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ABSTRACT: In this communication, experimental hydrate dissociation pressures for the methane + diethylene glycol + water
and methane + triethylene glycol + water systems are reported at 0.2, 0.35, and 0.5 mass fractions of glycol in aqueous solu-
tion in the temperature ranges of (265.0 to 283.2) K and (266.3 to 284.6) K, respectively. We also report experi-
mental hydrate dissociation pressures for the methane + ethylene glycol (EG) + water system at a mass fraction of ethylene
glycol of 0.6S in aqueous solution in the temperature range of (247.4 to 250.7) K. The experimental data were generated using
an isochoric pressure-search method. The experimental hydrate dissociation data are compared with the corresponding
literature data and also the literature data in the presence of pure water as well as the predictions of a thermodynamic
model (HWHYD model). It is found that the experimental hydrate dissociation data reported in the literature for the
aforementioned systems are rare. A discussion is made on the reliability of the literature data and also the predictions of the

thermodynamic model.

1. INTRODUCTION

Gas hydrates or clathrate hydrates are ice-like crystalline solids,
in which small molecules (typically gases) are trapped inside
cages of hydrogen bonded water molecules. The formation of
gas hydrates can give rise to equipment blockages, operational
problems, and safety concerns in hydrocarbon production,
transportation, and processing." Organic inhibitors like methanol
or ethylene glycol (EG) are normally used to avoid the formation
of gas hydrates.' Reliable gas hydrate phase equilibrium data for
the main components of these fluids in the presence/absence of
inhibitor aqueous solutions are required to develop and validate
thermodynamic models for predicting hydrate stability zones of
hydrocarbon fluids." Although sufficient experimental data have
been reported for gas hydrates of these components at low glycol
mass fractions in aqueous solution," information for gas hydrates
of main components of hydrocarbon fluids at high glycol mass
fractions in aqueous solution is limited."

In this communication, experimental hydrate dissociation
pressures for methane + diethylene glycol (DEG) + water and
methane + triethylene glycol (TEG) + water systems are
reported at 0.2, 0.35, and 0.5 mass fractions of glycol in aqueous
solution in the temperature ranges of (265.0 to 283.2) K and
(266.3 to 284.6) K, respectively. We also report experimental
hydrate dissociation pressures for the methane + ethylene
glycol + water system at 0.65 mass fractions of ethylene glycol
in aqueous solution in the temperature range of (247.4 to
250.7) K. The experimental data were measured using an
isochoric pressure-search method.” > Comparisons are made
between our experimental dissociation data with the correspond-
ing literature data® "' and the experimental hydrate dissocia-
tion data in the presence of pure water'> '* as well as the
predictions of a thermodynamic model (HWHYD model)."®
The reliability of the experimental hydrate dissociation data
reported in the literature as well as the predictions of the model
is discussed.
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2. EXPERIMENTAL SECTION

2.1. Materials. Table 1 reports the purities and supplier names
of the materials used in this work. Aqueous solutions were
prepared following the gravimetric method using an accurate
analytical balance (mass uncertainty £ 0.0001 g). Consequently,
uncertainties on the basis of mole fraction are estimated to be less
than 0.01.

2.2. Experimental Apparatus. The schematic diagram of
this apparatus is given in Figure 1. Briefly, the main part of the
apparatus is a cylindrical vessel made of Hastelloy, which can
withstand pressures up to 20 MPa. The volume of the vessel is
30 cm®. A stirrer installed in the vessel agitates the fluids and
the hydrate crystals. Two platinum resistance thermometers
(Pt100) inserted into the vessel were used to measure tempera-
tures and check with temperature measurement uncertainty,
which is estimated to be less than 0.1 K. This temperature
uncertainty estimation comes from calibration against a 25 €
reference platinum resistance thermometer. The pressure in the

Table 1. Purities and Suppliers of Materials”

material supplier purity
methane Messer Griesheim 0.99995 (mole fraction)
EG Aldrich 0.99 (GC)
DEG Sigma-Aldrich 0.99 (GC)
TEG Aldrich 0.99 (GC)

“ Deionized water was used in all experiments.
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Figure 1. Schematic diagram of the experimental apparatus. DAU, data acquisition unit; EC, equilibrium cell; G, gas cylinder; LB, liquid bath; LV,
loading valve; MR, magnetic rod; PP, platinum probe (temperature sensor); PTH, pressure transducer; SA, stirring assembly; SD, stirring device with a

variable speed motor; TR, temperature controller (regulator).

vessel was measured with a DRUCK pressure transducer (Druck,
type PTX611) calibrated for pressure ranges up to 16 MPa. The
pressure measurement uncertainty was estimated to be less than
5 kPa, as a result of calibration against a dead weight balance
(Desgranges and Huot, model 520).

2.3. Experimental Method. The hydrate dissociation condi-
tions were measured with an isochoric pressure search method.” >
The reliability of this method has already been examined
and reported'®'” and is similar to the method of Ohmura and
colleagues.'® The vessel containing aqueous solution (approxi-
mately 10 % by volume of the vessel is filled with aqueous
solution) is immersed into the temperature-controlled bath, and
the gas is supplied from a cylinder through a pressure-regulating
valve into the vessel. Note that the vessel is evacuated before
introduction of any aqueous solution and gas. After obtaining
temperature and pressure stability (far enough from the hydrate
formation region), the valve in the line connecting the vessel and
the cylinder is closed. Subsequently, the temperature is slowly
decreased to form the hydrate. Hydrate formation in the vessel is
observed when a pressure drop at constant temperature is
detected by the data acquisition unit.'® The temperature is then
increased with steps of 0.1 K.'® At every temperature step, the
temperature is kept constant with enough time to obtain an
equilibrium state in the equilibrium cell.'® Therefore, a pressure—
temperature diagram is sketched for each experimental run, from
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which we determine the hydrate dissociation point.'® During the
dissociation of the hydrate crystals inside hydrate formation
region, the pressure is gradually increased by increasing the
temperature. 8 However, outside this region, a slighter gressure
increase is observed during the increase of temperature.'® Conse-
quently, the real hydrate dissociation point can be determined
when the slope of the pressure—temperature diagram changes
suddenly.'® The uncertainties for the hydrate dissociation tem-
peratures and pressures are expected to be & 0.1 K and +
0.03 MPa.

3. RESULTS AND DISCUSSION

Tables 2 to 4 and Figures 2 to 4 report all of the dissociation
data. A semilogarithmic scale has been used in these figures to
show the data consistency, as the logarithm of hydrate dissocia-
tion pressure versus temperature has approximately linear
behavior." In these figures, we have shown the corresponding
literature data® "' as well as some selected experimental data
from the literature on the dissociation conditions of methane
hydrates in the presence of pure water'” '* to show the
inhibition effects of the aqueous solutions studied in this work.
Note that the inhibition effect means shifting hydrate dissocia-
tion conditions to high pressures/low temperatures due to the
presence of inhibitor in aqueous solution. The predictions of the
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Table 2. Experimental Hydrate Dissociation Conditions for
the Methane + EG + Water System”

T/K p/MPa
247.4 1038
248.8 12.82
250.7 1832

“The concentration of ethylene glycol in aqueous solution is 0.65 mass
fraction.

Table 3. Experimental Hydrate Dissociation Conditions for
the Methane + DEG + Water System”

T/K p/MPa
w=0.20
276.4 5.22
277.3 5.69
280.1 7.68
282.0 9.49
283.2 10.71
w=0.35
2713 4.94
2732 6.01
275.5 7.67
277.1 9.21
279.0 11.55
w=0.50
265.0 6.15
266.7 7.22
269.2 9.18
271.3 11.90
272.8 14.50

“w represents the mass fraction of inhibitor in aqueous solution.

HWHYD thermodynamic model'® have also been shown in
these figures. Briefly, the model™ is based on the equality of
fugacity concept, which uses the Valderrama modification of the
Patel—Teja equation of state'® and non-density dependent
mixing rules”® for modeling the fluid phases, while the van der
Waals and Platteeuw theory”” is used for modeling the hydrate
phase. As can be observed in the figures, this model cannot
reliably predict the hydrate dissociation conditions in the pre-
sence of aqueous solutions of the investigated glycols. Particularly,
it fails for the DEG and TEG containing systems. For the EG
containing systems, it can predict only the conditions of low
concentrations of EG aqueous solutions as shown in Figure 2.
The latter figure also shows the experimental hydrate dissocia-
tion data for the methane + EG + water systems up to 0.50 mass
fraction of EG aqueous solutions reported already by these
authors as well as 0.65 mass fraction of EG aqueous solutions
measured in this work. As can be seen in this figure, the
agreement between the literature data is generally satisfactory.
Figure 3 clearly shows some disagreements in the literature data.
For instance, the experimental data reported in ref 9 for 0.09989
mass fraction DEG aqueous solution overlap the literature data in
the presence of water. Furthermore, the latter data show less
inhibition effects than the experimental data reported in ref 8 for
0.066 mass fraction DEG aqueous solution. On the other hand,

Table 4. Experimental Hydrate Dissociation Conditions for
the Methane + TEG + Water System”

T/K p/MPa
w=0.20
275.7 4.64
278.8 6.31
280.6 7.68
282.5 9.51
284.6 11.92
w=0.3S
273.6 5.23
275.7 6.49
277.5 7.88
279.4 9.68
280.5 10.95
w=0.50
266.3 5.50
268.8 7.0S
270.5 8.25
272.5 10.11
274.2 12.52

“w represents the mass fraction of inhibitor in aqueous solution.
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Figure 2. Experimental and predicted hydrate dissociation conditions
for the methane + EG + water system. Symbols represent experimental
dissociation conditions. Curves represent predictions of the thermo-
dynamic model." w represents the mass fraction of inhibitor in aqueous
solution. Methane + water system: A (gray), ref 11; @ (gray), ref 12; ll
(gray), ref 13. Methane + EG + water system: X, w = 0.1, ref S; %,
w=0.1,ref 6; +, w=0.1, ref 7; O, w = 0.2, ref 5; O, w = 0.2, ref 6; ¢
(shadow), w=0.35, ref 5; O (shadow), w = 0.5, ref S; A (shadow), w=0.5,
ref 6; O (shadow), w = 0.5, ref 6; A, w = 0.65, this work. Dashed curve:
thermodynamic model'® predictions for the methane + water system.
Solid curve: thermodynamic model"® predictions for the methane + EG +
water system. Temperature error band: 1 K.

the experimental data reported in ref 9 for 0.2494 mass fraction
DEG aqueous solution show a similar hydrate inhibition effect as
our experimental data for 0.20 mass fraction DEG aqueous
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Figure 3. Experimental and predicted hydrate dissociation conditions
for the methane + DEG + water system. Symbols represent experimental
dissociation conditions. The curve represents predictions of the thermo-
dynamic model."® w represents the mass fraction of inhibitor in aqueous
solution. Methane + water system: A (gray), ref 11; @ (gray), ref 12;
B (gray), ref 13. Methane + DEG + water system: O, w = 0.066, ref 8;
X, w=0.09989, ref 9; +, w = 0.1499, ref 9; (1, w = 0.168, ref 8; ¢, w = 0.20,
this work; —, w = 0.2494, ref 9; A, w = 0.35, this work; @, w = 0.50,
this work. Dashed curve: thermodynamic model" predictions for the
methane + water system.
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Figure 4. Experimental and predicted hydrate dissociation conditions
for the methane + TEG + water system. Symbols represent experimental
dissociation conditions. The curve represents predictions of the thermo-
dynamic model." w represents the mass fraction of inhibitor in aqueous
solution. Methane + water system: A (gray), ref 11; @ (gray), ref 12;
B (gray), ref 13. Methane + TEG + water system: [, w = 0.10, ref 11; A,
w = 0.20, this work; +, w = 0.20, ref 11; X, w = 0.245, ref 10; ¢, w = 0.35,
this work; —, w = 0.40, ref 10; *, w = 0.40, ref 11; O, w = 0.50, ref 10; @,
w = 0.50, this work.

solution. In overall, the hydrate dissociation data reported in ref9
for the methane + DEG + water systems seem to be unreliable.
In Figure 4, it is clear that the hydrate dissociation data reported
in ref 11 for the methane + TEG + water system at 0.40 mass

fraction TEG aqueous solution are not reliable. Similarly, the
experimental data of ref 11 for 0.20 mass fraction TEG aqueous
solution are not in agreement with our experimental data.

4. CONCLUSIONS

Experimental hydrate dissociation data are reported for
methane + DEG + water and methane + TEG + water systems
at 0.2,0.35, and 0.5 mass fractions of glycol in aqueous solution in
the temperature ranges of (265.0 to 283.2) K and (266.3 to
284.6) K, respectively. We also report experimental hydrate
dissociation pressures for the methane + ethylene glycol + water
system at 0.65 mass fractions of ethylene glycol in aqueous
solution in the temperature range of (247.4 to 250.7) K. An
isochoric pressure-search method” > was used for performing all
of the measurements. It is found that the hydrate dissociation
data at high concentrations of glycol in aqueous solution are rare.
Moreover, some disagreements in the literature data for the
hydrate dissociation conditions of the methane + DEG + water
and methane + TEG + water systems are observed. The predic-
tions of the HWHYD thermodynamic model'® for the studied
systems are generally unreliable.
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