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Abstract: Natural gas hydrate (NGH) is a potential future energy resource. More than 90% of NGH
resources exist in the pore medium of seafloor sediments. During the development of deep-sea oil and
gas fields, wellbore pipelines are often clogged due to the synthesis of gas hydrates, and the addition
of thermodynamic inhibitors is a common solution to prevent hydrate synthesis. In this paper, the
effects of two single inhibitors, sodium chloride and ethylene glycol, as well as hybrid inhibitors
combining these two inhibitors on the synthesis of methane hydrates were investigated using the self-
developed one-dimensional gas hydrate exploitation simulation test apparatus. The effects of single
and hybrid inhibitors were investigated in terms of the hydrate synthesis volume and gas-water
two-phase conversion rate. The results show that the hybrid inhibitor has a better inhibitory effect on
hydrate synthesis with the same initial synthesis driving force. When the concentration of inhibitors
is low, salt inhibitors can have a better inhibitory effect than alcohol inhibitors. However, in the mixed
inhibitor experiment, increasing the proportion of ethylene glycol in the mixed inhibitor can more
effectively inhibit the synthesis of hydrates than increasing the proportion of sodium chloride in the
mixed inhibitor.

Keywords: natural gas hydrate; thermodynamic inhibitor; different concentration; hydrate synthesis
volume; gas—-water two-phase conversion rate

1. Introduction

Natural gas hydrates are the subject of an emerging research trend for resource de-
velopment in countries all over the world due to their large resource reserves and clean
burning [1,2]. The South China Sea is rich in natural gas hydrate resources and is an
important energy replacement area [3,4]. In the process of deepwater oil and gas field
development, due to the low-temperature and high-pressure conditions in deepwater
environments, which lead to a rapid decrease in fluid temperature in the wellbore, hydrate
formation and deposition inevitably occur [5-7], resulting in deepwater gas wells being
faced with a serious obstacle in the form of hydrate, posing a risk to the flow [8,9]. Hy-
drate flow obstacles can seriously affect the development of deepwater gas wells, causing
huge economic losses, and in serious cases, safety accidents may even occur, which is an
important influencing factor restricting the safe and efficient development of deepwater
gas fields [10-14].

To address the technical obstacles caused by hydrate generation in the process of
deep-sea oil and gas field development, many scholars have conducted extensive research
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and proposed many effective solutions. According to the synthesis mechanism and condi-
tions of natural gas hydrate, the drying method, the pressure control method, the pipeline
heating method, and the injection of chemical inhibitors can be used to inhibit the syn-
thesis of hydrate [10,15,16]. Among them, thermodynamic inhibitors (THIs) are often
added to drilling and fracturing fluids as inhibitors for hydrate control due to their low
manufacturing cost and easy accessibility, and are therefore widely used in drilling, well
completion, and hydrate production [9]. In previous studies, scholars have studied the
effect of THI on the synthesis properties of hydrates. Chong et al. [17] carried out an
experimental study on the effect of different concentrations (1.5 wt% and 3.0 wt%) of NaCl
solutions on the synthesis of natural gas hydrate under the conditions of a sandy porous
medium, and the results showed that the presence of NaCl under pure water conditions
exerted a significant inhibitory effect on the synthesis of the hydrate compared to that of
pure water. Cha et al. [18] carried out an experimental study on the phase equilibrium
of hydrates containing hybrid salt solutions of NaCl, KCl, and NH4Cl, and found that
NaCl was a more effective hydrate inhibitor based on the same molar amount. Mekala
et al. [19] studied the synthesis and dissociation kinetics of natural gas hydrate in Toyoura
sand (100-500 pm) using 3.03 wt% saline seawater, and the conversion of water to hydrate
was 72% in experiments conducted under pure water conditions, while the conversion rate
was only 11.6% in experiments conducted in seawater. Cha et al. [20] studied the synthesis
characteristics of hydrate at a concentration of 30.0 wt% of ethylene glycol (EG), and found
that the presence of EG leads to a change in the equilibrium conditions and reduces the
driving force for hydrate synthesis. They also found that at a concentration of 30 wt% of EG,
the onset of hydrate synthesis is delayed and hydrate growth is slower. Hydrate thermo-
dynamic inhibitors inhibit hydrate synthesis by regulating the thermodynamic conditions
of hydrates, with better thermodynamic regulation performance and easier control of the
inhibition effect. In addition, under certain conditions, THI exhibits higher stability and
can continuously inhibit hydrate formation without frequent addition or adjustment, and
it can also be applied to hydrate inhibition under different types and conditions without
the limitation of specific reaction kinetic conditions [16,21,22]. Therefore, compared with
other types of hydrate inhibitors, the stability and versatility of THI in hydrate inhibition
have been widely used in deep-sea oil and gas field development and other related fields.

Hybrid inhibitors improve inhibition, adapt to diverse engineering environments,
and reduce production costs. Previous studies have shown that combining two or more
inhibitors into a hybrid inhibitor can synergistically inhibit hydrate generation [10,23].
Due to the different effects of different inhibitors at different concentrations, a hybrid
inhibitor may have a stronger inhibitory effect at the same dosage compared to a single
inhibitor. More research has been conducted on hybrid THI inhibitors. Gye-Hoon Kwak
et al. [24] carried out experiments on the natural gas hydrate phase equilibrium under
mixed solutions consisting of NaCl (10 wt%) and EG (10 wt%, and 30 wt%), and the results
of the experiments showed that the mixture of salt and EG resulted in a shift in the hydrate
phase equilibrium boundaries toward lower temperatures and higher pressures. Similarly,
phase equilibrium experiments of natural gas hydrate in mixed aqueous solutions of EG and
NaCl (5.77 EG mass %, 15.36 EG mass %, and 23.88 EG mass % mixed with 3.77 NaCl mass
%, respectively; 3.77 EG mass % mixed with 15.67 NaCl mass %) carried out by C. Eichholz
etal. [25] led to similar conclusions. Jageret et al. [26] tested the effect of a mixture of MeOH
(5.88 mol1%, 12.3 mol%, 19.4 mol%, and 27.2 mol% methanol relative to water) and NaCl
(2 mol% and 4 mol% NaCl relative to water) on natural gas hydrate, and they concluded
that the combined effect of the hybrid inhibitor exceeded the sum of the individual effects,
and the inhibition was more pronounced, especially when the inhibitor concentration was
higher. Kim et al. [27] experimentally investigated the characteristics of hydrate synthesis
in the simultaneous presence of EG (20.0 wt%) and NaCl (3.5 wt%, 7.0 wt%, 10.0 wt%,
20.0 wt%). The presence of NaCl and EG in the aqueous phase appeared to minimize the
interactions between hydrate particles by encircling the hydrate particles, a phenomenon
that demonstrated that NaCl and EG acted as synergistic inhibitors under insufficiently
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inhibitory conditions, further limiting the hydrate synthesis. Bai et al. [28] evaluated the
kinetic effects of low concentrations of EG (0.1 wt%, 0.5 wt%, 1 wt%, 5 wt%) and NaCl
(0.1 wt%, 0.5 wt%, 1 wt%, 5 wt%) on natural gas hydrate synthesis in SDS solutions, and the
results showed that both NaCl and EG had kinetic inhibitory effects on hydrate synthesis
in SDS solutions, and the inhibitory effect of NaCl was greater than that of EG at the same
content. Sui et al. [29] experimentally investigated the synergistic inhibition of natural gas
hydrate synthesis by EG and the kinetic inhibitor PEO-co-VCap-1 in the presence of fine
sand, and the experimental results showed that the use of PEO-co-VCap-1 in combination
with EG not only retarded hydrate nucleation but also effectively reduced the catastrophic
growth of hydrates. Cha et al.’s [20] experiments also yielded the same results. Zhao
et al. [30] used different concentrations of NaCl (10% and 20%) and EG (20% and 40%)
composite combinations to study the inhibitory effect of hybrid thermodynamic inhibitors
on hydrate synthesis, and it was found that the composite inhibitors could effectively
reduce water activity and thus inhibit hydrate generation. Hydrate equilibrium studies
of methane, ethane, and propane synthesis gas mixtures in the simultaneous presence of
EG and salt solutions (3.36 mol % EG and 3.56 mol % NaCl; 3.45 mol % EG and 1.92 mol %
CaClp) by Sun et al. [31] showed that the addition of NaCl showed greater thermodynamic
inhibition than the addition of EG on the same mass percentage basis. The above studies
have made some progress on the effects of mixed inhibitors on hydrate synthesis, but
the understanding of the synergistic effect of mixed inhibitors of different compositions
in hydrate synthesis is not comprehensive enough, so the present study is devoted to
the search for more effective inhibition effects by changing the composition ratio and
formulation of mixed inhibitors. By investigating new combinations of mixed inhibitors,
it is hoped that a more advantageous inhibition scheme can be found to improve the
inhibition effect and stability of hydrates.

Given the above understanding, this paper chose the quartz sand porous medium as
the host environment for hydrate synthesis, and under the conditions of constant initial
pressure and initial temperature, experimental studies on the effects of different concentra-
tions of single thermodynamic inhibitors (NaCl and EG) and a hybrid inhibitor (NaCl + EG)
on natural gas hydrate synthesis were carried out using a self-developed one-dimensional
natural gas hydrate exploitation simulation test apparatus. The effects of single and hybrid
inhibitors were investigated in terms of the hydrate synthesis volume and gas—water two-
phase conversion rate. Useful research results are provided to address the problems caused
by natural gas hydrate synthesis in deep-sea oil and gas fields” development.

2. Experiment
2.1. Experimental Materials and Apparatus

In this experiment, the quartz sand used has a grain size of 15-53 um. According to
the SEM test results of Liu [32], in the sediment of the SH7 reservoir in Shenhu Sea, South
China Sea, the silt (4~63 um) accounted for 23.5% of the total, and the quartz sand used in
this study has a grain size similar to that of silt (4~63 pm) and is within the range of the
South China Sea marine sediment. Therefore, quartz sand with this particle size was used
as the skeleton of the porous medium to carry out hydrate synthesis experiments. To avoid
the influence of other ions present in the regular aqueous solution on hydrate synthesis,
deionized water was used to provide the necessary water molecules. Table 1 shows the
inhibitors and other materials used in the experiment.

The test apparatus utilized was the one-dimensional gas hydrate exploitation simula-
tion test apparatus developed by the Mining Disaster Prevention and Control Laboratory
at Shandong University of Science and Technology [33], which mainly consists of five
modules: a gas injection system, a one-dimensional model and temperature control system,
an export metering system, a back pressure control system, and a data acquisition system,
as shown in Figure 1. The core part of the apparatus is a one-dimensional high-pressure
reactor, as shown in Figure 2a, with dimensions of ® 60 x 300 mm, made from 316L
stainless steel, and a pressure resistance of 25 MPa. The reactor has a pressure sensor
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installed at both the inlet and outlet to monitor their respective pressures. The range of
the pressure sensor is from 0 to 25 MPa and it has an accuracy of 0.01 MPa. Additionally,
there are four temperature sensors evenly distributed along the reactor body. These sensors
are located at distances of 5 mm, 75 mm, 145 mm, and 215 mm from the reactor inlet,
respectively. Their purpose is to measure the temperature changes inside the reactor. The
temperature sensor is a Pt100 platinum resistor with a measurement range of —20 °C to
200 °C. It has a measurement accuracy of 0.1 °C. The temperature during the experiment
is controlled by the KDHD-III high- and low-temperature thermostatic chamber, which
has a temperature control range of —30 °C to 200 °C, as shown in Figure 2b. The back
pressure control system mainly controls the outlet pressure of the reactor, in order to realize
the accurate reduction in the gas pressure in the reactor step by step, and the system
includes a horizontal manual back pressure pump, an automatic back pressure pump, a
back pressure valve (with a pressure control accuracy of 0.05 MPa), and a back pressure
vessel (with a pressure resistance value of 40 MPa and a volume of 500 mL). In addition,
the outlet metering system is used to measure the amounts of discharged gases, liquids,
and solids, which mainly consists of gas-liquid separators, gas—solid-liquid three-phase
separators, high-, medium-, and low-range flowmeters (ranges of 30 mL/min, 300 mL/min,
and 1000 mL/min, respectively), an electronic balance, and a wet flowmeter (with a range
of 0.5 m3/h).

Table 1. Indicators related to experimental materials.

Material Name Parameters Source

Oceanic quartz sand factory,
Zhengzhou, China
Laboratory configuration
Qingdao Lu Dong gas Co., Qingdao,

Quartz sand Grain size, 15-53 pm

Deionized water Conductivity, 0.5 mS/m

Methane gas 99.9% puri .
g purity China
EG 99.9% purity, freezing point Sinopharm chemical reagent Co.,
—25°C Qingdao, China
. Sinopharm chemical reagent Co.
NaCl 99.9% purity phary eag ’
Qingdao, China
CTTTTTTTTTTTTT Pressure, Temperature, Saturation, Common Ground | '
| B 4 3 2 1 i
: (L] < 1 Gas flow
! - . : ol I = : meter
I Entrances - = © = Exports
! ~ i - . s} 5 !
= | ] ! Gas flow
1
Pressure ! L 70 o= 300 i meter
reducing 1 Samples Model body :
valve for | Schematic diagram of one-dimensional reactor Pressure resistance 40MPa |
gas . 1 AT ARG, o e nm e e nanaaas W
_ cylinders Filter
[o}]
= || Comput
% e
[—" H Gas-liquid meter
> o d separator
cylinders Y O A/D
— Inlet gas 4 module Back
flow rate
contol ’ Electronic
pressure S 7 S balance

tanks C—— | —

Check

Back

valve % ‘ : 1!”1]31_1][.] [ (‘\_\

P
Inlet i 47 P M_}
pressurel  *

pressure;
probe

Back
pressure
control

Air &3 Air pressure  Gas-solid-liquid pumps
compressor compressor probe bl - probe separator
storage tank Schematic diagram of thermostat
\/ and reactor

Back pressure buffer tank

Figure 1. Schematic diagram of the one-dimensional exploitation simulation test apparatus for
natural gas hydrate.



Energies 2024, 17, 2078

50f 16

(a) (b)

Figure 2. Reactor and temperature control system. (a) One-dimensional reactor. (b) High and low

temperature thermostatic chamber.

2.2. Experimental Steps
(1) Preparation of Porous Medium Reservoirs

In this experiment, the sand—-water mixing method was used to prepare sand-containing
porous medium reservoirs. First, 1500 g of dry quartz sand (15-53 pm) was weighed in a
container, and 300 g of deionized water was measured with a beaker for the reserve; then,
the mass of NaCl and EG required for each group of experiments was calculated according
to the experimental scheme, accurately weighed and added into 300 g of deionized water,
and stirred with a glass rod to make the solution fully soluble. Finally, the stirred solution
was poured into 1500 g of dry sand and mixed thoroughly so that the sand-water mixture
was well blended, and each group of experiments ensured that the total mass of sand and
water used was equal, in order to avoid inducing additional experimental variables. The
experiments used the layered compaction method to fill the reactor, both weighing the
same mass of wet sand each time and using the compaction hammer to compact the same
number of times, in order to prepare a more homogeneous porous media reservoir [34].
The apparatus and quartz sand used in the experiment are shown in Figure 3.

(b) ()
Figure 3. Quartz sand specimen and reservoir preparation instruments. (a) Weighing instruments.

(b) Sampling instruments. (c) Quartz sand.

(2) Synthesis of Natural Gas Hydrate

We installed the filled one-dimensional reactor into the high- and low-temperature
chambers, and connected the piping, temperature sensors, and pressure sensors. We started
the thermostat, setting the temperature to 298.15 K, and waited until the temperature at
each measurement point in the reactor was stabilized at 298.15 K for some time; then, we
opened the gas cylinder and used the inlet valve to inject methane gas into the reactor. We
initially stabilized the reactor pressure at 10 MPa after the closure of the inlet valve; if the
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kettle pressure remained stable for a long period (1~2 days), then this indicated that the
airtightness was good and the next step of the test could be carried out. After completing
the leak check for the reactor, the thermostat was set to 277.15 K; the rate of temperature
decrease of the thermostat is 0.5 K/min. As the temperature was lowered, hydrates were
gradually generated in the reactor in the gas-saturated and supercooled state. After the
temperature and pressure in the reactor had reached a steady state, i.e., the temperature
and pressure had remained unchanged for a long time, we considered that the natural gas
hydrate in the reactor had been completely synthesized at this time, and the macroscopic
manifestation was that the size of the hydrate saturation was no longer changing.

2.3. Experimental Programs

In this paper, firstly, experiments on hydrate synthesis under pure water conditions
were carried out, and subsequently, studies on the effects of two single inhibitors, NaCl and
EG, at different concentrations, on the synthesis of hydrates were carried out. In previous
studies, most scholars studied the effect of 1.5 wt% and 3.5 wt% NaCl solutions on the
characteristics of hydrate synthesis [17,27,35,36]. According to the relevant literature, the
salinity of normal seawater is around 2.65% [37], so the concentration of the NaCl solution
was set to 1.5 wt%, 2.65 wt%, and 3.5 wt% in this experiment, and the EG was configured
according to the water—alcohol mass ratio of 3:1, 5:1, and 7:1, respectively. Subsequently, the
above six single inhibitors with different concentrations were mixed and combined to obtain
nine different composite inhibitors. The initial experimental pressure and temperature
were always 10 MPa and 298.15 K, respectively. The specific experimental conditions are
shown in Table 2.

Table 2. Experimental conditions.

Type of Chemical Experimental Mass Fraction of NaCl and Mass Initial Initial Pressure
Reagent Grouping Ratio of the Water—Alcohol Temperature (K) (MPa)
H,O Test 1-H 100%
Test 2-N 1.5 wt% 1.5 wt%
NaCl Test 3-N 2.65 wt% 2.65 wt%
Test 4-N 3.5 wt% 3.5 wt%
Test 5-H3E1 HyO:EG = 3:1
EG Test 6-H5E1 H,O:EG =5:1
Test 7-H7E1 H,O:EG =7:1
298.15K 10 MPa
Test 8-N1.5-H3E1 NaCl 1.5 wt% + (H2O:EG = 3:1)
Test 9-N1.5-H5E1 NaCl 1.5 wt% + (H,O:EG = 5:1)
Test 10-N1.5-H7E1 NaCl 1.5 wt% + (H,O:EG = 7:1)
Test 11-N2.65-H3E1 NaCl 2.65 wt% + (HyO:EG = 3:1)
NaCl + EG Test 12-N2.65-H5E1 NaCl 2.65 wt% + (H,O:EG = 5:1)

Test 13-N2.65-H7E1 ~ NaCl 2.65 wt% + (H,O:EG = 7:1)

Test 14-N3.5-H3E1 NaCl 3.5 wt% + (H,O:EG = 3:1)
Test 15-N3.5-H5E1 NaCl 3.5 wt% + (H,O:EG = 5:1)
Test 16-N3.5-H7E1 NaCl 3.5 wt% + (H,O:EG = 7:1)

Note: Experimental groups consisting of only NaCl solutions are denoted by a capital N—for example, N1.5
represents a 1.5 wt% NaCl solution. Experimental groups consisting of only EG solutions are differentiated by
their water—alcohol mass ratio. For instance, H3E1 denotes a water-alcohol mass ratio of 3:1. Mixed inhibitors are
abbreviated based on the nomenclature of a single inhibitor.

3. Experimental Results and Discussion
3.1. Calculation Method for Natural Gas Hydrate Synthesis Process
Under the excess gas method, a predetermined amount of methane gas is injected into

the reactor to synthesize hydrates. The equation for calculating the initial molar amount
1,0 of methane gas at the initial moment is as follows:
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where P,  is the pressure of the reactor at the initial moment, MPa; Vg is the volume of the
reactor, L; R is the ideal gas constant; z is the compression factor estimated by the equation
of state proposed by Pitzer [38]; and T} is the thermodynamic temperature of the reactor
at the initial moment, K.

In this study, the molar amount of CHy consumed for the synthesis of hydrates
(Anp,)), is calculated based on the true gas equation of state (2a) [39]. The normalized gas
consumption at any given moment t is NGy, calculated based on Equation (2b) [17]:

Pcr Pcr
A —Ver( 2R} _yeg( R 2
(Ang,)), CR(ZRT)t_O CR(ZRT t (2a)
An
NG, — (AL 2b)
"nH,0

where (Any ), is the methane gas consumption, mol; Pcg and T are the pressure and
temperature in the reactor at any time ¢, respectively; and Vcy is the one-dimensional
reactor volume, L.

The total material quantity of deionized water in the porous medium during the test

is calculated as
Myw,0

3
A ©)
where 1, is the total amount of deionized water, mol; m,, g is the total mass of deionized
water, 300 g; and My, is the molar mass of water molecules, 18.015 g/mol.
The conversion rate of water to hydrate is calculated based on Equation (4):

Ny =

An X N,
Ciip = (A5 Jena * Netyd 3 000, @)
nH,0

where (Any, ), 4 is the amount of methane consumed at the complete end of hydrate
synthesis, mol, and N Hyd represents the hydration number, i.e., the number of water
molecules required to encapsulate a gas molecule in a hydrate molecule. Referring to other
studies, 6.1 was chosen as the hydration number in this paper [40,41].

The conversion rate Ccy, of gas to hydrate at the end of hydrate synthesis is calculated
based on Equation (5):
<AnH A ) end

m,0

CCH4 = x 100% (5)

The total volume of synthesized hydrate in porous media is calculated as

An X M
Vh _ ( H,i);:d h (6)

where V}, is the total volume of hydrate, cm3; p;, is the hydrate density, generally taken as
0.94 g/cm?; and Mj, is the molar mass of the hydrate, generally taken as 119.5 g/mol.
The data calculated for each parameter of the experiment are shown in Table 3.
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Table 3. Calculated data table for each parameter of the experiment.

Stabilizing Amplitude

Type I;)f Che:nlcal Pressure of Warming  (Ang ), (mol) NG; Cwir(%) Vj, (cm®) Cc, (%)
eagen (MPa) ()
Test 1-H 1.46 3.6 2.79 0.17 95.02 354.60 66.93
Test 2-N1.5 wt% 4.54 3.3 2.31 0.14 83.19 293.82 55.46
Test 3-N2.65 wt% 5.15 2.7 2.03 0.12 74.35 258.04 48.71
Test 4-N3.5 wt% 5.24 2.6 1.99 0.12 71.65 252.82 47.72
Test 5-H3E1 6.02 1.9 1.60 0.10 58.61 203.42 38.39
Test 6-H5E1 5.14 2.7 2.03 0.12 74.35 258.04 47.71
Test 7-H7E1 4.85 3.1 217 0.13 79.46 275.64 52.05
Test 8-N1.5-H3E1 6.28 1.6 1.49 0.09 54.41 188.82 35.64
Test 9-N1.5-H5E1 6.29 1.6 147 0.09 53.68 186.30 35.16
Test 10-N1.5-H7E1 497 3.0 211 0.13 77.46 268.85 50.74
Test 11-N2.65-H3E1 6.35 1.5 1.45 0.09 53.13 184.40 34.81
Test 12-N2.65-H5E1 5.37 2.5 1.93 0.12 70.56 244.87 46.22
Test 13-N2.65-H7E1 5.24 2.6 1.99 0.12 72.80 252.67 47.69
Test 14-N3.5-H3E1 - - - - - - -

Test 15-N3.5-H5E1 6.01 1.9 1.62 0.10 59.28 203.42 38.83
Test 16-N3.5-H7E1 5.37 2.5 1.93 0.12 70.56 244.27 46.22

3.2. Synthesis of Natural Gas Hydrate in Pure Water

Figure 4a shows the variation curves of temperature, pressure, and normalized gas
consumption during natural gas hydrate synthesis under pure water conditions. It can be
seen that as the temperature of the thermostat gradually decreases, the reactor, as well as
the sand layer and methane gas inside the reactor, cools down and gradually stabilizes to
the set temperature of the thermostat. Due to the exothermic nature of hydrate synthesis,
the onset of significant hydrate synthesis is indicated by a large drop in pressure in the
reactor and a sharp rise in reservoir temperature. Only one exothermic peak was observed
in the P-T curve because of the one-time gas injection method used in this experiment. In
Englezos’ nucleation theory [42], the nucleation process of natural gas hydrate is divided
into two parts as a whole, i.e., the nucleation part and the growth part, where hydrate
nucleation refers to the process of forming a critical-size, stable hydrate nucleus; the
formation of the nucleus is more difficult, and generally includes an induction period,
which is characterized by a great deal of uncertainty and stochasticity. When the crystal
nucleus in the supersaturated solution reaches a certain stabilized critical size, then the
system will spontaneously enter the rapid hydrate growth phase. As can be seen from
Figure 4b, the nucleation part includes the dissolution stage (tp—t;) and the nucleation
stage (ts—ting); the growth part includes the rapid growth stage and the stabilization stage

(tind_tend)-
300 0.20
12
295 4 0.16 P, \
o) \
— 9 2
2 Test 1-P-H = Z P - XW
o s A\
£ 2904 Test 1-T-H £ 012 5 o ; N\
2 Test 1-NGy-H | G $E 2 i i\
o] 6 2 3 2 i i
2 2 2 o
£285 4 g 4008 & & ! !
5] ~ S 1 Il
= = Pmd ______ qmeme Frmimimm
3 E i i i
280 0.04 i 1 i
L i i
ty 1 Ling lona
275+ v v v v v o Jo.00 i
0 100 200 300 400 500 600 Time
Time(min)
(a) (b)

Figure 4. Temperature, pressure, and standardized gas consumption variation curves and Engle-
z0s’ [42] theoretical pressure curve for nucleation. (a) Temperature—pressure curve. (b) Englezos’
theoretical pressure curve for nucleation.
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The pressure curves shown in Figure 4a are consistent with Englezos’ [42] theory of
hydrate synthesis. The pressure dropped from 10 MPa to 3.46 MPa when the system reached
the stabilization stage under pure water conditions. As shown in Figure 4a, compared with
the initial moment, the pressure decreased by 6.54 MPa, and the conversion rate of methane
gas was 66.93% after stabilization, while all the water was converted to hydrate, and the
experimental calculation results are shown in Table 3. A large amount of exothermic heat is
released during the rapid growth phase of the hydrate, where the temperature rises from
276.95 K to 280.45 K, and then gradually returns to the set temperature of the thermostat.

3.3. Synthesis of Natural Gas Hydrate under a Single Inhibitor

Figure 5 shows the synthesis curve of hydrate under different concentrations of NaCl
solution. Under the conditions of a constant initial water content, the pressure of the system
after reaching the stabilization stage increases gradually as the concentration of NaCl
continues to rise. The stabilized pressure was 4.57 MPa for a salinity of 1.5 wt%, while it
was 5.15 MPa and 5.24 MPa for a salinity of 2.65 wt% and 3.5 wt%, respectively. Meanwhile,
the conversion rate of methane was 55.46%, 48.71%, and 47.72%, and the conversion
rate of deionized water was 84.66%, 74.35%, and 72.85%, respectively. Compared with
the pure water experiments, in the salt-containing system, the final stabilizing pressures
are all higher than in the pure water system, despite being subjected to the same initial
synthesis drive, whereas the amount of heat released during the synthesis phase is lower
than in the pure water system, i.e., the amount of hydrate synthesized is less than that
synthesized under pure water conditions, as shown in Table 3. This demonstrates that
the salt thermodynamically inhibits hydrate formation by inhibiting hydrate growth, even
when the NaCl content in the system is low (1.5 wt%), which is in agreement with Chong
etal. [17] and Yang et al. [43]. Many hypotheses exist to explain the mechanism of inhibition
of hydrate synthesis by NaCl, and most scholars generally agree that the presence of salt
reduces the activity of the water and disrupts the lattice structure of the gas hydrate, thus
increasing the barrier to hydrate nucleation [30]. In terms of the duration of the experiments
(i.e., the time for hydrate formation to reach a steady state), the time taken by the hydrate
to undergo the nucleation phase was significantly longer in the 3.5 wt% and 2.65 wt%
salt solutions compared to the experiments performed in pure water (about 238 min and
194 min for N3.5 and N2.65, respectively). However, regarding the final stabilizing pressure,
the difference in stabilizing pressure between the 2.65 wt% salt solution and the 3.5 wt%
salt solution was not large, and the temperature increase in the synthesis process of both
of these solutions was the same. This may be because the inhibitory effect of NaCl on
hydrate synthesis is not consistently enhanced with the increase in mass fraction or because
the enhancement of the inhibitory effect is not obvious when the concentration of NaCl is
increased by a small amount, which needs to be investigated further experimentally.
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Figure 5. Hydrate synthesis curves at different concentrations of NaCl solution. (a) Temperature—
pressure curves for hydrate synthesis. (b) Normalized gas consumption for hydrate synthesis.

Figure 6a shows the temperature—pressure profiles of hydrate synthesis with different
proportions of EG solutions. Similar to the NaCl solution, with the same initial synthesis



Energies 2024, 17, 2078

10 of 16

driving force, as the proportion of EG in the solution increases, the stabilizing pressure
at which the system eventually stabilizes gradually increases, and the exothermic heat
of the synthesis process gradually decreases. This means that less of the methane gas
in the system has reacted to synthesize the hydrate, and therefore, the system exhibits
a higher stabilizing pressure externally. Comparing the temperature—pressure curves of
the three different ratios of EG inhibitors, the best inhibitory effect on hydrate synthesis
was achieved when the water—alcohol mass ratio was 3:1, and the final stabilized pressure
only decreased by about 4 MPa compared with that of the initial state, with a temperature
increase of 2.2 K, which was only about half of that of the pure water condition. This is
because as the percentage of alcohols in the system increases, the hydrophilic hydroxyl
groups in the alcohol molecules greatly disrupt the structure of the hydrate cages, thus
making it more difficult to form hydrate cage structures, while the hydroxyl groups can
form hydrogen bonds with localized liquid water molecules, leading to a decrease in the
growth rate of the natural gas hydrate. Comparison of the analysis of the time of synthesis
of EG-influenced hydrates shows that EH13 undergoes a longer nucleation phase and the
system reaches final stabilization after a longer period (around 400 min), whereas the time
required to reach final stabilization is around 370 min and 350 min for H5E1 and H7E1,
respectively. This also shows that when the EG content in the system is higher, the time
required for hydrate nucleation as well as to reach the final steady state is longer and the
synthesis of hydrate is more difficult. Figure 6b represents the variation rule of normalized
gas consumption (NGt) with time under the condition of a single-alcohol inhibitor, and it
can be seen that the NGt when the water-alcohol mass ratio is 3:1 is about half of that when
the water—alcohol mass ratio is 7:1, which also indicates that a greater inhibitor content is
needed if a good inhibitory effect is to be achieved in practical applications.
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Figure 6. Hydrate synthesis curves with different ratios of EG solutions. (a) Temperature—pressure
curves for hydrate synthesis. (b) Normalized gas consumption curves for hydrate synthesis.

3.4. Synthesis of Hydrate in Hybrid Inhibitor Systems

Figure 7 shows the trend of temperature and pressure changes under hybrid inhibitor
conditions. Within this figure, Figure 7a—c present the regular effects of quantitative NaCl
mixed with different proportions of EG on hydrate synthesis, while Figure 7d—f present
the regular effects of quantitative EG mixed with different proportions of NaCl on hydrate
synthesis. From the temperature and pressure curves in each figure, it is easy to see that
the inhibitory effect of a hybrid inhibitor is better than that of a single inhibitor, which
is in line with the general law that the larger the amount of thermodynamic inhibitor
is, the more obvious the inhibition of hydrate synthesis is. Comparing the stabilized
pressures of different mixing conditions in Figure 7a—f, it can be seen that the final stabilized
pressure of the system is increased substantially when the water-alcohol mass ratio reaches
3:1 compared to the water—alcohol mass ratio of 7:1 and 5:1, which is in line with the
experimental results of the mono-alcohol inhibitors. This implies that for alcohol inhibitors,
a significant inhibitory effect on hydrate formation can only be achieved when the dosage is
sufficiently high. In addition, the final stabilizing pressures were less affected by the NaCl
mass fraction when the water-alcohol mass ratios were 7:1 and 3:1. However, it is worth
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noting that for the two sets of experiments, N1.5-H5E1 and N3.5-H3E], the final steady
pressures were almost the same, which seems to be in contradiction with the previous rule
that the larger the amount of the inhibitor, the better the inhibitory effect is. This may be
due to the difference in the inhibition mechanism between hybrid inhibitors and single
inhibitors, and due to the difference in hydrophilicity of the two different chemical reagent
molecules under the salt-alcohol mixing conditions, the hydrophilic inhibitor preferentially
causes inhibition under the hybrid inhibitor conditions, and the synergistic effect of the
disruption of water molecule cages reaches the maximum when 1.5 wt% NaCl is mixed
with H5E1. In addition, in another set of experiments, N3.5-H3E1, no hydrate nucleation
and growth were observed, and no exothermic phenomena were observed during the
experiments, while the temperature of the measuring point followed the temperature of
the thermostat all the time. In Kim'’s experiment [27], when the concentration of NaCl
in the EG solution exceeded 10.0 wt%, no hydrate synthesis was observed for more than
600 min, which may be attributed to the fact that when the inhibitor concentration was
high enough, it greatly disrupted the structure of the cavity between the water molecules,
resulting in the generation of very little or no hydrate, which also suggests that when the
concentration of NaCl in the mixed solution of NaCl and EG exceeds 3 wt%, NaCl becomes
a strong inhibitor.

300 300
——Test2PNLSwt% | 1n
—&— Test 10-P-N1.5-H7E1 -
s —a— Test 9-P-N1.5-HSEI s
- —v—Test S-F_-Nl-5-H351 410 - —=— Test 3-P-N2.65wt% 7 10
Test 2-7- N1.5 wi% —e— Test 13-P-N2.65-HTEI
o TeOTNLSEL | g —a— Tost 12-P-N2.65-HSEI =
290 Test 9-T-N1.5-HSEl 18 & 5290 —v— Test 11-P-N2.65-H3El |° &
] —— Test 8-T-N1.5-H3E1 = 5 =
g et } 2 E g
2 6z 2 6 2
£285 b6 2 £ 2854 &
& x = 2 . &
B ——Test 3-T-N2.65 W% |
—— Test 13-T:N2.63-H7EI
2504 250 4 —— Test 12-T:N2.65-HSEI
2 —— Test 11-T-N2.65-H3EI {2
275 - T T T T 0 275 T T T T T 0
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time(min) Time(min)
(a) (b)
300 300
< —s— Test 7- P-HTEL
—=— Test4-PNISwi% o 12 2
16PN S —e— Test 10- P-NLS-HTE
295 ] 295 —a— Test 13- P -N2.65-HTEI
10 N —v—Test 16- P-N35-HTEL {10
_ _ ——Test 7- T-HTEL
M g = M —— Test 10- T-N1.5-H7E1 18 =
52904 52904
] S 3z Test 13- T-N2.65-H7E1 S
] s i 6 =
g T = Test 16- T-N3.5-HTEI T
b4 Y] b1 6 2
& z g S
E 285 - 2 E 2854 £
——Test4TN3Sw% |, B
—— Test 16-7-N3.5-H7E1
2504 —— Test 15-T-N3.5-HSEI 280 4
Test 14-T-N3.5-H3EL 1 2 P
275 T T T T T 0 275 T T T T T 0
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time(min) Time(min)
(9 (d)
300 300
1 —=— Test 5-P-H3EI 1
—o— Test 8-P-N1.5-H3EI
—=— Test 6-P-HSEI
3 ST TetOPNISHSEL g 3 ity
—a— Test 12-P-N2.65-HSE1 -
_ —v— Test 15-P-N3.5-HSEI _ —v—v
% 200 8 & Lo 8 &
E z 3 2
g b T E | E
E 285 t £ s 2851 Test 5-T-H3EL £
Test 6-T-HSEL 14 —— Test8--N1.5S-H3El |4
—— Test 9-T-N15-HSE1 —— Test 11-T:N2.65-H3EI
280 — Test I2-T:N2.65-HSEI 280 - Test 14-T-N3.5-H3EI
Test IS-T'N3.5S-HSEL {2 12
275 T T T T T 0 275 T T T T T 0
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time(min) Time(min)
(e) ®

Figure 7. Trend of temperature and pressure changes under hybrid inhibitor conditions.
(a) Temperature—pressure curves for hydrate synthesis in Tests 2, 8, 9, and 10. (b) Temperature—
pressure curves for hydrate synthesis in Tests 3, 11, 12, and 13. (c) Temperature—pressure curves for
hydrate synthesis in Tests 4, 14, 15, and 16. (d) Temperature—pressure curves for hydrate synthesis in
Tests 7, 10, 13, and 16. (e) Temperature—pressure curves for hydrate synthesis in Tests 6, 9, 12, and 15.
(f) Temperature—pressure curves for hydrate synthesis in Tests 5, 8, 11, and 14.
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3.5. Comparison of Natural Gas Hydrate Synthesis Results

The range of pressure drop and the magnitude of temperature increase during hydrate
synthesis can characterize the inhibitory effect of hydrate generation, i.e., the final stabi-
lizing pressure of the experiment is negatively correlated with the heat released from the
synthesis. Therefore, to compare more clearly the effects of different inhibitor systems on
the synthesis of hydrates, histograms of the gas—water two-phase conversion rate (Figure 8),
the histogram of the amount of methane consumed by the experiment (Figure 9), and the
histogram of the volume of synthesized hydrate (Figure 10) were obtained according to
the relevant data in Table 3, respectively. It can be seen that for NaCl solutions with mass
fractions of 1.5 wt%, 2.65 wt%, and 3.5 wt%, respectively, when the post-synthesis pres-
sures reached a steady state, the water conversion rates were 83.19%, 74.35%, and 71.65%,
whereas the methane gas conversion rates were 55.46%, 48.71%, and 47.72%, respectively.
Meanwhile, for the three different water—alcohol mass ratios, the water phase conversion
rates were 58.61%, 74.35%, and 79.46%, while the gas phase conversion rates were 38.39%,
47.71%, and 52.05%, respectively. The results show that the amount of hydrate synthesized
in pure water experiments was consistently higher than that in the presence of inhibitors
under the same synthetic driving force, confirming the inhibitory effect of NaCl and EG on
hydrate synthesis, while the inhibitory effect of a high concentration of inhibitor on hydrate
was better than that of a low concentration of inhibitor, which indicated that the dosage of
the thermodynamic inhibitor was an important indicator affecting the degree of inhibition.
Under the premise of a single inhibitor, this is consistent with the rule that the higher the
dosage, the stronger the inhibition of the hydrate, and other scholars have come to similar
conclusions [26,44]. For the hybrid inhibitor, no hydrate generation was observed in the
N3.5-H3E1 group of experiments, while N1.5-H5E1 is a group of particular interest, as the
inhibition achieved at this ratio is very satisfactory, which suggests that mixing different
inhibitors at a certain ratio may provide better inhibition synergy. In addition to this, the
rest of the experiments were consistent with better hydrate inhibition as the concentration
and ratio of inhibitors increased.

Test 16
Test 15
Test 13
Test 12
Test 11
Test 10
Test9
Test 8
Test 7
Test 6

Experimental Group

Test 5
Test4
Test 3
Test 2

Test 1

80 100

Figure 8. Gas-water two-phase conversion ratio. (a) Water conversion rate. (b) Methane
conversion rate.

Comprehensively comparing all the experiments in this work, it can be confirmed
that the inhibitory effect of the hybrid inhibitor is superior to that of the single inhibitors,
which is because the presence of NaCl and EG in the aqueous phase can minimize the
interactions between the hydrate particles by encircling them. The ionic strength of the
solution can be increased by the addition of NaCl [45], and the presence of Na* and C1~
ions can change the crystal structure and stability of the hydrate, reducing the opportunity
for water molecules to participate in the formation of the hydrate [46], and decreasing the
ability to form the hydrate. Ethylene glycol reduces the activity of water molecules and
increases the intermolecular interaction force, which changes the surface tension of the
solution and affects the dispersion and aggregation of hydrate nuclei and thus influences
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the synthesis of hydrates [47,48]. Therefore, the mixed inhibitor of NaCl and ethylene glycol
can simultaneously play a role in regulating the ionic strength, water molecule activity
intermolecular forces in solution, and other mechanisms to inhibit the synthesis of hydrate,
thus achieving a better inhibition effect. And these results prove that, in insufficiently
inhibited conditions, NaCl demonstrates a synergistic effect with the EG, which further
limits the hydrate synthesis. At low concentrations of inhibitors, the amount of NaCl
used to achieve the same inhibitory effect is significantly lower than that of alcohol. In
the experiments of Bai et al. [28], NaCl was inhibited more effectively than EG at low
concentrations of inhibitors, so NaCl can be preferred as an inhibitor at low concentrations
of inhibitors. However, when the amount of inhibitor is increased, NaCl exerts a less potent
inhibitory effect than increasing the alcohol concentration, and when the alcohol inhibitor
is increased to a certain level, it can completely inhibit the growth of the hydrate.
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Figure 9. Amount of methane consumed in each set of experiments.
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Figure 10. Volume of synthesized hydrate.

4. Conclusions
In this paper, an experimental study on the effect of thermodynamic inhibitors on
natural gas hydrate synthesis was carried out using an independently developed one-
dimensional natural gas hydrate exploitation simulation test apparatus, revealing the
characteristics of the effect of single and composite inhibitors on hydrate synthesis, and the
following main conclusions were obtained:
1. When the mixed inhibitor and single inhibitor dosages are equal, the inhibition effect
of the mixed inhibitor is significantly better than that of the single inhibitor. The
inhibition results obtained in the Test 9 group were very satisfactory, with hydrate



Energies 2024, 17, 2078 14 of 16

synthesis volumes and gas—water phase conversion rates similar to those of the Test
8 group. This indicates that mixing of different inhibitors in a certain ratio provides
a better synergy of inhibition. The presence of NaCl can minimize the interactions
between hydrate particles by surrounding them, thus acting as a synergistic effect on
EG and further limiting hydrate synthesis.

2. In the whole process of hydrate synthesis, the exotherm of hydrate synthesis mainly
occurs in the stage of hydrate large-scale growth, and no more obvious exotherm
phenomenon is found in the stage of nucleation. In the single inhibitor experimen-
tal group, it was found that the induction period of the hydrate synthesis stage
increased significantly with increasing inhibitor dosage and the synthesis took longer
to reach stability.

3. Under the same initial synthesis driving force, in the single inhibitor experimental
group, it can be found that with the increase in the mass fractions of NaCl and EG, the
water conversion rate in the two different inhibitors decreased from 83.19% and 79.46%
to 71.65% and 68.61%, respectively, and the methane gas conversion rate decreased
from 55.46% and 52.05% to 47.72% and 38.39%, respectively. These indicate that the
inhibition of hydrate synthesis is enhanced by increasing the inhibitor concentration,
and NaCl can exert a stronger inhibition at lower inhibitor concentrations.

4. In the mixed inhibitor experimental group, increasing the percentage of EG in the
mixed inhibitor was more effective in inhibiting hydrate synthesis compared to in-
creasing the percentage of NaCl in the mixed inhibitor.
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