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Abstract:

The purpose of this study is determine the equilibrium conditions for the formation of
a mixture of propane and normal butane hydrates including temperature, pressure and
mole fraction. In order to prevent the formation of hydrates in the cooling path, it is
necessary to examine the conditions of hydrate formation and provide solutions.
Modeling of hydrate formation conditions was performed using Hydoff software and
compared with experimental results in this field, which obtained acceptable error
percentage. The range of temperature is between 267-276 °C and the molar percentage
of propane is 0.7,0.8 and 0.9 and the mathematical equation was presented to predict
hydrate formation. By analyzing the results, it was found that by increasing the
concentration of ethane in the presence of other compounds, hydrate growth increased
and hydrates formed more stable, also by increasing the concentration of propane and

normal butane the amount of equilibrium pressure will decrease.
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1. Introduction

Inhibitors cannot be used because of the need for high purity propane production. Due
to the propane storage conditions at certain pressures and temperatures, the effect of
reservoir temperature on hydrate formation cannot be exploited. The high percentage of
ethane in liquid propane causes problems such as clogging in the chillers and reducing
their cooling efficiency. Propane produced has various impurities such as ethane,
normal butane, isobutane and pentane and less than 10 ppm water. Propane is stored in
reservoirs at specified temperatures, which increases with the increase in ethane and
iIsopentane concentrations, increasing the equilibrium pressure of hydrate formation,
which will practically make the hydrate harder to form, and these impurities are
negligible but have a major impact on the thermodynamic and thermal properties.

The history of gas hydrate discovery is divided into three main periods. The first period
Is of interest to the formation of gas hydrates scientifically, because the accumulation
of water and gas together and as a hydrate phase due to inconsistency with scientific
conditions and information at that time was an interesting phenomenon. This period
began precisely in 1810 with the discovery of hydrates and continues to this day. The
second period is about 1934, when more extensive research was done on the gas hydrate
structure, the fact that the congestion of natural gas pipelines at low temperatures was
not due to freezing of water and ice, and that the conditions were favorable for the
formation of gas hydrates. In other words, this is part of the history of discovering
natural gas hydrates about problems caused by the formation of gas hydrates in
unwanted situations. On the other hand, in the 1960s, with the discovery of large
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quantities of these molecules in the lower layers of the earth that contain large amounts
of natural gas, much of the history of hydrates was devoted to the fact that nature
hydrates has produced millions of years ago. It also reinforced the theory of the
existence of water on other planets in the form of hydrates as humans made it possible
to reach other planets, such as Mars and discover hydrate sources outside the Earth's
atmosphere. Therefore, the present age is the intersection of all three periods of hydrate
history [1].
After a hundred years of observing the first gas hydrate crystals in the laboratory, gas
hydrates were raised only in scientific circles, and the discussions were focused on only
two major axes:

e What molecules are capable of forming hydrate crystals?

e What are the requirements for forming a hydrate crystal?
With the rapid growth of the oil and gas industry and the problems caused by the closure
of natural gas pipelines and the need for industry to address this problem and the
awareness of the conditions for the formation of various gas hydrates, industry and
governments have joined scientific circles and demand newer studies of these molecules
have been made in areas such as crystal structure and their properties, conditions of
formation, how to prevent formation and so on. For this reason, over the last forty years,
the hydrate crystals and all the issues involved with them have attracted a great deal of
scientific study [2].
Different methods such as gas density graphs, Joule-Thomson expansion, empirical
equations, statistical thermodynamics and artificial neural networks have been proposed
to predict gas hydrate formation conditions (pressure or temperature). The best way to
determine hydrate formation conditions is empirically measured using temperature,
pressure and gas composition parameters, but since empirical measurements are
Impossible due to time and cost. The hydrate formation conditions for any given gas are
not empirically feasible [3].

2. Methods for predicting hydrate formation conditions

2.1. Prediction by using empirical graphs
From 1945, gas density diagrams were obtained by Katz and his colleagues. In these
graphs the pressure and temperature of the hydrate formation are related to the gas
density. Statistical analysis has shown that for a gas mixture with different percentages
of components but with the same density, the predicted pressure of hydrate formation
has a 50% error. These graphs are plotted using Joule-Thomson gas density and
expansion graphs and provide the permitted expansion rates for natural gas of different
densities. This method has an average error of 10% [4-6].

2.2. Statistical Thermodynamics Theory of Van der Waals
The most accurate and accurate statistical techniques were based on the theory of Van
der Waals statistical thermodynamics in 1959 to determine the conditions of formation
of gas hydrates in equilibrium with liquid water [7,8].

2.3. Thermodynamic Model of Parish and Perznitz

In this model, the 3-parameter potential of Kihara is used to increase the accuracy rather
than the energy of the molecular potential of Lennard Jones. Then the Langmuir
constant is calculated and with temperature the hydrate formation pressure is predicted
from the van der Waals equation [9,10,11]. Although experimental methods have often
been replaced by more advanced thermodynamic methods, the need for and use of
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manual and experimental calculations in laboratory methods is still unavoidable.
Experimental methods performed through solid-vapor phase equilibrium constants have
been the most widely used.
3. Modeling

These systems include the liquid-hydrate-gas phases. Under hydrate formation, the gas
phase is assumed to be pure and water-free, which is also a good assumption due to the
high pressure and low temperature. There are many thermodynamic models available to
predict hydrate formation from the various modifications and modifications suggested
by Vdwp's model proposed by Van der Waals [12]. Authors and researchers have
recently suggested that alternate static mechanisms underlie the formation of hydrates.
The basis and purpose of the vdw-p model is based on the assumption of similarity
between hydrate formation and Langmuir absorption. Although the adsorption
mechanism is capable of interpreting non-stoichiometric properties and states of
hydrates, there are many differences between the two processes. The equations used can
be summarized as follows.

Equation Summary to Determine Fugacity of Water in Hydrate [3]

Fll = f exp [ 800] (1)
Where f,,, is 1 bar, g,,, is the Gibbs energy of pure water in the ideal gas state at 1
bar:
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v = vgexp [ay(T —Tp) + ax(T — Tp)? + az(T — Ty)* — k(P — Py)] (13)
vo = (a5 + % Ni 3 £ (6;)Ar3))° (14)
5% cages: f(6;;) = O:iTi)%exp [D; — D) (15)
i0ij
5% 62 and 52 6* cages: f(6;;) = (I:]Ti)e”exp [D; — D) (16)
i0i]

4. Results

Extensive studies of hydrate formation conditions have been carried out by various
researchers so far, and modifications have been made to the original Van der walls
model so that it is now able to accurately predict thermodynamic conditions including
temperature and pressure of hydrate formation. In the present model, the results are
presented solely to predict the performance of the model.

Modeling results were obtained using Hydoff software and propane molar fraction as
well as temperature was entered as software and equilibrium pressure was obtained. In
Table 1, the results obtained using software were compared with the experimental results
of Kamath & Holder and the average error rate for the data was 10%.

Table 1- Comparison between modeling and Kamath & Holder exeperimental investigation[13]
P P
%CH, | T (<) | kP ooar | asError | %CHs | T(K) | (kPa)- |, KPR T oarror
EXP EXP

90.3 260.15 | 110.1 114.96 441 83.5 248.15 | 69.03 76.015 10.11
90.3 | 257.85 | 99.26 105.134 5.91 83.5 | 245.85 | 66.76 68.956 3.28
90.3 | 254.35 | 83.86 91.507 9.11 83.5 | 242.45 | 59.59 59.538 0.08
90.3 248.65 | 67.09 72.407 7.92 70 253.75 | 97.16 111.651 14.91
90.3 | 245.05 | 61.23 62.15 1.50 70 250.95 | 85.86 99.794 16.22
90.3 | 242.05| 49.2 54.598 10.97 70 245.65 | 70.07 79.859 13.97
83.5 | 250.55 | 76.36 84.013 10.02 70 241.85 | 55.38 67.671 22.19
83.5 | 249.55 | 73.37 80.595 9.84 70 238.25 | 46.9 57.674 22.97

A comparison was also made between the results of the software with the experimental
results of Paranjpe et al and a mean error of 3.64% was reported indicating high
accuracy of the modeling results.

Table 2-Comparison between modeling and Paranjpe et al exeperimental investigation [14]

wcH, | T(K) Fi(Ek)F(’g) y OPE)kIEE)II-\I o | %Error | %CH; | T(K) Fi(Ek)F(’g) kP | %Error
864 | 2712 | 1531 | 180.049 | 1496 | 803 | 2712 | 1917 | 191.885 | 0.096
879 | 2712 | 1709 | 177.357 364 | 76 | 2712 | 2041 | 201.207 | 143
86.1 | 2712 | 1779 | 180596 149 | 676 | 2712 | 217.9 | 217.209 | 027
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In another study by Paranjpe et al, they reported experimental results for propane and
normal butane hydrates and compared the results to model accuracy and reported an
average error rate of 4.2%.

Table 3- Comparison between modeling and Paranjpe et al exeperimental investigation[15]
P P (kPa)- P (kPa)- P (kPa)-

%CHs | T (K) (II;I;(aF))- MODELING | %Eror | %CHs | T (K) EXP MODELING | YErTOr
99.6 | 275.2 | 269.6 262.561 2.6 817 | 274.2 269.6 253.932 5.81
924 | 275.2 | 281.3 281.093 0.07 100 273.2 169.6 171.826 1.31
89.4 | 275.2 | 302 289.583 4.1 96.9 | 273.2 171.7 177.019 3.09
87.3 | 275.2 | 308.9 296.129 4.13 953 | 2732 177.9 179.659 0.98

88 275.2 | 317.2 293.753 7.39 93.8 | 273.2 183.4 182.206 0.65
100 | 274.2 | 219.3 211.868 3.38 86.4 | 273.2 208.2 195.874 5.92
96.1 | 274.2 | 228.2 219.542 3.79 82.8 | 273.2 220.3 203.299 7.71
93.3 | 274.2 | 240.6 225.374 6.32 788 | 273.2 227.5 212.201 6.72
90.6 | 274.2 | 244.8 231.29 5.51 725 | 273.2 244.1 227.935 6.62

The overall results obtained from the modeling by software are presented in Table 4
and, as can be seen, the hydrate formed is structure Il, and the molar percentage of
propane in the hydrate formed is also calculated and reported. In this table, the variables
of hydrate formation, temperature and propane content were input feed and the pressure
was obtained as a result of the modeling.

Conditions of hydrate formation include pressure and temperature, water molecule and
gas molecule. The hydrate formation process has very similar steps to the crystallization
process and involves two stages of nucleation and growth. Studies have shown that if
the conditions are right, the hydrate crystal does not form immediately, but rather it
takes time for the necessary arrangement between the water molecules to form cages

[16].
_'_I'al:_)le 4- Three phase equilibrium condition- Propane ( Equilibrium_ I_-|yp|rate Structure I1)
Temperature qu:'“b”rum Feed Composition Temperature qu'r"“br'rum Feed Composition
(K) p(eKssz)e Composition | at Equilibrium (K) p(&spsz)e Composition | at Equilibrium
260.150 114.960 0.903 0.9864 275.20 262.561 0.996 0.9994
245.050 62.150 0.903 0.9883 275.20 298.943 0.8630 0.9775
245.650 79.859 0.700 0.9548 275.20 293.753 0.880 0.9806
254.350 91.507 0.903 0.9871 274.20 211.868 1.00 1.00
248.650 72.407 0.903 0.9879 274.20 225.374 0.933 0.9897
257.850 105.134 0.9030 0.9867 274.20 253.932 0.817 0.9686
250.550 84.013 0.835 0.9775 274.20 231.290 0.906 0.9851
242.050 54.598 0.903 0.9887 273.20 171.826 1.00 1.00
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241.850 67.671 0.7000 0.9566 273.20 177.019 0.969 0.9954
249.550 80.595 0.835 0.9777 273.20 179.659 0.957 0.9929
253.750 111.651 0.700 0.9510 273.20 182.206 0.938 0.9905
250.950 99.794 0.700 0.9523 273.20 189.908 0.895 0.9833
238.250 56.674 0.700 0.9583 273.20 212.201 0.788 0.9627
271.20 191.885 0.803 0.9664 273.20 227.935 0.725 0.9483
271.200 201.207 0.760 0.9572 273.20 198.874 0.864 0.9777
271.20 180.049 0.864 0.9781 273.20 203.299 0.828 0.9709
271.20 217.299 0.676 0.9416 275.20 289.583 0.894 0.9830
275.20 296.129 0.8721 0.9791 275.20 281.093 0.924 0.9882

Given the obtained results and considering that the error rate was an acceptable value,
it can be concluded that the modeling can predict the behavior of the propane and
normal butane hydrate mixtures and hence at three mole percent 0.7, 0.8 and 0.9 of
propane were modeled at temperatures of 267-276 K and the results were reported and
for each mole percent a mathematical relationship between temperature and pressure
was presented to predict hydrate formation behavior.

Table 5- modeling of hydrate formation
%CHs | T(K) | P(kPa) | %CHs | T(K) | P(kPa) | %CHs | T(K) P(kPa)
0.7 267 | 185534 | 0.8 267 | 165.272 | 0.9 267 149.196
0.7 268 | 192.425 | 0.8 268 | 171.277 | 0.9 268 154.758
0.7 269 | 199.493 | 0.8 269 | 177.891 | 0.9 269 160.450
0.7 270 | 206.784 | 0.8 270 | 184.417 | 0.9 270 166.254
0.7 271 | 214.274 0.8 271 | 191.145 0.9 271 172.192
0.7 272 | 221.968 | 0.8 272 | 198.043 | 0.9 272 178.741
0.7 273 | 229.863 | 0.8 273 | 205.151 | 0.9 273 185.181
0.7 274 | 263.376 | 0.8 274 | 247977 | 0.9 274 223.172
0.7 275 | 305.309 | 0.8 275 | 305.323 | 0.9 275 275.916
0.7 276 | 356.345 | 0.8 276 | 356.43 0.9 276 341.402

In Figures 1 to 3, diagrams of hydrate formation pressure are plotted in terms of
temperature at three moles of propane, and as indicated in each of the three diagrams
the hydrate formation pressure increases with increasing temperature. Primary factors
affecting the formation of hydrates include the fluid phase that is at or below dew point,
temperature, pressure and gas composition, and other parameters including Kinetics,
system salinity, surface physical type on which hydrate crystals are present, the rate of
mixing and density of the system. Generally, hydrate formation occurs with increasing
pressure and decreasing temperature until the formation conditions are reached, and
increasing the driving force reduces the formation time. Controlling or removing one of
the key factors in hydrate formation prevents hydrate formation by reducing the pressure
of the gas, dehydrating the system, using insulation or heating to maintain system
temperature outside the hydrate formation area. Most of these methods are impractical
and sometimes costly.
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Figure 1- Equilibrium pressure versus temperature @ %CH3=0.7
P(KPa) = 0/4953T? - 400/69T? + 108048T - 1E+07 @ %CH3=0.7 (16)
P(KPa) = 0/5776T? - 466/92T? + T- 1E+07 @ %CH3=0.8 (a7)
P(KPa) = 0/683T? - 552/62T2 + 149053T - 1E+07 @ %CH3=0.9 (18)

In the mathematical equations 16 to 18, the propane hydrate formation is presented in
the molar fraction and the desired temperature limit, and these equations can be used to
predict the hydrate formation conditions.
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Figure 2- Equilibrium pressure versus temperature @ %CH3=0.8
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Figure 3- Equilibrium pressure versus temperature @ %CH3s=0.9

Requirements for hydrate formation include low temperature, high pressure and the presence of natural
gas or light hydrocarbons in the presence of water. Therefore, one of these three essential factors must
be eliminated or controlled to prevent the formation of hydrates.

5. Conclusion:

Propane hydrate can be used in the storage and transportation of natural gas by the
process of gas separation, carbon dioxide absorption from the air, and cold storage. In
the present study, the mixed hydrates of propane and normal butane were investigated
at a temperature of 267—-276 K and in three molar fractions of 0.7, 0.8 and 0.9 and the
equilibrium pressure was obtained. The results obtained by modeling were compared
with the existing experimental results and the mathematical equation was presented to
predict the hydrate formation conditions.
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