6%)

Coordination No. (z) 20 24

Average radius/A 3.908 4.326

Layer type (@) (k) @ (ky) (ky) (0
Layer coordination No. (z,) 8 12 8 8 4 4
Layer radius (Rsno)/A 3.83 3.96 447 4.06 4.645 4.25
SII Small cage (5" Large cage (56"

Coordination No. (z) 20 28

Average radius/A 3.902 4.683

Layer type (a) (e) (g (e) (g) (&)
Layer coordination No. (z,) 2 6 12 4 12 12
Layer radius (Rsno)/A 3.748 3.845 3.956 4.729 4.715 4.635

drate cavities. In summary, their model consists of three separate
terms considering effects of temperature, pressure and guest com-
ponent, separately.

The following expression based on lattice parameter (cubic root
of molar volume) is proposed [65] to evaluate changes of hydrate
molar volume caused by distortion of cavities.

2’1 }"2 2
ay(T, R, z):aoexp[?(T—To) +2(T-T))
®
A
£ T-TY - k(PP |

where a, denotes the lattice parameter changes due to cavity occu-
pancy at reference conditions T, and P,. Parameters 4,, 4,, and 4,
are thermal expansivity constants of hydrate structure which describe
changes of hydrate volume with temperature. And, &j; is the com-
pressibility constant for each hydrate structure for a certain guest
molecule. Repulsive nature of each encapsulated guest molecule

corrects standard lattice parameter values (aj) at T, Py, and the
reference composition (x,). The standard lattice parameters (aj) for
SI and SII hydrates are proposed to be chosen as 11.99245 A and
17.10000 A, respectively [65]. A detailed discussion and also the
complete form of equations can be found elsewhere [1,65,70]. The
parameters used in this work are given in Table 6(a), (b), (c). The
repulsive nature of guest molecules in each cavity is presented by
the repulsive constant, which is introduced in Table 6(c).

The compressibility parameter (i), and the hydrate lattice param-
eter (a,) depend on the hydrate structure and composition of the
guest(s) molecule in the hydrate lattice, while the thermal expan-
sion coefficients (4;), depend only on the hydrate structure.

Based on lattice expansion/compression with temperature, pres-
sure and guest component, the cavities are expanded or compressed.
Changes in radius of each cavity will affect the calculated Lang-
muir constant values. In this regard, it has been proposed [65] that
the radius of the layers in each cavity to be a linear function of the

Table 6. (a) Thermal expansivity coefficients for each hydrate structure [65]

K AIK? MK
Structure I 3.384960e-4 5.400990e-7 —4.769460e-11
Structure II 2.029776e-4 1.851168e-7 —1.879455¢-10

Table 6. (b) Compressibility parameter for each hydrate guest molecule in structures I and II [65]

Component Kg/bar™* Ky/bar™!
Methane 1.0e-05 5.0e-05
Carbon dioxide 1.0e-06 1.0e-05
Ethane 1.0e-08 1.0e-07
Benzene 0.0 1.0e-08
Cyclohexane 0.0 1.0e-08

Table 6. (c) Repulsive constant for each hydrate guest molecule in each cage of structures I and II [65]

Component Small cages-SI Large cages-SI Small cages-SII Large cages-SII
Methane 1.7668e-2 0 2.0998e-3 1.1383e-2
Carbon dioxide 0 5.8282e-3 2.2758e-3 1.2242e-2
Ethane 0 2.5154e-2 2.5097e-3 1.4973e-2
Benzene 0 0 0 3.5229¢-2
Cyclohexane 0 0 0 3.28¢e-2
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hydrate lattice parameter, as defined by Eq. (9).

Rs,= Rsnoi* )
G
where a is the lattice parameter at T, P and x, and Rs,,, is the layer
radius at referenced conditions. The values of Rs,, are given in
Table 5. New values of the layer radius can be updated and applied
in calculating the new values of Langmuir constants by trial and
error procedure.

Molar volumes of the standard hydrates of SI and SII at T, and
P,, are assumed to be the molar volumes of methane (22.7712
cm’/mol) and propane (22.9456 cm’/mol) hydrates, respectively
[65]. The guest occupying dependency is removed for the stan-
dard empty hydrates and only the effects of temperature and pres-
sure are considered in changes of molar volume of the standard
hydrates.

Since all hydrates of a given structure have the same thermal
expansion, the values of thermal expansion parameters are equal
to their standard empty hydrates. Pressure dependency of molar
volume in a filled hydrate is a function of guest occupancy in large
cavities. Consequently, to consider the effect of pressure on vol-
ume changes of empty hydrate, a different approach should be
applied. In calculating the molar volume of empty hydrate the
functions should be free of guest dependency. Because of that, a
new correction function is proposed in this work to be applied in
updating molar volume of empty hydrate due to changes in pres-
sure. The new function depends only on hydrate structure and is
introduced as:

K= X1
" 1+ exp(1,— 1:(P—Py))

(10)

In this equation y;, ¥, and y; are structure-dependent parameters
and P, and P are in bar. The parameters in Eq. (10) are obtained as
21=0.927407, ,=—7.15685 and x;=0.068739 for SII hydrate. These
values are fitted based on hydrate dissociation condition of methane
+benzene+water system. Empty hydrate volume changes can be
neglected at low pressures but is significant as the pressure is rised.

(T, P) in Eq. (3) is the fugacity of the hypothetical empty hy-
drate lattice at the desired temperature and pressure and is calcu-
lated by Eq. (11).

sat, 3
VT, PP P} (T))} an

_ psat, B sat,
£, B)=Py () () xexp| —

In this equation, vis the molar volume and ¢ is the fugacity coef-
ficient. Superscript sat refers to saturation. Since the vapor pressure
of water is low, fugacity coefficient of water in the empty hydrate
lattice (@), is assumed to be unity. Sloan et al. [71] have sug-
gested the following equations to estimate the vapor pressure of
empty hydrate lattice (P;”) for structures I and II:

Structure I:
sat, _ ( _ 60039)
P, "/atm=exp| 17.44 TK (12a)
Structure II:
sat, _ ( _ 60176)
P, "/atm=exp| 17.332 “TK (12b)

Molar volume of water in the empty lattice (17)), is estimated using
the following expression.

VAT, P)=v§(Ty, Py)xexp[A(T—To)+ A(T-T  +4(T-To)'IxKy ~ (13)

In this equation vj(T,, P,) expresses molar volume of the stan-
dard hydrate.

KIHARA PARAMETERS

The Kihara potential model introduced by Eq. (7a) and (7b)
contains parameters describing the cavity wall and parameters
describing the guest component. The parameters representing the
properties of water molecules in the cavity wall, i.e., z, and Rs,, are
based on the formed hydrate structure (see Table 5), and parame-
ters describing the guest component, ie, § o and o are com-
monly based on adjusting on the second virial coefficient and gas
viscosity data of a pure substance. The Kihara parameters may
also be correlated to hydrate formation data. Unfortunately, the
two methods give significantly different values.

To obtain Kihara parameters, based on hydrate formation data,
several methods and considerations are proposed to generate reli-
able and applicable results. Reviews of these methods are given in
the literature [65,72-80].

In spite of applying the same adjustment procedure for Kihara
parameters based on hydrate dissociation data, there is hardly agree-
ment on the published values [1,73,78,81]. The main reason may
be attributed to applying different sources of experimental hydrate
dissociation data, considering different values of reference proper-
ties of empty hydrate, using different EOS models in modeling fluid
phases [76], and finally, the differences in cavity shell consideration.

In this work, for nearly all the compounds considered, the Kihara
parameters were obtained from literature [1,65]. Because no Kihara
parameters are proposed for cyclohexane by Ballard [65], the param-
eters should be adjusted by a method similar to Ballard [65]. Dif-
ferent Kihara parameters for cyclohexane are reported in literature
[22,42,79,82]. A help gas is needed to form stabilized hydrate struc-
ture for cyclohexane, which in this case is SII [83]. Hard core param-
eter of cyclohexane, obtained from viscosity data, is assumed to be
equal to 0.951 A [79]. Because of a lack of non-dissociation pres-
sure data, in adjusting the parameters of cyclohexane, different dis-
sociation pressure data with different help gases [15,22,24] are used
to obtain unique values for £and o. Methane, carbon dioxide and
ethane are considered as help gases for cyclohexane hydrate for-
mation. The Kihara parameters are independent of temperature
[76], but to remove any unexpected effect of temperature on cal-
culation, the temperatures for three different systems are kept nearly
equal. The temperature and the related dissociation pressure of the
systems used in adjusting the Kihara parameters of cyclohexane
are gathered in Table 7.

The difference between fugacities of water in the hydrate and
vapor phases is considered as the OF.

hyd
OF =%

<10~ (14)

To calculate the fugacity of water in the vapor phase, SAFT-HR
and VPT+NDD EOSs are applied.
Fig. 7 shows the variation of gk as a function of o: As observed
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Table 7. The temperature and related dissociation pressure of the
systems used for adjusting the Kihara parameters of cyclo-
hexane

T/K P/MPa Reference

Methane+cyclohexane+water 275.05 0.779 [22]
Carbon dioxide+cyclohexane+water 274.97  0.900 [24]

System

Ethane+cyclohexane+water 2751  0.536 [15]
270

= 260

% X a )

= "y F

2250 \ I

E] S ¥/ §

H \ /

3 20 /!

3 {;

E23 ) Fe‘

E 220 . al~s
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E]

v CHA4CH [SAFT-HR EOS)

g

#— C2ZHE+CH [SAFT-HR EOS)

g

3 31 32 33 34 35 36 iz
soft core radius of cyclohexane, o (A)

Fig. 7. Determination of Kihara potential parameters of cyclohex-
ane (CH). Solid lines and dashed lines show adjusted binary
values of o and gk obtained by SAFT-HR EOS and VPT+
NDD EOS, respectively. The unique values of o and gk is
shown by +.

in this figure, for each EOS, three different curves are obtained for
each hydrate forming system. To find the optimum unique values
for eand o; the intersection of the obtained curves is desired.

The applied Kihara parameters for guest components intro-
duced by Ballard [65] or obtained in this work (only for cyclohex-
ane) are shown in Table 8.

Table 8. Kihara parameters for some substances

alA alA &'/K Reference
Methane 0.3834  3.14393 155.593 [1,65]
Ethane 0.5651  3.24693  188.181 [1,65]
Carbon dioxide  0.6805 2.97638  175.405 [1,65]
Benzene 1.2 325176  223.802 [1,65]
Cyclohexane 0.951 3.456 224.0 This work

Based on Ballard’s multi layered approach [65], the same as the
adjusted Kihara parameters based on second virial coefficient and
viscosity data, the trend of the Kihara parameters versus hard core
radius should be linear. It is also claimed that the best suitable value
for ois not located at the minimum of the curve of & versus o; but
at some distance from this point [77,79]. Based on the obtained
values of Kihara parameters for cyclohexane, we conclude that the
proposed values are consistent with the two mentioned criteria.

RESULTS AND DISCUSSION

As explained in the experimental section, isochoric pressure search
method was used to determine the hydrate dissociation (tempera-
ture and pressure) conditions for the systems of methane-+benzene/
cyclohexane+water and carbon dioxide+benzene/cyclohexane+
water. All the experimental data obtained in this work are reported
in Table 3 and plotted in Figs. 3-6.

First, hydrate dissociation conditions for the methane+benzene/
cyclohexane+water and carbon dioxide+cyclohexane+water sys-
tems, for which experimental data are available in literature [3,19-
24,79], were measured experimentally. Then, hydrate formation
conditions for carbon dioxide+benzene+water were investigated.
To the best of our knowledge, no experimental data is available for
this system. For each of the mentioned systems four phase (V-H-
L,-Ls,) equilibrium is studied in the thermodynamic modeling
part. Degree of freedom of four-phase equilibrium in a ternary

Table 9. Average absolute relative percent deviation (AAD%)" of calculated dissociation pressure for ternary-four phase (V-H-L,-L,,) equilib-
ria. The data points used are from [3,19,21-24] and this work

Number of AAD% obtained by applying ~ AAD% obtained by applying
T -four ph f
ernary-four phase system Source of data 4 - point (N) SAFT-HR EOS VPT+NDD EOS
Meth b This work 9 7.02 741
efhanewbenzene Literature 19 857 105
+water hydrate
Total 28 8.09 9.37
Methane-+cveloh This work 8 12.83 3.69
eraner cyclolexane Literature 18 5.56 8.33
+water hydrate
Total 26 8.42 6.95
o This work 4 15.78 2.45
Carbon dioxide+cyclohexane Literature 15 362 566
+water hydrate
Total 19 6.18 3.99
Thi k 3 13.25 15.35
Carbon dioxide+benzene . 15 WOr
Literature
+water hydrate
Total 3 13.25 15.35

*AAD%=I%Iz(ypexp,pwﬁ/P”P)x 100
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system is one. Consequently, the initial composition of com-
pounds does not affect the dissociation pressure of hydrate forma-
tion at a certain temperature.

The predicted hydrate formation points by the VPT+NDD and
SAFT-HR EOS models are also presented in Figs. 3-6. As men-
tioned, the BIPs are adjusted to VLE or LLE data. The average abso-
lute relative percent deviation (AAD%) of predicted results are
introduced in Table 9.

1. Methane+Benzene+Water System

Methane is known to form SI hydrate; however, the hydrate
formed in the presence of benzene is SII. The obtained experimen-
tal results and the calculated values of dissociation pressure by VPT+
NDD and SAFT-HR EOSs for this system are presented in Fig. 3.
Hydrate formation of methane+benzene+water system has been
investigated by Danesh et al. 3] and Mohammadi et al. [19]. Their
results are also demonstrated in Fig. 3. As can be seen, the experi-
mental data obtained in this work are in good agreement with the
experimental data reported in literature [3,19].

As is evident in this figure, both EOSs have calculated the exper-
imental points with acceptable accuracy, and the results of calcu-
lated hydrate formation conditions over the entire range of tempera-
ture are nearly the same for both EOSs. The performance of VPT+
NDD EOS in lower pressures is better than at high pressures, while
SAFT-HR EOS has shown better results at higher pressure region.
In Table 9, the AAD% for the calculated dissociation pressure is
presented. AAD% of the data obtained in this work and the data
reported in literature [3,19] is given separately. AAD% over the entire
range of data is also presented which are 8.09 and 9.37 by SAFT-
HR EOS and VPT+NDD EOS, respectively.

2. Methane+Cyclohexane+Water System

Cyclohexane forms SII hydrate in the presence of help gases. The
experimental and also calculated hydrate equilibrium conditions
are demonstrated in Fig. 4. This system has also been investigated
by Sun et al. [21] and Tohidi et al. [22]. As can be observed in Fig,
4, the experimental data obtained in this work are in very good
agreement with literature data [21,22]. The calculated hydrate for-
mation condition by VPT+NDD and SAFT-HR EOSs shows the
superiority of SAFT-HR EOS, especially at higher pressures.

The AAD% values obtained by use of each EOS are introduced
in Table 9. The AAD% for SAFT-HR and VPT+NDD EOSs are
reported as 842 and 6.95, respectively; over the entire range of experi-
mental data. Predicted results and also estimated AAD% show ac-
curacy of the models and also reliability of the obtained Kihara
parameters of cyclohexane.

3. Carbon Dioxide+Cyclohexane+Water System

The phase behavior of carbon dioxide+cyclohexane+water sys-
tem is more complex. This complexity results from the occurrence
of liquid carbon dioxide phase. The upper end point of the four
phase equilibrium line (V-L,,-L;;-H) is limited to quintuple point
at 280.03 K and 2.65 MPa [24]. Because of that, the range of inves-
tigation is limited to the lower and upper quintuple points. Hydrate
formation points of carbon dioxide+cyclohexane+water system
were studied by Mohammadi and Richon [23] and Mooijer-van den
Heuvel et al. [24]. The experimental data obtained in this work and
the literature data [23,24] are shown in Fig. 5. The obtained data
in this work shows acceptable compatibility with literature data in

low temperatures (lower than 279 K) while at higher temperatures
our data shows deviation from the data produced by Mooijer-van
den Heuvel et al. [24].

SAFT-HR and VPT+NDD EOSs are used to calculate the hy-
drate formation points. The overall AAD% and also AAD% over
experimental data obtained in this work and experimental data
reported in literature [23,24] are presented in Table 9. The perfor-
mance of the EOSs close to the quintuple point is not as good as
in low temperature region. The total AAD% obtained by SAFT-
HR EOS is 6.18 and by VPT+NDD EOS is 3.99.

4. Carbon Dioxide+Benzene+Water System

Because of the nature of carbon dioxide in the system of car-
bon dioxide-+benzene+water, the four-phase equilibrium line (V-
L;-Ly-H) is limited to upper and lower quintuple points. Experi-
mental determination of this point is not in the scope of this work.
In this regard, the searching area should be limited to two upper
and lower quintuple points. The lower temperature limit is set to
273.15 K and the upper range is estimated by BUBL P calculation.
In comparison with former systems, in order to measure the pres-
sure drop of the system, a significant induction time was needed.
Several hydrate formation runs were handled and only three reli-
able equilibrium points were measured for this system. The exper-
imental and calculated results are presented in Fig. 6.

SAFT-HR EOS and VPT+NDD EOSs are both used to obtain
the hydrate formation points. The total AAD% is 13.25 and 15.35
for SAFT-HR EOS and VPT+NDD EOS, respectively.

5. Comparison of the Performance of EOS Models

Because of the powerful theoretical background of SAFT-HR
EOS [30,31], especially whenever associating molecules such as
water are present, it is expected that phase equilibrium calculations
lead to more accurate results by this EOS. VPT [28] is a simple cubic
EOS, which may not be used in complicated phase equilibrium cal-
culations [29], but the weak points of VPT EOS might be removed
by applying more elaborate mixing rules as is proposed by Avlonitis
et al. [29]. Application of these mixing rules results in increase of the
number of fitting parameters. n VPT+NDD EOS [29] fitting param-
eters are assigned to asymmetric interactions between polar com-
ponents and non-polar components. Increasing the number of fitting
parameters in VPT+NDD EOS compensates its weak theoretical
background and enables this EOS to compete with SAFT-HR EOS.

Comparing the results of modeling we may conclude that both
EOS models have produced nearly the same results; however, gen-
erally SAFT-HR EOS has performed better at higher pressures.
SAFT-HR EOS with its more powerful theoretical background,
and VPT+NDD EOS with the help of the mixing rule and more
number of adjusted BIPs, are both reliable in these calculations.

The discrepancy between experimental data and the calculated
results by sophisticated EOS models arises from a number of factors.
Besides the errors of the EOS models, we may refer to the assump-
tions of the ideal solution theory of van der Waals and Plattecuw
model and the values of Kihara parameters.

6. Effect of Addition of Heavy Hydrate Formers on Hydrate
Formation Conditions

Figs. 3 and 4 show some selected experimental hydrate dissocia-
tion data from literature for methane+water system [84-86] to iden-
tify the effect of addition of heavy hydrate formers. Also, in order
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to investigate the effect of adding heavy hydrate formers into three
phase (V-H-L,) system of carbon dioxide+water, the selected experi-
mental hydrate dissociation data of this system [24,86] is also con-
sidered in Figs. 5 and 6.

As can be seen, hydrate formation points are changed significantly
to lower pressures and higher temperatures, which is an indication
of inclusion of the heavy hydrate formers into hydrate structure. In
comparison to benzene, cyclohexane affects methane+water sys-
tem more significantly.

Generally, adding heavy hydrate formers into methane/carbon
dioxide+water systems changes the structure from SI to SII. Obvi-
ously; this is the reason why hydrate formation conditions change
significantly. However, the effects of the addition of heavy hydrate
formers into each system are not the same. The type of the help
gas and also occupancy of heavy hydrate former into hydrate cavi-
ties dictates the final changes. The cage occupancy of benzene and
cyclohexane requires further investigation using Raman spectros-
copy or similar techniques.

CONCLUSIONS

The potential of heavy hydrate formers has been experimentally
and theoretically presented in this study. An isochoric pressure search
method was used to perform all the measurements. Experimental
dissociation data for four phase hydrate equilibria (V-L,,-Lg-H) of
methane+benzene+water, methane+cyclohexane+water, carbon
dioxide-+cyclohexane+water systems were measured and compared
with literature data. Reliability of the experimental setup and the
procedure of measurements was evaluated. Acceptable compatibility
was observed between our data and literature data. Then, hydrate
dissociation data of carbon dioxide+benzene-+water four phase sys-
tem were measured and presented.

Two well-known VPT+NDD and SAFT-HR EOSs were applied
to predict the hydrate formation condition of the four phase equi-
librium experimental data.

Kihara parameters of cyclohexane were obtained by adjusting to
the hydrate dissociation data of methane/carbon dioxide/ethane+
cyclohexane+water systems at ~275 K in this study.

Binary interaction parameters for each EOS were obtained from
VLE and LLE data. Distortion of cages caused by the presence of
large compounds is considered in modeling the hydrate phase. Con-
sidering distortion of cavities greatly improved the results. Com-
parison of the modeling results with experimental data shows that
the results obtained by SAFT-HR EOS are in better agreement
with the experimental data in comparison to VPT+NDD EOS at
higher pressures.
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NOMENCLATURE

a : lattice parameter [A]

August, 2016

: Langmuir constant [kPa ']

: fugacity [MPa]

:hydrate

: Boltzmann constant (1.38066x10 ] K), binary interac-
tion parameter between nonpolar components in VPT+
NDD and SAFT-HR EOSs

:binary interaction parameter between polar and nonpolar
component in VPT+NDD EOS

Ly, :aqueous liquid

Lyc :hydrocarbon rich liquid

N :number of data

P : pressure [MPa]

r :distance of any point inside the cavity from the center of
cavity [A]

: gas constant (8.314 MPa cm’ K" mol ")

: radius of layer [A]

: temperature [K]

: vapor

: composition

:any property

: coordination number

~om™0

~—~

NOM M <

Superscripts

cal  :calculated value

exp :experimental value

hyd :hydrate phase

sat  :saturated

vap :vapor phase

£ :hypothetical empty hydrate phase

*  :standard conditions at reference temperature, pressure and

composition
Subscripts
i,j  :component
m  :cavity type
n :layer type
p  :polar component
W rwater
0  :standard conditions at reference temperature and pressure
Greek Letters
a  :Kihara parameter- hard core radius [A]

A :change in property

: Kihara parameter-depth of the intermolecular potential well
0l

: fraction of occupied cavities by gas molecules

: compressibility constant [bar ]

: pressure dependency of molar volume in an empty hydrate

: thermal expansivity constants [K ']

: chemical potential [J mol ']

:number of certain type of cavities per water molecule, molar
volume [cm® mol™']

: Kihara parameter- the soft core radius [A]

: fugacity coefficient

: potential function between guest component and water mol-
ecules
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