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1 | INTRODUCTION

The term natural gas is customarily reserved for gaseous
minerals found in subsurface rock reservoirs, but all
terrestrial gases such as air, volcanic emissions, and so

| Farai Munashe Wande' |

Abstract

This investigation reports the first study to predict natural gas hydrate formation
using both Aspen HYSYS® and HydraFlash software for various gas compositions
and thermodynamic inhibitors (monoethylene glycol [MEG] concentrations at
10, 20, 30, and 40 wt.% and methanol concentrations at 10 and 20 wt.%). The
simulated predictions are compared with the results of the experimental data in
the literature. It has been shown that HydraFlash software can accurately predict
hydrate formation conditions for a given industrial case, without having to carry
out costly experimental work. This work also evaluated the effect of inhibitors
and it appears that inhibitor type and concentration are determined according to
condition of gas composition. MEG is consequently selected as the most ideal
hydrate inhibitor for the industrial case. This also was confirmed through
COSMO-RS studies in which the sigma profile and sigma potential of the consid-
ered inhibitors were obtained and presented using density functional (DFT) calcula-
tions to verify the hydrogen bonding affinities of the inhibitors to water molecules.
HydraFlash was utilized to predict the dissociation conditions of hydrates under the
influence of a high concentration of MEG inhibition, reaching up to 40 wt.% at
313 K and a pressure of 311.1 bar. Finally, it is shown that both software packages
are quite accurate and useful tools for the prediction of hydrate for simple systems.
However, HydraFlash can simulate more complex systems, including different
types of salts at higher pressures. Investigation results indicate insightful guidance
for accurately predicting hydrate dissociation under simulated conditions.
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forth are also called natural gases.[” The composition of
pipeline natural gas extracted from the source varies
depending on the source and the processing of the gas.
Generally, natural gas contains mostly methane and
smaller proportions of ethane and other hydrocarbons.!
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Inorganic compounds such as nitrogen, hydrogen sulphide,
and carbon dioxide are undesired components when
combined with water®* and these wide varieties of small
molecules can stabilize the crystal lattice of water.” Indeed,
they form solid crystalline compounds known as gas
hydrates, under suitable pressure-temperature conditions,
which cause problems during the production, processing,
and distribution of natural gas. Figure 1 shows typical
pressure and temperature conditions of hydrate formation
(Kelland'®) and it is evident that as pressure increases,
hydrates can form at temperatures as high as 25-30°C.
The gas processing operation occurs at conditions
with low temperatures and high pressures, which will be
within the hydrate stability zone. Hydrate control has
received a considerable amount of attention due to the
flow assurance subject in the gas and oil industry due to
its ubiquitous nature.'*” If it is not addressed properly in
design and operation, the result could be catastrophic.!®!
This, in turn, has led to the regulation of gas water con-
tent and to the improvement of hydrate plugs prevention
methods.>°! Moreover, one of the main concerns in the
oil and gas industry has been the increasing costs associ-
ated with the inhibition of gas hydrate formation due to
the development of offshore gas reservoirs.' Therefore,
it is essential to predict the onset of hydrate formation for
the economic and successful process of natural gas
production operations.[u] Accordingly, hydrate management
traditionally includes pipeline insulation, active heating,
water removal, low pressure operation, or thermodynamic
inhibitors—mainly methanol and monoethylene glycol
(MEG).I"®! These inhibitors work by shifting the gas hydrate
stability curve to higher pressures or lower temperatures
through reduction."*! Thermodynamic hydrate inhibitors
are so far the most common chemical class employed in the
prevention of hydrate formation.[*!>*! MEG and methanol
(MeOH) are the two most common types of thermodynamic
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hydrate inhibitors, which are commonly used to prevent
hydrate formation in production and process operations.!'”
Diethylene glycol (DEG) and triethylene glycol (TEG)
are sometimes employed in hydrate prevention but are less
effective.l'®! Methanol significantly partitions the gas and
liquid hydrocarbon phases in comparison to glycols
such as MEG, which partitions almost exclusively into the
bulk water phase. Therefore, glycols are often preferred
over methanol when the gas-oil-ratio (GOR) is high
and water-cut low.""®! A typical measure of inhibitor
effectiveness is subcooling, which is the difference
between the hydrate formation temperatures with and
without inhibitor.!*”! Table 1 shows computed subcooling
values for different thermodynamic inhibitors within
the water phase (Kelland'®). In order to determine the
temperature and pressure in which the hydrate is in
equilibrium, it is impractical to carry out experiments for
each and every composition of gaseous mixtures,?! and
thus, various correlations have been presented in the
literature to predict hydrate formation conditions.!*
Recently, there has been an increase in the use of artificial
neural networks to study this problem,[23] mainly because
of the reliability and high sensitivities of computer packages
for the prediction of hydrate formation temperature and
hydrate inhibition.

A number of researchers have predicted the conditions
for hydrate formation in different ways such as: (a) the
prediction of hydrate formation conditions for gas mixture
systems using thermodynamics and artificial neural
network modelling was presented by Rebai et al.l?*;
(b) the gas hydrate efficiency of thermodynamic inhibitors
was compared by Deka et al!**! and a knowledgebase
was obtained for cost-effective applications; (c) a gas
consumption rate by calculating the driving force from the
fugacity coefficient of the components in the gas phase
was researched by Talaghat!®!; (d) the accuracy of the
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TABLE 1 Subcooling values at the performance of various thermodynamic inhibitors in the water phase (Kelland!®!).
Chemical Mono ethylene Diethylene Triethylene Sodium Potassium
name Methanol Ethanol glycol glycol glycol chloride formate
Chemical CH,0H C,H0 C,H0, C4H,005 CeH,,0, NaCl CHKO,
formula
CAS number  67-56-1 64-17-5 107-21-1 111-46-6 112-27-6 7647-14-5 590-29-4
Concentration Depression of hydrate point (°C)
(Wt.%)
5 2.0 1.4 1.05 0.63 0.46 1.96 =
10 4.2 3.0 2.25 1.4 1.05 4.3 2.5
20 9.3 6.6 5.2 33 2.7 10.7 7.1
30 15.3 10.7 9.0 59 5 15.0 12.9
35 18.6 13.0 11.35 7.5 6.5 = =
40 22.2 154 14.0 9.3 8.2 - —

new methane-pure water system correlation was
enhanced by Riazi et al.*® on the basis of experimental
data gathered by Sloan and Koh!*”! and they used the
Matlab curve fitting software to optimize the solution;
(e) hydrate formation temperature was predicted in
natural gas binary mixtures using the group method
of the data handling approach and all models were
performed by Behvandi et al.[*®!; and (f) the distribution
of pressure and pressure gradient under different
operating conditions were explored by Yang et al.l*”]
and the accuracy of the simulation model was evaluated
with lab experiment data. Given the wide range of
differing simulation approaches taken by the various
applied methods, different simulation packages have
their own characteristics and advantages. Thereby,
prediction tools should be selected appropriately
according to the proper conditions and system in the
initial stage. The challenges existing in the current research
structure are discussed and the potential future research
directions are proposed. To the best of our knowledge,
this is the first study to compare HydraFlash and Aspen
HYSYS® for the prediction of hydrate formation. This is the
first evaluation of a real industrial case with such a large
throughput. The case study was chosen from the plan that
the first author was working on where he observed a major
challenge during design stage to evaluate hydrate prediction
and inhibition.

The aim of the current study is to simulate an
industrial case condition in the South Pars Gas Project
(Iran) using HydraFlash and Aspen HYSYS® and to
investigate the phase behaviour of hydrocarbon fluids
in an oil and gas pipeline with various inhibitors.
The main objective of this study is to compare the
predictions from HydraFlash and Aspen HYSYS®.
HydraFlash was developed at Heriot-Watt University,

which was later improved and commercialized by
Hydrafact,*) UK, while Aspen HYSYS®P! is a
commercial package provided by the Aspenone group.
Four different gas compositions during the summer
and winter seasons were simulated, and the results of
the phase equilibrium data from the simulation were
validated against plant data. The effect of thermodynamic
inhibitors on natural gas hydrate formation was
investigated to determine the best minimal inhibitor
concentration. Finally, experimental methane hydrate
equilibrium data for mixed sodium chloride and
ethylene glycol aqueous solution were used to evaluate
the simulation packages in more challenging systems.
In the evaluation of hydrate dissociation conditions, it
is imperative to consider the potential implications of
utilizing inhibitors at elevated concentrations. The
selection of inhibitor concentrations as high as 40 wt.%
in our study was motivated by the need to comprehen-
sively assess the predictive capabilities of the models
under extreme conditions. While such concentrations
may appear unusually high compared to typical usage
levels, they were chosen to explore the models’ perfor-
mance across a wide range of inhibitor concentrations
and to provide insights into their effectiveness under
challenging scenarios. It is important to note that in
industrial applications, there may be instances where
high inhibitor concentrations are required to achieve
significant temperature shifts and prevent hydrate
formation. Our study aims to shed light on the predictive
capabilities of the models under these conditions and
highlight potential implications associated with higher
inhibitor concentrations. Ultimately, the insights gained
from our study can inform decision-making processes and
aid in the development of effective strategies for hydrate
mitigation and process optimization.
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2 | METHODOLOGY

2.1 | Selection of experimental data from
the literature

In this work, the HydraFlash and Aspen HYSYS® software
are used and the simulation outputs were compared with
the results of an experimental data by Deaton and Frost'*!
for the simple hydrocarbon system. They built a high-
pressure glass-windowed rig to facilitate the study of natural
gas hydrates with different gas compositions. The glass
window enabled them to observe the formation of hydrates
and their phase equilibrium in natural gas pipelines.
Experimental data typically allows the researcher to interpret
their effects on the variables. We used the compositional data
for the industrial case in the South Pars Project. The operat-
ing condition composition of feed at the inlet of the subsea
pipeline at the offshore platform is provided in Table 2. We
also extend the work to a more complex system in the South
Pars Project, Iran, which includes salts. Industrial data
evolves more defined insights and experiences. The hydrate
dissociation measurements by Masoudi et al'*! were
used for a real and complex system of aqueous solution of
NaCl-EG, as presented in Table 3. The presence of salts
causes it to be challenging to study the thermodynamic prop-
erties under industrial conditions. Experimental results were
generated by step-heating, where the system temperature
was raised in steps and only equilibrium (stable pressure)
data were used to determine dissociation conditions.

2.2 | COSMO-RS study

The primary mechanism of the gas hydrate inhibitors is to
distract water molecules by forming hydrogen bonds with
them. COSMO-RS is a strong tool capable of predicting the
tendency of a compound for creating hydrogen bonding,
and hence it can be used as a screening tool to examine
the inhibition effect of different inhibitors prior to any
experimental measurement. COSMO-RS is regarded as the
best link between chemical engineering thermodynamics
and chemical quantum mechanics. The idea was developed
in the early 1990s by Klamt and Schiiiirmann assuming a
surface charge around the molecule or ion, which can be
obtained using so-called COSMO calculations.** These
surface charges can be converted to the interaction parame-
ters between species, which can be used in the calculation
of fluid properties. In order to produce the COSMO surface
charges for the studied inhibitors required in the calculation
of interaction parameters (Klamt"**"), the inhibitors’ struc-
tures need to be optimized first. For the purpose of this
study, the Amsterdam density functional (ADF) framework
(Baerends'**) has been used in which, the Beck-Perdew
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(BP) GGA level of density functional theory along with
triple zeta polarized (TZP) basis set, the Klamt radii, and the
Delly surface area for atoms were used in the calculations.

After the geometry optimization step, the COSMO files were
generated using the final optimized structure.*>*”!

2.3 | Simulation procedure

Commercial process simulators are normally used in the
predicting the conditions for hydrate formation and they
compute the chemical activity of the water phase, the
effect of higher molecular hydrocarbons, and the effect of
hydrate inhibitors. Further, process simulations rely on
existing packages and thermodynamic equations to
estimate hydrate formation at various conditions. For oil,
gas, and petrochemical applications, the Peng-Robinson
equation of state (EoS) is generally used for the calculation
of fugacity in the vapour and liquid phases. In this study,
the Peng-Robinson equation of state®® was used for
estimating water fugacity in the vapour and liquid phases.
The following equation was obtained for the estimation of
the fugacity of water in the fluid phases, f;13*-#1l:

fi b
lnziP_bm(Z 1)—In(Z—-B)

a (1dn*a b Z+2.414B)
—— (- —=— -2 I Z=—=) ()
2v/2\n dn; by Z —0.414B

where
1d(n’a) d(na)
d(na) 1

= a;+ Iny; + a’+a® 3
o (@ rag) |\ ™ wlete) 0

bm bi
In—+——1
e o,
b,.P
B=-"" 4
RT (4)
n; n;
=S T (5)
d(nby)
= (6)

in which n stands for the number of moleculesn z; stands
for the mole fraction of component i, and Z presents the
compressibility factor. For the evaluation of the activity
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TABLE 2 Industrial natural gas composition and simulation model.

Property Value

Normal flow, kmol/h 6.04E+04

Normal flow, Kg/h 1.30E+06

Pressure, bar 125

Temperature, °C 73.72

Molecular weight 21.54

Heat flow, kcal/h —1.22E+09

Vapour

Molar flow, kmol/h 5.86E+04

Normal flow, kg/h 1.17E+06

Density, kg/m3 @P,T 102

Liquid

Standard liquid volume flow, m*/h 203.9

Normal flow, kg/h 1.31E+05

Composition

Components Formula CAS number Mole fraction Model

Methane CH,4 74-82-8 0.83154 Peng-Robinson equation of state

Ethane C,Hg 74-84-0 0.05262

Propane C3;H, 2025-55-0 0.01741

i-Butane C4Hyo 75-28-5 0.00380

n-Butane C4Hyo 106-97-8 0.00640

i-Pentane CsH, 78-78-4 0.00260

Carbon dioxide CO, 75042-80-7 0.01781

Nitrogen N, 7727-37-9 0.03001

Hydrogen sulphide H,S 7683-06-4 0.00480

Benzene CeHs 71-43-2 0.00020

Cyclohexane CeHy» 110-82-7 0.00040

Methylcyclopentane CeHio 5310-57-6 0.00030

Methylcyclohexane C;Hyy 108-87-2 0.00080

Methylmercaptan CH,S 17719-48-1 0.00040

Toluene C,Hg 108-88-3 0.00030

p-Xylene CgH1, 106-42-3 0.00140

n-Pentane CsH,, 109-66-0 0.00260

n-Hexane CeHia 110-54-3 0.00300

n-Heptane C;Hy6 142-82-5 0.00320

n-Octane CgHig 111-65-9 0.00350

n-Nonane CoH, 111-84-2 0.00300

n-Decane CioHaoz 124-18-5 0.00240

n-Undecane Ci1Hoy 1120-21-4 0.00570

Water H,O 7732-18-5 0.00580
coefficient of the gas phase and water in Equation (3), y;, CSMHYD is also another package where the Van der
the electrolyte NRTL (eNRTL)[‘u] activity model was Walls and Platteeuw method is postulated as a statistical
applied. model for hydrate formation. In this study the fugacity of
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TABLE 3

Sodium chloride
concentration (mass%) CAS
number 7647-14-5

Ethylene glycol
concentration (mass%)
CAS number 107-21-1

15.0 21.3

water in the hydrate phase (H) is calculated using the
vdWP model as follows:

p—H

i=rhesp () )

in which Apf~H shows the difference between the
chemical potential of the meta-stable f-phase and the
actual hydrate phase, as explained in Section 2.3. The
fugacity of the meta-stable f-phase, fﬂ,, can be obtained

using the following equation!*!:

o —Aub!
=" esn (=) ®)

in which, fivo presents the fugacity of pure water in the
liquid phase. The following equation is used to calculate
the chemical potential difference between the empty
hydrate lattice and the liquid phase, Auf !, as indicated
below:

T I4
Aub-l  ALO ARP! APl
RT RT RT RT
Ty Py

where the reference temperature and pressure (T, and
P,) are set equal to 273.15 K and the vapour pressure of
the ice, respectively. Since P, is small compared to the
hydrate equilibrium pressure, it is usually set equal to
zero. Apd defines the difference in the chemical potential
of water in the empty hydrate lattice and liquid phase at
To. Ahgv_1 presents the molecular enthalpy difference
between the meta-stable f-phase and liquid water or ice
and AV is the molecular volume difference between
the meta-stable p-phase and liquid water or ice. Ahﬁ,’1
contains two parts, including the enthalpy of phase
change from ice to liquid water at T, and a heat capacity
contribution due to the heating of the liquid from T, to
the corresponding temperature, T:
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Experimental methane hydrate dissociation conditions for sodium chloride-ethylene glycol.!>*!

Dissociation point

Temperature (+0.1 K) Pressure (+0.008 MPa)

262.3 5.068
268.4 11.431
274.3 27.758
2779 46.698
T
ARP = ARY, + /T ACpywdT (10)
o

The foundation of the CSMHYD package was
developed by Sloan.**! Thus, as mentioned, the foundation
of the current models that are currently employed is incor-
porated within Aspen HYSYS® (V8.0). In this study, Aspen
HYSYS® (V8.0) was employed in combination with Hydra-
Flash (version 3.3) in the prediction of hydrate formation
under various conditions. Ayansola et al.** concluded that
Aspen HYSYS® is an accurate hydrate prediction package,
and this was further corroborated by Carroll'*! who states
that it is an accurate tool that can predict hydrate formation
to an error of 0.8°C. In this work, the Peng—Robinson EoS
was used in both Aspen HYSYS® and HydraFlash for all
the simulations that were carried out.

2.4 | Influence of process parameters

The data shown in Table 4 of various natural gas composi-
tions are referenced as gases A, B, C, and D. Figure 2
shows their corresponding phase equilibrium obtained
experimentally. The free water forms an ideal or nonideal
mixture with the hydrate particles and can dissolve foreign
substances.*! Aspen HYSYS® allows for the assumption
of free water for hydrate prediction, but HydraFlash does
not have this facility and thus a mole fraction of 0.2 of water
was assumed. Once the curves had been obtained, both
HydraFlash and Aspen HYSYS® were employed in the
prediction of the inhibition effect on gas B and simulations
were carried out with MEG concentrations at 20 and
40 wt.%. As such, the obtained prediction for gas B shows
the best appropriate precaution with 6.14% safety offset.
Table 2 shows the tabulated compositional data for the
industrial case in the South Pars Project. Aspen HYSYS® and
HydraFlash were also employed in the prediction of hydrate
formation conditions for this composition. HydraFlash was
then employed in the prediction of formation conditions
with inhibition. The hydrate formation predictions were
carried out with MEG concentrations at 10, 20, 30, and
40 wt.% and nethanol at concentrations of 10 and 20 wt.%.
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CH, C,H, C:H, C.Hyo o, H,S N, Component TABLE 4 Concentration of
different natural gases components
0.654 0.127 0.103 0.037 0.002 0 0.077 Gas A (Deaton and Frost[32]).
0.879 0.044 0.049 0.015 0.002 0 0.011 Gas B
0.91 0.032 0.02 0.031 0.004 0 0.003 Gas C
0.878 0.04 0.021 0.015 0.0325 0.0025 0.011 Gas D
100 - FIGURE 2 Experimental phase
@ Gas A Experimental Data I P P [32]
® Gas B Exp er@mental Data s equilibrium data (Deaton and Frost"~').
80 Gas C Experimental Data
+ Gas D Experimental Data
_—
g 60 ®
2 o °
@ 40 o
= * e
g x o
= 20 s mo"
R C
o e =
0 L L L L L
273 275 277 279 281 283 285 287 289 291 293 295

Temperature (K)

3 | RESULTS AND DISCUSSION
3.1 | Comparison of the hydrate
prediction against experimental data

Figure 3A-D compare the experimental data for gases A,
B, C, and D with the output of two software. Aspen
HYSYS® can predict hydrate formation with an average
error of 0.8°C since the solubility of the various components
in the gas is neglected,'*”! while Ayansola et al.l* con-
cluded that Aspen HYSYS® is an accurate hydrate
prediction package. This is validated as the results show
that the predicted hydrate formation values for Aspen
HYSYS®, especially in Figure 3A, match the experimental
data between 273 and 287 K where a deviation occurs. The
remaining plots reveal that all of the prediction curves for
both Aspen HYSYS® and HydraFlash fall to the left of the
experimental data. Due to the importance of obtaining
accurate predictions, both simulation packages could be
simulated with a safety percentage offset. It is within the
software that offers an appropriate precaution and adds a
safety factor almost 10% towards the hydrate-forming
region."”! Figure 3B shows that simulated output values are
less sensitive to temperature in the range 273-287 K.
Figure 3C shows that simulated equilibrium curves fall
to the left of experimental data between 285 and 292 K.
Simulation results in Figure 3D show P-T line predicts
temperatures for the gas D slightly over experimental data,
especially between 281 and 289 K. The results represent

that the hydrate formation prediction conditions from
HydraFlash and Aspen HYSYS® are almost identical since
the difference in hydrate predictions is less than a 10%
confidence interval opposite to the experimental results. It
shows that each software package provides accurate predic-
tions of hydrate dissociation for gases A, B, C, and D with
average error 0.19%, 6.14%, 1.9%, and 1.67%, respectively.

3.2 | Evaluation of the hydrate
formation curves with inhibition for an
experimental phase equilibrium data

Figure 4 shows hydrate formation predictions for gas B
with MEG inhibition. The plots show that HydraFlash
and Aspen HYSYS® yield the same hydrate formation
curves. Due to this, it can be concluded that HydraFlash
can accurately predict the formation of hydrates since
Aspen HYSYS® predictions have been validated by
Ayansola et al.l**! and Carroll.**!

Table 2 shows the composition of natural gas for an
industrial case in the South Pars Gas Project, Iran. Aspen
HYSYS® and HydraFlash have the same hydrate formation
curves as shown in Figure 5 for this case. Aspen HYSYS®
could not predict the hydrate formation past 296.30 K while
HydraFlash can predict beyond this temperature.

Figure 6 compares the hydrate formation curves for
gas B with MEG (20 and 40%wt) and methanol (20 and
40%wt) inhibition. The predicted hydrate formation
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curves are as expected as mentioned by Kelland'® and
as shown in Table 1, methanol provides greater subcool-
ing than MEG.

3.3 | Effect of thermodynamic inhibition
in various concentrations for an
industrial case

Figure 7A,B show that the HydraFlash hydrate formation
curves for the industrial case composition with 10 wt.%
MEG and 10wt.% methanol inhibition, respectively.

Temperature (K)

The results in Figure 6 show that sub-cooling due to
MEG is higher than that with methanol. Methanol has a
high vapour pressure, so when the water cut is low, a
large amount of methanol goes to the gas phase, and
because of reducing its concentration in the aqueous phase,
the inhibition effect occurs. Kelland!®! stated that glycols are
preferred over methanol where the GOR (gas—-oil-ratio) is
high and water-cut low since MEG partitions appreciably
into the bulk water phase while methanol does not. The
amount of gas dissolved in the oil is high for the industrial
case composition at operation conditions and has a
low water cut due to the MEG partitioning coefficient,
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which is exclusively higher subcooling than methanol to
distribute the bulk water phase, as shown in Figure 7A,B.
Gas B does not have a low water-cut, and as a result,
methanol has higher sub-cooling in comparison to MEG,
as shown in Figure 6. Based on the hydrate formation

curves given in Figure 7A,B, MEG is selected as the most
suitable hydrate inhibitor.

There are also other reasons that MEG is used as a
hydrate inhibitor, most importantly because MEG can be
regenerated. Alharooni et all*®! stated that thermal
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degradation of MEG may occur during the regenerating
process when heated to high temperatures at the boiler.
Figure 8 shows the hydrate formation curves with MEG
as the inhibitor for various concentrations and up to
313 K with a pressure of 3111 bar for 40 wt.% MEG inhi-
bition. Aspen HYSYS® could not predict formation
curves with inhibition as a computational error always
occurred due to the free water phase in the mole fraction.

3.4 | Predicting hydrate dissociation
conditions in the presence of aqueous
solution of NaCl-EG

In this section, Aspen HYSYS® (V8.0) was employed
in combination with HydraFlash and predictions are

0.03

validated against experimental data for the hydrate
inhibition effect of aqueous solutions containing NaCl
and ethylene glycol. Figure 9 shows experimental and
predicted hydrate formation conditions for an aqueous
solution of ethylene glycol. HydraFlash predictions show
a good match with experimental data while Aspen
HYSYS® match the experimental data from 275 to 278 K,
but there are significant deviations at 259 K. It should
be emphasized that Aspen HYSYS® predictions have
not been used in the behaviour of aqueous solutions
containing both salts and ethylene glycol. So far Aspen
Hysys software included only salt as sodium chloride
in the package and other types of salts such as calcium
chloride, sodium sulphate, and magnesium chloride
are not supported in the package. The advantage of
HydraFlash is that it covers a wide range of salts
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(13 types) and is specifically designed for hydrate
prediction, though the software could be improved
with respect to interface and documentation.

3.5 | COSMO-RS sigma (o) profile and
sigma (o) potential

COSMO-RS o-profile, o-potential, and o-surface
are decent indicators in the pre-screening of the
hydrogen bonding energies for gas hydrate mitigation.
The o-surface, o-profile, and o-potential deliver an
excellent description of ion interaction behaviour
with water by visualizing their electro-negativity and
electro-positivity. The sigma surface of MEG and the
sigma profiles of MEG, DEG, and methanol are
depicted in Figure 10 for gas hydrate studies. The blue
area on the o-surface of MEG describes a strong
negative (hydrogen bond [HB] donors), which corresponds
to the area >—0.1 eV-A~? in Figure 10. The red area
shows a strong positive (<0.1 eV-A~?) of HB-acceptors
and the purple area designates the nonpolar nature of
the compound (—0.1< non-polar <0.1 eV-A~2).*!
Water and commercially used inhibitors (MeOH, DEG,
MEG) show two peaks of hydrogen affinity (donor and
acceptor) resulting in a strong hydrogen bonding
with water molecules. The hydrogen bonding strength
that results in a better inhibition effect follows the
trend MEG > DEG > MeOH. Figure 11 represents the
o-potential of the studied inhibitors. o-potential delivers

similar but more distinctive hydrogen bonding affinities
compared to o-profile. The same trend for the hydrogen
bonding strength as that of the sigma profile can be
observed in the sigma potential graph.

4 | CONCLUSIONS

In this paper, hydrate formation predictions made by
HydraFlash and Aspen HYSYS® software have been
presented and compared with the experimental data.
There is a good agreement between the predictions and
experimental results especially for simple hydrocarbon
systems. The simulation packages were also employed
to predict hydrate formation conditions in the
prediction of inhibition effect on gas B. Predicted
hydrate formation curves are as expected and methanol
has provided a subcooling that is higher than MEG.
However, the same simulation was carried out with an
industrial case and the results show that MEG subcooling
has a greater effect than methanol inhibition. HydraFlash
predictions for especially a high concentration of
MEG inhibition at 40 wt.% also showed that MEG is
selected as the most ideal hydrate inhibitor for the
industrial case. As a result, the typical measure of
various thermodynamic inhibitors’ effectiveness within
the water phase is the difference and thermodynamic
inhibitors’ function in the prevention of hydrate
formation is a key importance due to the distribution
of the inhibitor between the gas and liquid phases.
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For a complex system including various types of salts,
HydraFlash software is more practical as it supports
12 different types of salts than the Aspen HYSYS.
Further study of the inhibition effect of the inhibitors
is carried out using the COSMO-RS model in which
the hydrogen bonding strength of the inhibitors is
examined using sigma profile and sigma potentials. It
was found that MEG shows a better hydrogen bonding
affinity resulting in a more inhibition effect compared
to methanol and DEG.
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