@
Archives of Industrial Engineering V(b\

Research Article

Talaghat MR, Hariri Z2

"Department Chemical Engineering , Shiraz University of Technology, Iran
2Student of Master of Science in Islamic Azad University, Shiraz Branch, Iran

Received: 10 June, 2019; Accepted: 21 June, 2019; Published: 26 June, 2019

*Corresponding Author: Talaghat MR, Department Chemical Engineering , Shiraz
University of Technology, Iran. E-mail: talaghat@sutech.ac.ir

Abstract

The purpose of this paper is to study the thermodynamic modeling of the conditions for
methane and ethane gas hydrate formation and their mixtures in a porous and non-porous
environment. In this paper, the Van der Waals- Platteeuw thermodynamic model was used for
prediction of gas hydrate formation conditions. Also, the SRK and PTV equations of state were
used for calculations of driving force. In this research, the results of thermodynamic modeling in a
porous were compared with the non-porous environment and laboratory data in the literature.
Studies have shown that the results of the modeling are in good agreement with the laboratory
data and the percentage of errors is low. The results also showed that with increasing pressure of
porous and non-porous media, the equilibrium temperature increases. In addition, the effect of
the pore diameter of porous media on the results of modeling was investigated for methane,
ethane and their mixtures during gas hydrates formation. The results showed that by increasing
the pressure for any size of the pore diameter of the porous medium, hydrate formation
temperature increases. In addition, by increasing the pore diameter of the porous medium,
hydrate formation temperature methane, ethane and their mixture increase at a constant
pressure. The results also showed that the equilibrium temperature of the non-porous medium is
higher than the equilibrium temperature of the non-porous medium. This shows that the hydrate
formation in the porous medium has a deterrent effect and leads to lower temperatures and
higher temperatures conditions for gas hydrate formation. The results showed that by increasing
the percentage of methane in a porous or non-porous medium, the temperature of hydrate
formation of the binary gas mixture of methane and ethane decreases.

Keywords: Porous Media; Thermodynamic Modeling; Gas Hydrate Formation; Van der
Waals- Platteeuw Model
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Introduction

Gas hydrate is a kind of
nonstoichiometric clathrate crystals, formed
from water and certain natural gas molecules
at appropriate pressures and temperatures,
which gas molecules are caged inside a
network of water molecules linked together
through hydrogen bonding. There are many
gases that have a good structure for hydrate
formation, including carbon dioxide,
hydrogen sulfide, and hydrocarbons with low
carbon.

Gas hydrates are formed mostly on
the seabed, mostly of methane hydrate. When
oil and gas components are in contact with
water, three different types of hydrate
networks, called I, II and H, may be formed.
Each network contains a number of cavities
of different sizes. In a stable hydrate, gas
compounds (guest molecules) occupy a
number of cavities. Type I and II structures
have cavities of varying sizes, such as small
and large. H structure contains holes of three
different sizes, including small, medium and
very large [1, 2].

Gas hydrides were discovered in
1811 by [3] during the production of chlorine
gas bubbles in cold water in a laboratory. In
1832, [4] presented the first chemical
formula for gas hydrates, in which a gas
molecule was surrounded by ten molecules of
water. In 1934, when the first gas pipeline
was designed and exploited, the problem of
pipe clogging by solid-gas particles of gas was
introduced by Hammerschmidt in the United
States [5].

Following this phenomenon, the
technique of preventing the formation of this
material in oil and gas pipes and the process
for forming gas from the gas was formed. In
1959, the principles of thermodynamic gas
hydrides were studied and explained by [6].
During the 60s and 90s, along with numerous
studies on hydrates, extensive research was
carried out on discovering the sources of gas
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hydrates in depths of the sea and Polar

Regions. Since the 1990s, the United States,

Japan, India, and Canada have started a long-

term research program on gas hydrates with

significant budget allocation. Today, attention
to the phenomenon of gas hydrate and its
useful and practical aspects highlights the
need for further research in the following

areas [1, 7]:

1. Many decades ago, there have been many
quantities of natural gas stored in the gas
hydrates in the ocean and Polar Regions.
Given the limited resources of fossil fuels,
the exploration of gas resources for
energy recovery may be considered in the
future.

2. The high potential of gas hydrates in the
storage of natural gas makes it attractive
to use it for the storage and
transportation of natural gas and other
gases as a competitor for liquefaction and
condensation methods.

3. Gas hydrates can also be used in
separation processes.

Gas gases are limited to a limited
number of materials. If you want to remove a
mixture of irreparable hydrates, the use of
the hydrate formation feature is considered
an opportunity. For example, concentrations
of water-rich streams, drinking water from
seawater, or separation of gas streams are
mentioned.

There are two opposite directions in
the studying of hydrates. While the studies
related to the problematic side of hydrates,
such as plugging pipeline in the oil industry,
are those of trying to find ways of hydrate
inhibition, there are some investigations for
finding some means for the promotion of
hydrate formation as a new natural energy
resource and a new means for natural gas
storage and transport [7,8]. But slow
formation rate of natural gas hydrate has
been considered to be a critical problem
hindering the industrial application of gas
hydrate [9]. For solving this problem,
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scientists proposed for using additives such
as surfactants as the strong promoters [7-10].
Surfactant  (surface active agent) is
compound whose molecules feature both
lipophilic and hydrophilic moieties, i.e, it is
amphiphilic. Molecules of surfactant in water
tend to aggregate to form various kinds of
supramolecular structure, such as spherical
and rod-like micelles, multilayer structures
and complex biological membranes [11, 12].

In recent years, researchers have
reported the promotion effect of some
surfactants on gas hydrate formation.
Surfactant addition decreases the surface
tension of the medium in which it is dissolved
so that it improves the gas to liquid mass
transport. Improved mass transport is
believed to enable a surfactant to act as a
promoter of gas hydrate formation [13]. In
the absence of any additive, the hydrate
appears as a thin film at the gas/liquid
interface, while surfactant is present in the
system hydrate crystals are seen in the
vicinity of liquid-gas-solid line and in the
vertical chamber walls [14, 15].

Cailletet was the first to study the gas
hydrate of a binary mixture in 1877 [16].
villard was the first to discover methane,
ethane and propane gas hydrates in 1888 [17,
18]. Using X-rays and numerous experiments
discovered the nature of hydrate structures
[18]. The porous material in gas hydrate
studies can be a naturally porous material
such as sand, gravel, cap rock or an artificial
porous medium such as silica gel or even
activated carbon.

There are many studies on the
formation of gaseous hydrates in non-porous
media, but research on the formation of gas
hydrates in the porous medium is low and
little research has been done in this area. For
the first time [19] tested the methane and
propane hydrate equilibrium conditions in
silica gel cavities with a relative radius of 70
0A. The presence of porous material caused
the pressure to form hydrate over the
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pressure in a free environment [20].
Measured the gas hydrate formation phase
equilibrium of two parts of methane and
carbon dioxide in a silica gel with Van der
Waals and Platteeuw model. Anderson et al.
examined methane, carbon dioxide, methane-
carbon dioxide hydrates in a silica gel
environment [21].

Turner and colleagues in 2005
showed that there is no difference between
the fuzzy hydrate equilibrium in the non-
porous medium and the porous medium with
a cavity size distribution of more than 600
angstroms [22]. Concluded that by decreasing
the diameter of porous media, the prevention
conditions of this environment increase, due
to increased capillary effect and reduced
water activity. They also found that energy
between the water surface and hydrate can
be attributed to changes in temperature and
type of hydrate structure and occupancy of
transplanted cavities [23, 24]. The effect of
operational conditions on performance of
solid desiccant based hybrid cooling system
in hot and humid climate was estimated [24].
They also studied the performance analysis of
a solid desiccant assisted hybrid space
cooling system using TRNSYS [25].

In this paper, gas hydrate formation
conditions for methane, ethane and their
mixtures in a porous and non-porous
environment is studied using Van der Waals
and Platteeuw thermodynamic model.

Thermodynamic modeling

Several thermodynamic models have
been proposed to calculate the gas hydrate
phase equilibrium properties, all of which are
based on the Van der Waals and Platteeuw
statistical theory of dynamic.

This theory provides an equation for
the difference in chemical potential in a
water-free and water-rich hydrate network.
The difference in the chemical potential of
water in the empty phase and hydrate is
calculated by (Equation 1)
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In the above equation, V. is the
number of m type holes per water molecule
in the crystalline hydrate network, Cy; is the
Langmuir coefficient i in the cavity of the type
m, n. is the number of gas components that
can enter the hydrate network, and f; is the
fugacity of the guest molecules in the hydrate

phase, which is calculated by the equation of

state. Langmuir constant is calculated from
the (Equation 2) according to Lenard-Jones's
theory:

C,, LIy L P ~ (1) rddr (2
KT Jo KT

In the above equation, k is the
Boltzmann constant, and w(r) is the spherical
potential function. In (Equation 2) it is seen
that the Langmuir coefficient is a
temperature function. To calculate the
spherical potential function, the Kihara
energy potential function is used according to
(Equation 3).

r(r)= 4‘{( = 2aj12 : ( r _Gzaje} )

In the above equation, O is
collision diameter, 2 is hard core radius,

and ¢ is depth of energy well. The
spherical potential function is also
calculated by (Equation 4).

RYr R R°r R

12 6
olr)= 2zg[fT[5l° +i§“)—f—(54 +i§5ﬂ

4)

In the above equation, Z is the
neighborhood of each cavity, R is the mean

radius of the cavity, and 5" is calculated by
(Equation 5):

& (S ORCEN

(5)
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N can select values 4, 5, 10 and 11.
The optimized values of the Kihara
potential function constants for a number of
gas compounds are available in the
literature [8]. The optimized values of the
constants of the Kihara potential function
for a number of gas compounds are given in
(Table 1) [12]. The fugacity coefficients are
also calculated wusing SRK and PTV
equations of state [10, 9].
Table (1) Kihara potential constants [1]

component & (K) o( AO) a( AO)
k

Methane 3.14393 | 593.15 | 0.383
5 4

Ethane 3.24693 | 188.18 | 0.565
1 1

Propane 3.41670 | 192.85 | 0.650
5 2

The difference in the chemical
potential of water in the liquid phase and
the empty hydrate network is calculated by
(Equation 6):

41 0 51 41
Ay :Aﬂw_f Ay g +jp—dA"W P-In(a,)
RT RT, M RT o RT

(6)

In the above equation, T is freezing
point of water (in absolute temperature),

0
Aty s the difference in the chemical
potential of water in the liquid phase and
the empty hydrate network at 273.153 K

AhZ

and zero pressure, is the molar
enthalpy difference between the liquid
phase and the empty hydrate network,

AVAT . .
w  is molar volume difference the liquid

phase and the empty hydrate network.
(Equation 7) is obtained by putting the
(Equation 6) in the  (Equation 1).
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The difference in the gas hydrate
formation in a porous medium with a non-
porous medium is related to water activity.
The water activity for a non-porous medium
is obtained from the f  (Equation 8) for a
pure water value [5-7].

=7, X
a'W 7/W W (8)
Xw is the composition of the water

percentage in the liquid phase and Yw s
the water activity coefficient. x, is
calculated by (Equation 9):

Xy =1=D "%,
k (9)

At low concentrations, the solubility
of the k component in the liquid phase and
atmospheric pressure is calculated by
Henry’s law (Equation 10). Also, the xx and
Henry’s constant are calculated, by
(Equation 11-12).

1
H, =
“ Xk (T) (10)

1
Rinx, = H,?W+%+ HZ InT+H.T
(11)

H HoO Hl

—In =H +— 4+ H2 InT+H2T
101325 ™ T kw kw

(12)

At higher pressures, the Henry’s constant of
component k is calculated from (Equation

13):

Ho (1Y (P-P,) =InH,,(T,P)
(13)
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(1+§Cimfij—ln(aw):0

dP - Z v, In
m=1

(7)

K is the partial molar volume at
infinity of water dilution, H is Henry’s
constant and Psw is the saturation pressure
of water.

The activity of water in a porous
medium is calculated from the (Equation
14):

v Foy,, coséd

rRT (14)
In the equation above, F is the shape

n(a, ), = In(a,)-

factor, “HW is interfacial energy, r is the
average radius of the cavities and 0 is the
wetting angle. The interfacial energy is
calculated by (Equation 15).

oo a+bT
HW =
1+é
r (15)
In the above equation, a and b are
constant values whose values are available
in the literature [6]. For more information,
see (Table 2) [11].
Table (2): Constants for interfacial energy
(Equation 15) [23]

component J

a€/m2) |bd/ 5 )
methane 0.0102 -0.00024
multicomponent | 0.7669 -0.00026

Results and discussion

In this paper, in order to predict the
gas hydrate formation in a porous medium,
the thermodynamic model of van der Waals
and Platteeuw is used. To evaluate the model,
the results of this modeling were compared
for a porous medium and non-porous
medium with valid laboratory data in the
literature. Furthermore, to study the effect of
different state equations on the prediction of
hydrate formation conditions, two equations
of state SRK and PTV were used. The

5
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predicted methane equilibrium temperature
during hydration formation in a porous
medium (such as silica gel) with 6 and 10 nm

pores size and non-porous media using the

SRK and PTV equations
compared with [20,23]. laboratory data in the
same conditions, respectively.

of state was

Table (3): Comparison between predicted methane equilibrium temperature during hydrate
formation in porous media (with 6 nm pores size) and non-porous media with seo et al.
laboratory data [20].

AAD% AAD% Calculated | Calculated | Calculated Measured Pressure
PTV SRK temperatur | temperatur | temperatur | temperatur (bar)
equation | equation of | e for non- e for e e
of state state porous porous for porous porous
media media media media (K)
(K) (K) (K)
PTV SRK
3.35 3.13 280.17 266.09 266.67 275.30 51.7
2.80 2.74 281.96 268.91 269.07 276.65 61.9
2.55 2.49 283.41 270.86 271.04 277.95 72
241 2.35 284.71 272.61 272.78 279.35 82.75
2.10 2.04 285.81 274.06 274.22 279.95 93.26
1.96 1.78 287.15 275.46 275.95 280.95 105

Table (4): Comparison between predicted methane equilibrium temperature during hydrate
formation in porous media (with 10 nm pore size) and non-porous media with Zarifi et al.
laboratory data [23].

AAD% AAD% Calculated | Calculated | Calculated Measured Pressur
PTV SRK temperatur | temperatur | temperatur | temperatur e
equation of | equation of | e for non- e for e e (bar)
state state porous porous for porous porous
media media media dia (K
(K) (K) (K) media (K)
PTV SRK
0.12 0.4316 277.93 274.38 275.70 274.47 41.40
0.09 0.4223 278.10 274.55 275.80 274.64 42.10
0.11 0.2182 278.45 274.96 275.60 275.00 43.60
0.06 0.3889 278.59 275.05 276.20 275.13 44.20
0.04 0.2934 279.55 276.00 276.90 276.09 48.60
0.32 0.6437 279.97 276.42 278.30 276.52 50.70
0.11 0.2169 280.05 276.95 277.20 276.60 51.10
0.07 0.2566 280.15 276.59 277.40 276.69 51.60
0.01 0.5451 280.46 276.90 278.50 276.99 53.20
Archives of Industrial Engineering 6
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Table (5): Comparison between predicted methane equilibrium temperature during hydrate
formation in porous media (with 30 nm pore size) and non-porous media with Achida et al.
laboratory data using the SRK and PTV equations of state [26].

Pressure | Measured Calculated Calculated Calculated AAD% AAD%
(bar) | temperature | temperature | temperature | temperature SRK SRK
for porous for porous for porous for Equation Equation
media media media non-porous of state of state
(K) (K) (K) media
SRK PTV (K)
50 278.20 277.64 277.53 279.83 0.20 0.24
59 279.50 279.38 279.26 281.48 0.04 0.08
56 279.70 278.84 278.72 280.97 0.31 0.35
70 280.60 281.14 281.01 283.14 0.19 0.15
The results of this study are methane gas hydrate equilibrium
presented in (Tables 3-4), respectively. temperature.
Also, (Table 5) shows the comparison of the For ~ more  information,  the
results of modeling with the results of ~ comparison between equilibrium curve

laboratory data of Achida et al. in porous
media with 30 nm pores size. As shown in
(Tables 3-5), increasing the pressure in a
porous or non-porous medium increases the
equilibrium temperature of methane hydrate
formation, and this increase in the non-
porous medium is more than a porous
medium.

This suggests that the formation of
hydrate in the porous medium plays a
deterrent role and the equilibrium conditions
lead to lower temperature and higher
pressure. The results also showed that this
thermodynamic model can well predict the
formation of hydrate conditions in porous
and non-porous media. It is also observed
that the calculated error between the
modeling results obtained by using different
equations of state laboratory data is low, so
this model can well predict the methane
hydrate formation conditions. Further, the
results show that, in general, the percentage
error of the SRK equation of state is less than
the PTV equation of state for prediction of
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methane hydrate formation conditions in
porous media, non-porous media and Seo et
al. experimental data was shown in (Figure
1). (Figure 1) shows that at a certain
pressure, the hydrate formation temperature
in a non-porous medium is higher than that
of the experimental data of Seo et al. and the
porous medium. The results also show that
the model predicts the gas hydrate formation
temperature in less experimental data.

Also, in this research, the results of
this modeling were compared with the
results of laboratory data of Zarifi et al., and
Seo et al. for a porous medium with 15 nm
pore size. These results are presented in
(Tables 6-7), respectively. By observing the
tables, it turns out that the results are quite
similar for porous media with a pore size of
10 and 15 nm. In addition, by studying these
tables, it is observed that by reducing the
pore diameter of the porous medium, the
hydrate formation process becomes more
difficult and the error between experimental
results and modeling is increased. This is due
to increased capillary effect and reduced
water activity.
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Figure (1): Comparison between equilibrium curve methane hydrate formation conditions in
porous media, non-porous media and Seo et al. experimental data

120
100 ¢
°
80 °
- °
& °
§ 60 . non-porous media
(5]
2 40 modeling by SRK Eos
(5]
T 4 modelind by PTV EoS
0 ® Seo et al. experimental data , 2002
273 274 275 276 277 278 279 280 281 282 283
Temperature (K)

Table (6): Comparison between predicted methane equilibrium temperature during hydrate
formation in porous media (with 15 nm pores size) and non-porous media with Zarifi et al.
laboratory data using the SRK and PTV equations of state [23].

Pressure | Measured Calculated Calculated Calculated AAD% AAD%

(bar) temperature | temperature | temperature | temperature SRK SRK
for porous for porous for porous for Equation | Equation
media media media non-porous of state of state
(K) (K) (K) media
SRK PTV (K)

33 273.30 273.28 273.21 275.58 0.0077 0.0343
40.5 275.10 275.40 275.31 277.70 0.1075 0.0768
48.2 277.00 277.16 277.07 279.47 0.0593 0.0251
55.5 278.30 278.57 278.47 280.88 0.0994 0.0623
Total average percentage error 0.0684 0.0496

Table (7): Comparison between predicted methane equilibrium temperature during hydrate
formation in porous media (with 15 nm pores size) with Seo et al. laboratory data using the SRK
and PTV equations of state [20].

Pressure Measured Calculated Calculated AAD% AAD%
(bar) temperature | temperature | temperature SRK PTV
for porous for porous for porous equation of equation of
media media media state state
(K) (K) (K)
SRK PTV
48.25 277.15 277.17 277.08 0.0089 0.0252
60.60 279.15 279.44 279.33 0.1038 0.0658
71.60 280.45 281.05 280.94 0.2133 0.1744
82.43 281.75 282.37 282.26 0.2185 0.1810
92.75 282.88 283.44 283.34 0.1964 0.1627
102.85 273.70 284.35 284.27 0.2771 0.1996
Total average percentage error 0.1696 0.1347

Archives of Industrial Engineering 8
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In addition, the conditions for the
formation of ethane hydrates in a porous and
non-porous  environment were  also
investigated and the effect of pore size of
porous media on the equilibrium
temperature of hydrate formation was
studied. The results of this study are
presented in (Table 8). As seen from (Table
8), the temperature of the hydrate formation
increases with increasing pressure for any
size of the pore diameter of the porous

medium. It is also observed that the hydrate
formation temperature of ethane in the non-
porous medium is higher than the hydrate
formation temperature in the porous
medium. It is also observed that at constant
pressure with increasing pore size, the
formation temperature of hydrate increases.
It also shows that by increasing the size of the
cavity, the porous medium is more similar to
the non-porous medium and decreases the
role of deterioration of the porous medium.

Table (8): Effect of the pore size on the ethane hydrate formation in a porous media

Calculated Calculated Calculated Calculated Pressure
temperature for | temperature temperature temperature for (bar)
non-porous for porous for porous porous media
media media media (K)
(K) (K) (K) pore size
pore size pore size (10 nm)
(30 nm) (15nm
278.90 286.29 284.55 282.65 10
293.32 292.00 290.56 289.00 20
296.14 294.96 293.63 292.28 30
297.75 296.62 294.21 292.83 40

Also, the conditions for propane gas

hydrate formation in a porous media were

investigated.

The results for comparison between
predicted propane equilibrium temperature
during hydrate formation in porous media

with 10 nm and 15 nm pore size, non-porous
media and Li et al. experimental data was
shown in (Tables 9-10), respectively [26].
The effect of pore size of porous media on the
prediction of propane hydrate formation was
studied. The results of this study are shown
in (Figure 2).

Table (9): Comparison between predicted propane equilibrium temperature during hydrate
formation in porous media (with 10 nm pores size) and non-porous media with Li et al.
Experimental data [27].

Pressure | Experimental | Calculated Calculated Equilibrium AAD% AAD%
(bar) data Temperature | Temperature | Temperature using using
(K) (K) (K) (K) SRK EoS | PTV EoS
Using Using Non- porous
SRK EoS PTV EoS media
2.01 263 264.38 264.37 274.83 0.5247 0.5214
3.19 269.5 266.96 266.94 276.94 0.9419 0.9471
Archives of Industrial Engineering 9
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Table (10): Comparison between predicted propane equilibrium temperature during hydrate
formation in porous media (with 15 nm pores size) and non-porous media with Li et al.
Experimental data [27].

Pressure | Experimental | Calculated Calculated Equilibrium AAD% AAD%
(bar) data Temperature | Temperature | Temperature using using
(K) (K) (K) (K) SRK EoS PTV
Using Using Non- porous EoS
SRK EoS PTV EoS media
1.75 264.2 267.56 267.55 274.19 1.27 1.26
3.26 271.2 270.78 270.77 277.03 0.1528 0.1577

Figure (2): Effect of pore size on the propane hydrate formation conditions in porous media

4.5

4

3.5

w

2.5

N

Pressure (bar)

1.5

0.5

255 260 265 270

Temperature (K)

== pore size=15 nm
non-porous media
—»—pore size=30 nm

—e—pore size=10nm

275 280

Also, in this study, the conditions for
the formation of binary mixtures of methane
and ethane in a porous medium have been
investigated. The results of this study are
compared with a non-porous medium. The
results of this study are shown in (Table 11).
By observing (Table 11), it is shown that with
increasing methane percentage, the gas
hydration formation temperature of this
binary gas mixture is reduced for porous or
Conversely, by
increasing the percentage of ethane in this

non-porous  medium.
gas binary mixture, its gas hydrate formation
temperature increases.

This indicates that ethane plays a
important role in increasing the
hydrate formation temperature. It is also

more
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observed that for this gas binary mixture, the
gas hydrate formation temperature for a
porous medium is lower than the hydrate
formation temperature for a non-porous
medium. These results are seen in (Figure 3).
This figure shows the comparison between
the calculated temperature of the gas hydrate
formation conditions of the binary gas
mixture including methane and ethane at a
constant pressure of 10 bar in a non-porous
medium and in a porous medium with a size
of 10 nm.

Moreover, the conditions for the
formation of binary mixtures of propane with
methane or ethane in a porous medium have
been investigated. The results of this study
are compared with a non-porous medium.

10
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The results are shown in (Figure 4-5), temperature in a non-porous medium is
respectively. These figures show that at a higher than that the porous medium.

certain pressure,

the hydrate formation

Table (11): Hydrate formation temperature of binary mixture of methane and ethane in a
porous medium with 10 nm pores size and a pressure of 10 bar

CH4+% Calculated temperature for Calculated temperature for
porous media non-porous media
(X (K)
10 282.30 287.52
20 281.73 286.98
30 280.97 286.28
40 279.97 285.39
50 278.92 284.29
60 277.10 282.98
70 27497 281.05
80 271.94 278.47
90 266.99 27431
100 252.23 287.52

Figure (3): Comparison between prediction of hydrate formation temperature for methane and
ethane binary mixture at 10 bar pressure in porous media ( with pore diameter of 10 nm ) and

non-porous media

_ 290
3 285
g g 280
£0 275
> [«5]
2 270
35 265
5
g5 0
ol *g 255
= 250
Y—
245
240
235

==@=porous media === non-porous media

10 20 30 40 50 60 70 80 90 100
methane mole percent
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Figure (4): Comparison between prediction of hydrate formation condition for methane and
propane binary mixture in porous and non-porous media with equal composition percentage
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Figure (5): Comparison between prediction of hydrate formation condition for ethane and
propane binary mixture in porous and non-porous media with equal composition percentage
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The results also show that the model
predicts the gas hydrate formation
temperature in less experimental. This
suggests that the formation of hydrate in the
porous medium plays a deterrent role. In this
research, equilibrium gas hydrate
temperature of the ternary gas mixture
including methane, ethane, and propane, in
porous media at various pore size was
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studied. Comparison between the predicted
of equilibrium gas hydrate temperature of the
ternary gas mixture including 93.25%
methane, 4.75% ethane and 2% propane, in
porous media (with 10 nm pores size) and
Zarifi et al. experimental data for the
structure I and II are presented in (Table 12).
(Table 13) shows the same results for 15 nm
pores size using SRK and PTV equations of
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state. As shown in (Tables 10-11), increasing
the pressure in a porous or non-porous
medium increases the equilibrium
temperature of hydrate formation, an
increase in temperature in the non-porous
environment is more than a porous medium.

This suggests that the formation of
hydrate in the porous medium has a
deterrent effect and causes the formation of
hydrate to lower temperatures and high
pressures. The results also showed that this
thermodynamic model can well predict the
gas hydrate formation conditions in porous

and non-porous media. It is also observed
that the results obtained using different
equations of state have little error than
laboratory data. In addition, the effect of pore
size on the hydrate formation conditions of
the ternary mixture of methane, ethane, and
propane with the percentage of equal
composition in porous media was studied.
The results were shown in (Figure 6). This
figure shows that at a certain pressure, the
hydrate formation temperature decreases
with increasing pore size. As the diameter of
the pores decreases, resistance to hydrate
formation increases.

Table (12): Comparison between the predicted of equilibrium hydrate temperature of ternary
gas mixture including 93.25% methane, 4.75% ethane and 2% propane, in porous media (with 10
nm pores size) and Zarifi et al. experimental data for structure I and I1[23].

AADY% AADY% Calculated Calculated Experimental | Pressure
for for equilibrium equilibrium data (K) (bar)
structure Il | structurel | temperature (K) | temperature (K)
for structure II for structure [

0.5017 0.5644 283.92 280.91 282.50 56.7
0.6789 0.4868 281.60 278.34 279.60 43.6
0.6714 0.4952 281.58 278.32 279.70 43.5
0.6173 0.5154 Total Average Percentage Error

Table (13): Comparison between the predicted of equilibrium hydrate temperature of ternary
gas mixture including 93.25% methane, 4.75% ethane and 2% propane, in porous media (with 15
nm pores size) and Zarifi et al. experimental data using SRK and PTV EoS [23]

AAD% | AAD% | Equilibrium | Calculated | Calculated | Experimental | Pressure
using using | Temperature | Temperature | Temperature data (bar)
PTV SRK (K) (K) (K) (K)

EoS EoS Non- porous Using Using
media PTV EoS SRK Eo0S

0.3319 | 0.3522 282.36 278.47 278.42 279.40 35.30

0.3659 | 0.3922 285.07 281.47 281.39 282.50 48.00

0.2875 | 0.3183 286.71 283.28 283.20 284.10 58.40

0.2989 | 0.3316 287.22 283.85 383.80 284.70 62.20

0.3210 | 0.1742
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Figure (6): Effect of pore size on the hydrate formation conditions of ternary mixture of methane,
ethane and propane with percentage of equal composition in porous media
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Conclusion e The equilibrium temperature prediction
showed that the SRK equation has a
e By reducing the pore diameter of the lower error than the PTV equation.
porous medium, the hydrate formation e The results showed that at a constant
process becomes more difficult and the pressure the hydrate formation
error between the experimental results temperature  in  the  non-porous
and modeling is increased. This is due environment was higher than the
to increased capillary effect and porous medium
reduced water activity. e By increasing methane percentage, the
e The power of prediction for pores with gas hydration formation temperature of
a smaller radius decreases, due to this binary gas mixture is reduced for
increased capillary effect and increased porous or non-porous medium.

pressure for hydrate formation.

List of nomenclatures:
a Hard core radius; m
a constant value in Eq. (17)

constant value in Eq. (17)
mi The Langmuir coefficient i in the cavity of the type m
Fugacity of component i

oo

—h

Shape factor
Henry’s constant

Boltzmann constant
constant value: can select values 4, 5, 10 and 11in Eq. (5)
nc Number of gas components that can enter the hydrate network

zZ~ T ™
z
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r Average radius of the cavities in Eq. (14); m
R Universal gas constant
R the mean radius of the cavity in Eq. (4); m
Psw Saturation pressure of water, bar
T Temperature; K
T Freezing point of water in Eq. (6); K
Ahvf" Molar enthalpy difference between the liquid phase and the empty hydrate
network(Joule/mol)
Au Chemical potential difference (Joule/mol)
Al Difference in the chemical potential of water in the liquid phase and the
empty hydrate network at 273.153 K and zero pressure (Joule/mol)
Av/! Molar volume difference the liquid phase and the empty hydrate (cm3,mol,
Vi Number of m type holes per water molecule in the crystalline hydrate
network
Vs Partial molar volume at infinity of water dilution(cm3,mol)
Xw Composition of the water percentage in the liquid phase
Z The neighborhood of each cavity
Greek
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a(r) Spherical potential function
o Collision diameter
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