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ABSTRACT

Natural gas hydrates are mostly formed in low-permeability and fractured muddy sedimentary forma-
tions. Adding suitable nanoparticles to the drilling fluid system can improve its filtrate resistance and
fracture plugging, and effectively weaken the invasion of drilling fluid into the reservoir. However, it is
likely that nanoparticles promote hydrate formation and accumulation in wellbores which will induce
accidents. Therefore, this study investigated the effect of hydrophilic silica nanoparticles with particle
sizes of 30 nm, 60 nm, and 80 nm and concentrations of 0.5—4.0 wt% on hydrate formation during
upward migration of methane gas using a dynamic simulation system for hydrate formation in a well-
bore. The experimental results show that under the condition of methane gas migration, hydrophilic
silica nanoparticles inhibit hydrate formation. The inhibition effect increased with the growth in the
particle size under a constant concentration, whereas it first increased and then decreased with
increasing nanoparticle concentration under a constant particle size. The strongest inhibition effect was
observed at a hydrophilic silica nanoparticle concentration of 2.0 wt%. The influence of hydrophilic silica
nanoparticles on hydrate formation may be mainly determined by their hydrophilic properties, heat and
mass transfer, and gas migration in the wellbore. Our research indicates that hydrophilic silica nano-
particles can be added to hydrate drilling fluid systems if their concentration can be properly controlled.
© 2021 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

distributed in seabed sediments and permafrost zones. Because of
their abundant reserves, many countries regard gas hydrates as a

Gas hydrates are non-stoichiometric cage clathrates formed by
host water molecules and guest gas molecules (mainly CH4) under
high-pressure and low-temperature conditions. Gas hydrates are
commonly known as “combustible ice” because they look like ice
and are combustible in the case of fire [1]. Gas hydrates are widely
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new alternative energy source for the future [2]. The hydrate
technique can also be used for gas storage and transportation [3],
water desalination [4,5], and capture and sequestration of carbon
dioxide [6,7].

There are still many challenges in the development and utili-
zation of hydrates, among which safety risk is one of the greatest
challenges [8]. Most hydrates are distributed in low permeability,
weakly consolidated, and fractured muddy sediments. Over-
balanced drilling techniques are adopted to maintain wellbore
stability and ensure wellbore production safety [9]. However, in
this case, the drilling fluid may invade hydrate formation and
induce hydrate decomposition, causing borehole wall instability
and log data distortion. At the same time, the decomposed water
and gas may form hydrates again during drilling fluid circulation,
causing safety accidents in the well [10—12]. Therefore, reducing
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the damage of drilling fluid invasion into hydrate reservoirs is one
of the problems that should be addressed in hydrate exploration
and development. In recent years, nanoparticle materials have been
widely used in conventional oil and gas drilling, unconventional
shale gas drilling, and coal bed methane drilling [13,14]. The ad-
vantages of nanoparticles are their small size, large specific surface
area, and high surface activity. Nanoparticles cannot only fill micro-
crack channels but can also combine with high-molecular polymers
to fill large pores and cracks by bridging and crimping [15]. The
addition of nanoparticles to drilling fluid can improve the filtration
resistance, fracture sealing, and viscosity of the drilling fluid, as
well as the quality of mud cake formed by the drilling fluid [16,17].
Moreover, The addition of nanoparticles can also maintain wellbore
stability and reduce the invasion of drilling fluid into a formation
[18]. Therefore, nanoparticles are very suitable for drilling hydrate
formations with low permeability and weak consolidation.

However, existing research has shown that the addition of
nanoparticles to the solution will have a certain influence on hy-
drate formation, and may promote the growth and aggregation of
hydrates, which is very unfavorable in terms of the flow safety of
wellbore drilling fluid [19—23]. The existence of nanoparticles can
reduce the surface tension of the contact surface between methane
and water, increase the gas—liquid contact area of the system, and
enhance the mass transfer process. Meanwhile, nanoparticles can
effectively accelerate the heat transfer efficiency of the system, thus
promoting hydrate formation [24—27]. However, it has also been
found that nanomaterials, especially some oxide nanoparticles,
cannot promote hydrate formation and may even inhibit hydrate
formation in some cases. Liu et al. [28] found that compared with
pure water, nano-CuO and nano-SiO; prolonged the induction time
of CO, gas hydrate formation. Nesterove et al. [29] reported that
Al0Os3 fluid had both inhibiting and promoting effects on the in-
duction time of hydrate formation. This difference was mainly due
to the different sizes of the nanoparticles and different surface
functional groups. Gas hydrate nucleation and growth are closely
related to the hydrophobicity of the gas, and nanoparticles can
either be hydrophilic or hydrophobic. Most studies have found that
hydrophobic nanoparticles can promote the formation of hydrates
[30,31]. The influence of hydrophilic nanoparticles on hydrate for-
mation has been less studied. Wang et al. [32—34] found that hy-
drophilic nano-SiO, promoted hydrate formation at some particle
sizes and concentrations, whereas it inhibited hydrate formation at
other particle sizes and concentrations. Therefore, the hydrophi-
licity, hydrophobicity, particle size, and concentration of nano-
particle may have different effects on hydrate formation.

Before using nanoparticles as additives in marine hydrate dril-
ling fluid, it is necessary to clarify the effect of nanoparticles on
hydrate formation in the wellbore fluid. Wang et al. [32—34] sug-
gested that hydrophilic nano-SiO; could be added to the hydrate
drilling fluid system because it can inhibit hydrate formation under
certain conditions. However, their research was conducted in a
static environment, in which the experimental conditions differed
to the dynamic conditions of the actual wellbore environment. On
this basis, considering the dynamic migration of shallow gas and
hydrate decomposition gas in the wellbore during the actual hy-
drate drilling process, the influence of hydrophilic nano-SiO, on
hydrate formation in the wellbore fluid under the condition of
methane gas migration was studied using a self-developed dy-
namic hydrate formation simulation system in the wellbore. The
mechanism of the influence of hydrophilic nano-SiO, on hydrate
formation and accumulation was also considered. This study pro-
vides a reference for optimizing the type of nanoparticles and the
design of hydrate drilling fluid systems, which are of great signifi-
cance for ensuring the safety of hydrate drilling and protecting the
hydrate reservoir.
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2. Experimental
2.1. Experimental equipment

This study used a self-developed dynamic hydrate formation
simulation system in a wellbore. Fig. 1 presents a schematic of the
experimental device, which mainly comprised a high-pressure
visualized reactor, a temperature control system, a pressure control
system, and a data acquisition system. The reactor was equipped
with a baffle (the middle position of the high-pressure visualized
reactor, as shown in Fig. 1). The total overflow area of the baffle was
approximately 0.5 cm?, and the area of a single circular hole was
approximately 2.5 x 1072 cm?. The baffle was installed to simulate
the relevant equipment or channels in the wellbore that impede gas
migration, for example, the location of the borehole diameter
change. To better simulate the rotation of the drill pipe in actual
drilling/production and accelerate hydrate formation, an MS6-Pro
digital magnetic agitator (Dalong Xingchuang Test Instrument (Bei-
jing) Co., Ltd.) with a rotation speed of 200—1500 rpm was installed
at the bottom of the reactor. The DC-3015 temperature control sys-
tem was a constant low-temperature reaction bath produced by
Jiangsu Tianling Instrument Co., Ltd. The pressure control system
was composed of a pressure-regulating valve, back-pressure valve 1,
and back-pressure valve 2. The gas injection rate was precisely
controlled by adjusting the pressure-regulating valve and back-
pressure valve 1. A D07-11C gas mass flowmeter produced by Bei-
jing Seven Star Huachuang Electronics Co., Ltd. was used to monitor
the gas injection rate. Back-pressure valve 2 was used to control the
pressure in the reactor. This system injected gas into the reactor by
means of constant-speed “bubbling,” and was equipped with a baffle
and magnetic stirrers to better simulate the drilling bit rotation and
gas upward migration in the actual wellbore.

2.2. Experimental materials

The methane gas used in this experiment had a purity of >99.9%
and was supplied by Wuhan Newruide Special Gas Co., Ltd.
Deionized water was manufactured using LD-DI-Micro-20 deion-
ized water equipment purchased from the Shanghai Liding Water
Treatment Equipment Co., Ltd. Hydrophilic nano-SiO, with particle
sizes of 30 nm, 60 nm, and 80 nm was supplied by Beijing Deco
Island Gold Technology Co., Ltd., and was prepared by the gas phase
method and carried out by surface modification. These particle
sizes are the accurate sizes of nano-SiO; produced by the gas phase
method, and are frequently used in most fields at present.

2.3. Experimental procedure

Conventional and unconventional oil and gas drilling fluids only
require a small addition amount of solid-phase nanomaterials,
which can significantly improve or affect many properties of dril-
ling fluid systems [13]. In this experiment, the nano-SiO, concen-
tration was controlled in the range of 0.5—4.0wt%. The
experimental temperature was controlled at 3 °C, and the corre-
sponding equilibrium pressure of methane hydrate was approxi-
mately 3.5 MPa [35]. Considering that the rotating speed of the drill
pipe in the drilling equipment was up to 600 rpm, the rotating
speed of the magnetic stirrer in this experiment was set to 500 rpm.
Each group of experiments was repeated three times to ensure the
accuracy of the experiment. The experimental steps were as fol-
lows. (1) The reactor was cleaned with distilled water, and the air
tightness was checked. (2) A high-speed stirring device
(20 000 rpm) was used to configure the nanofluids. The top of the
high-pressure reactor was opened, and 300 mL of nanofluid solu-
tion (or deionized water) was poured into it. Then, the top of the
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Fig. 1. Dynamic hydrate formation simulation system in the wellbore. (a) Schematic and (b) photograph of the device.

reactor was covered and sealed. (3) Methane gas was slowly and
continuously injected for a period, and the residual air in the
reactor was removed to ensure the accuracy of the experiment. (4)
The magnetic agitator was turned on, and the speed was set to
500 rpm. (5) The temperature control system was opened, and the
gas was simultaneously cooled in the buffer tank and liquid in the
reactor to stabilize the temperature of the system at 3 °C. (6) The
pressure of back-pressure valve 2 was adjusted to 8 MPa (in all
experiments, hydrate was formed before the pressure in the reactor
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reached 8 MPa). The buffer tank was opened, and methane gas was
injected into the reactor at a steady flow rate of 300 standard cubic
centimeters per minute (SCCM). If operating and observing are
conducted simultaneously, it can be modified as: by observing the
flow meter and operating the pressure regulating valve and back-
pressure valve 1. When the pressure in the reactor reached 3 MPa,
the timing was started, and the phenomena in the reactor were
observed. (7) When hydrate formation was observed in the reactor,
the time of formation and the pressure at this time in the reactor
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were recorded. Methane gas was continuously injected into the
reactor at a steady flow rate of 300 SCCM for 6 min, and the pres-
sure in the reactor after 6 min was recorded. (8) After the experi-
ment, the magnetic stirrer was closed and back-pressure valve 2
was adjusted to release the gas in the reactor. Then, the bottom of
the reactor was opened to drain the solution and clean the device.

2.4. Data processing

24.1. Induction time

The induction time of hydrate formation is an important index for
evaluating the promotion or inhibition of hydrate formation. At
present, there is no accurate definition of induction time, which can
be considered from the perspectives of theory and experiment. From
a theoretical perspective, the induction time is the time from the
stable state of the system to the occurrence of a stable critical nu-
cleus [36,37]; however, this is difficult to measure experimentally.
From an experimental perspective, the induction time is the time
from the initial stable state of the system to the first detectable hy-
drate formation of crystals [38], which can be easily obtained by
experimental measurements. In this study, the second method was
used to determine the induction time for hydrate formation. The
temperature and stirring speed of all experiments were the same,
and methane gas was uniformly injected at the same “bubbling” rate.
The initial stable state of the system was regarded as that when the
pressure in the reactor reached 3 MPa. Subsequently, methane gas
was injected at the same rate. When hydrate crystals were observed,
the induction time of hydrate formation and the pressure in the
reactor were recorded. The effect of hydrophilic nanoparticles on
hydrate formation was evaluated by comparing the induction time
and pressure in reactors with different particle sizes and concen-
trations of hydrophilic nanoparticles and deionized water.

2.4.2. Average rate of hydrate formation

The average rate of hydrate formation is another important in-
dex for evaluating the promotion or inhibition of hydrate forma-
tion, which can be calculated using experimental temperature and
pressure data. As shown in Fig. 2, the red line indicates the pressure
growth mode in the reactor when methane gas was injected into
the reactor at a constant speed without hydrate formation during
the experiment (by turning off the magnetic stirrer to prolong the
induction time of hydrate formation, without hydrate formation
within the required time range). The green line represents the
pressure growth mode in the reactor after hydrate formation.
When hydrate formation was observed, methane gas continued to
be uniformly injected at the same “bubbling” rate. In the experi-
ment, back-pressure valve 2 was set to 8 MPa to ensure that only
methane gas was injected, and no methane gas was discharged
during the entire experiment. In this process, hydrate was formed
continuously, and thus, methane gas should have been consumed
continuously. The pressure was reduced relative to the red line,
without hydrate formation. The pressure decreased (4P, MPa)

b Py
An—(z 7 RT

Pressure/MPa

Time/s

Fig. 2. Experimental schematic diagram.
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during A4t (min), as shown in Fig. 2. Because the gas used in the
experiment was high-purity methane (>99.9%), the amount of
hydrate formation could be characterized by the consumption of
methane gas. Based on the calculation formula of gas consumption
derived by Li et al. [39], and by neglecting the fact that hydrate
formation will cause a certain volume expansion, combined with
the characteristics of the experimental equipment used in this
work, the calculation formula of gas consumption in the process of
methane hydrate formation is derived as follows:

P, P,V

A= = 2) Rt

(1)

where 4n is the amount of methane consumption (mol); P; is the
pressure (MPa) of the reactor after 4t (min) when there is no hy-
drate formation indicated by the red line in Fig. 2, which is directly
obtained from the red line; P, is the pressure (MPa) of the reactor
after At (min) time when hydrate formation is observed, indicated
by the green line in Fig. 2; Vis the volume of methane in the reactor
(m?), which was 200 mL in this work; R is the gas constant
(8.31441 J-mol~'-K~1); T is the experimental temperature (K),
which was 276.15 K in this work; Z; and Z, are the compressive
factors under pressures P; and P,, respectively, which can be
calculated as follows [40]:

- A2 A3 A5, ASA6. s
Z—1+(A1+W+T—?)+(A4+ﬁ)pr+ Tr )pr
A7
~ATp2(1 1 A8p2)exp( — A8s2) )

37T
TT‘

where A; is a given parameter (A; = 0.31506237, A, = —1.0467099,
As —0.57832729, A4 0.53530771, As —0.61232032,
Ag = —0.10488813, A7 = 0.68157001, and Ag = 0.68446549) [41]; P;
is the comparative pressure; T; is the comparative temperature; and
pris the methane comparative density. Py, T;, and p, were calculated
as follows:

P
Pc’

Tr:l

Pr—
r TC

Pr
pr=0.27(0) (3)
where P is the methane gas pressure (MPa), P, is the critical pres-
sure of methane gas (~4.60 MPa) [39]; T is the methane tempera-
ture (K); and T, is the critical temperature of methane gas
(~191.11 K) [39].

When hydrate formation is observed, hydrates will continue to
grow in a reactor. Previous studies have shown that the growth rate
of hydrates is faster in the initial period (4t), but slower in the later
period [42]; therefore, the growth rate of hydrates in the initial
period is of great significance in this work. The value of 4t in this
study was 6 min. The hydrate formation rate obtained by calcula-
tion refers to the average rate of hydrate formation from the
beginning of formation to continuous growth for 6 min. The
calculation is derived from Eq. (1), as follows:

Aan

U:E (4)

where v is the average consumption rate of methane gas (mol/min).

3. Results
3.1. Hydrate formation in deionized water without nanoparticles

To compare and analyze the effect of nanoparticles, a simulation
experiment of methane hydrate formation in deionized water was
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carried out. At the beginning of the experiment, methane gas uni-
formly entered the reactor from the bottom inlet of the reactor.
Bubbles were produced and migrated upward in the liquid until the
bubbles broke and disappeared at the gas—liquid interface. The
baffle produced some resistance to the migration of bubbles; thus,
bubble aggregation was observed at the lower part of the baffle. As
time progressed, the pressure in the reactor increased and many
white fine hydrate crystals were observed near the gas—liquid
interface. Then, the glass wall of the visual window close to the
upper part of the gas—liquid interface became “foggy” and fuzzy. At
the same time, the hydrate membrane was found on the surface of
bubbles at the gas—liquid interface and at the lower part of the
baffle (Fig. 3a and b). Fig. 3a shows the entire gas—liquid interface
overlooked from the visual window located at the upper part of the
gas—liquid interface. Bubbles arriving at the gas—liquid interface no
longer broke and disappeared, but formed hydrate membranes that
rapidly and continuously aggregated on their surfaces. The bubbles
that were “intercepted” at the baffle also rapidly formed hydrate
membranes that aggregated on their surfaces. The rate and amount
of aggregation at the baffle were much higher than those at the
gas—liquid interface, as shown in Fig. 3c.

The initial formation of hydrates at the gas—liquid interface and
in the lower part of the baffle was consistent with the hypothesis of
hydrate nucleation at the interface [37,43]. The gas—liquid contact
area was large in these two places, providing more nucleation
points for hydrate formation. At the same time, the baffle blocked
the flow of methane gas, resulting in a relatively high gas concen-
tration. Therefore, at the lower part of the baffle, the aggregation
velocity and number of bubbles that formed hydrate membranes
on their surfaces were considerably higher than those at the
gas—liquid interface. After hydrate formation, the new bubbles
continued to migrate upward to the baffle and collided with the
bubbles wrapped by the hydrate membranes.

There is an adhesion force between the bubble wall composed of
water molecules and the hydrate membrane, such that bubbles are
easily retained and quickly form hydrate membranes on their sur-
faces. They then become the media for the next bubble to be
“retained” [44—46]. Very few bubbles get rid of the adhesion force
between the bubble wall and the hydrate membrane and the
resistance of the baffle. They continue to migrate upward to the
gas—liquid interface to remain and form hydrate membranes. The
average induction time and pressure of hydrate formation in
deionized water were 2239 s and 6.032 MPa, respectively, and the
average gas consumption rate was 1.549 x 10> mol -min~.

(@)

(b)
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3.2. Hydrate formation in nanoparticle solutions

In this study, hydrophilic nano-SiO, with particle sizes of 30 nm,
60 nm, and 80 nm and concentrations of 0.5—4.0 wt% were selected
for the experiment. The average values of the parameters for each
set of experiments are listed in Table 1. The effect of hydrophilic
nano-SiO; on methane hydrate formation was assessed by calcu-
lating two Kkinetic indices: the induction time and average rate of
hydrate formation (Table 1).

3.2.1. Induction time

It was difficult to observe the upward migration of gas bubbles
because the solution of nanoparticles was not completely trans-
parent when methane gas entered the reactor uniformly at a
certain flow rate. After a certain period, as in the pure water system,
fine white hydrate crystals were observed floating at the gas—liquid
interface. Then, the glass wall of the visual window close to the
upper part of the gas—liquid interface became “foggy” and fuzzy. It
is speculated that there may have been some residual nanoparticle
solution on the glass wall due to the stirring of the magnetic
agitator, and that hydrate was then formed on the glass wall near
the gas—liquid interface. It was also observed that the bubbles no
longer broke at the gas—liquid interface, but rapidly formed hy-
drate membranes on their surfaces. This can be seen in Fig. 4a—c,
which shows the entire gas—liquid interface overlooked from the
visual window located at the upper part of the gas—liquid interface.

Fig. 5 shows the induction time in each set of experiments.
Except for the hydrophilic nano-SiO, concentrations of 0.5 wt% and
4.0 wt%, all other concentrations at different particle sizes exhibited
an inhibition effect on hydrate nucleation, but to different degrees.
For the three particle sizes of hydrophilic nano-SiO,, the changes in
the induction times for hydrate formation as a function of con-
centration exhibited similar trends. At nanoparticle concentrations
of 0.5 wt% and 4.0 wt%, the induction times were shorter than that
of deionized water, indicating that nano-SiO; at these concentra-
tions promoted the nucleation of hydrate in the fluids. In contrast,
at nano-SiO, concentrations of 1.0—3.5 wt%, the induction times
were longer than that of deionized water, indicating that nano-SiO,
at these concentrations had an inhibition effect on hydrate nucle-
ation in the fluids. The induction times gradually increased and the
inhibition effect gradually strengthened when the concentrations
ranged from 1.0 wt% to 2.0 wt%. At a nano-SiO, concentration of
2.0 wt%, the induction times were 2624 s, 2668 s, and 2745 s for the
particle sizes of 30 nm, 60 nm, and 80 nm respectively, thus
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Fig. 3. (a) Initial formation of hydrate at the gas—liquid interface in deionized water; (b) initial formation of hydrate at the baffle in deionized water; and (c) hydrate aggregation in

deionized water after 6 min.
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Table 1
Hydrate formation in deionized water with/without hydrophilic nano-SiO, at 3.0 °C.

Petroleum 7 (2021) 485—495

Sample Induction time (s) Formation pressure (MPa) P; (MPa) P, (MPa) Average methane consumption rate (10> mol -min~")
Deionized water 2239 + 33 6.032 + 0.041 6.471 + 0.04 6.364 + 0.075 1.549 + 0.552
30 nm, 0.5 wt% 2103 + 82 5.857 + 0.103 6.304 + 0.101 6.178 + 0.111 1.820 + 0.145
30 nm, 1.0 wt% 2274+ 73 6.070 + 0.091 6.514 + 0.089 6.423 + 0.076 1.321 + 0.334
30 nm, 1.5 wt% 2503 + 96 6.353 + 0.118 6.793 + 0.117 6.722 + 0.134 1.026 + 0.305
30 nm, 2.0 wt% 2624 + 45 6.501 + 0.055 6.939 + 0.054 6.898 + 0.062 0.605 + 0.290
30 nm, 2.5 wt% 2567 + 80 6.431 + 0.098 6.870 + 0.097 6.813 + 0.119 0.837 + 0.348
30 nm, 3.0 wt% 2496 + 74 6.344 + 0.091 6.784 + 0.090 6.711 + 0.087 1.055 + 0.232
30 nm, 3.5 wt% 2353 + 111 6.168 + 0.137 6.610 + 0.136 6.514 + 0.125 1.389 + 0.174
30 nm, 4.0 wt% 2103 + 60 5.858 + 0.075 6.304 + 0.074 6.184 + 0.087 1.737 + 0.189
60 nm, 0.5 wt% 2189 + 74 5.965 + 0.092 6.410 + 0.091 6.290 + 0.103 1.737 + 0.247
60 nm, 1.0 wt% 2349 + 63 6.163 + 0.078 6.605 + 0.077 6.522 + 0.055 1.210 + 0.319
60 nm, 1.5 wt% 2523 + 46 6.377 + 0.057 6.817 + 0.056 6.752 + 0.070 0.934 + 0.203
60 nm, 2.0 wt% 2668 + 72 6.555 + 0.088 6.993 + 0.087 6.959 + 0.077 0.489 + 0.305
60 nm, 2.5 wt% 2617 + 55 6.492 + 0.067 6.931 + 0.067 6.885 + 0.071 0.658 + 0.218
60 nm, 3.0 wt% 2580 + 100 6.448 + 0.123 6.886 + 0.121 6.827 + 0.133 0.857 + 0.261
60 nm, 3.5 wt% 2391 + 93 6.215 + 0.115 6.657 + 0.113 6.571 + 0.126 1.249 + 0.290
60 nm, 4.0 wt% 2172 + 66 5.943 + 0.082 6.388 + 0.081 6.274 + 0.097 1.665 + 0.232
80 nm, 0.5 wt% 2208 + 71 5.988 + 0.088 6.433 + 0.087 6.323 + 0.104 1.607 + 0.305
80 nm, 1.0 wt% 2419 + 49 6.250 + 0.060 6.691 + 0.060 6.618 + 0.057 1.065 + 0.334
80 nm, 1.5 wt% 2557 + 98 6.420 + 0.120 6.859 + 0.119 6.800 + 0.107 0.857 + 0.174
80 nm, 2.0 wt% 2745 + 112 6.649 + 0.137 7.086 + 0.135 7.059 + 0.150 0.392 + 0.261
80 nm, 2.5 wt% 2711 £ 118 6.607 + 0.144 7.044 + 0.142 7.012 + 0.148 0.474 + 0.276
80 nm, 3.0 wt% 2618 + 94 6.495 + 0.115 6.933 + 0.114 6.882 + 0.113 0.740 + 0.160
80 nm, 3.5 wt% 2434 + 70 6.268 + 0.086 6.709 + 0.085 6.628 + 0.109 1.176 + 0.479
80 nm, 4.0 wt% 2204 + 81 5.983 + 0.101 6.427 + 0.099 6.316 + 0.082 1.616 + 0.261
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Fig. 4. Initial formation of hydrate in the nanoparticle solution. (a) 30 nm and 0.5 wt%; (b) 60 nm and 1.5 wt%; and (c) 80 nm and 2.5 wt%.
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Fig. 5. Induction time for hydrate formation in each set of experiments.
presenting the strongest inhibition effect on hydrate nucleation.

With an increase in the nano-SiO, concentration, the induction
times gradually decreased and the inhibition effect gradually

weakened. The effect changed from inhibition to promotion when
the concentration reached 4.0 wt%. Fig. 5 also shows that the in-
hibition effect on hydrate nucleation strengthened with an increase
in the particle size of hydrophilic nano-SiO,.

3.2.2. Average rate of hydrate growth

After some time, even if the solution was not transparent, hy-
drates could be observed at the lower part of the baffle due to the
growth and aggregation of hydrates. Fig. 6 illustrates the growth
and aggregation of hydrates at the baffle of nanoparticle solutions
with a particle size of 60 nm and different concentrations. The
growth and aggregation of hydrates were similar at particle sizes of
30 nm, 60 nm, and 80 nm.

Fig. 7 plots the average gas consumption rate within 6 min after
hydrate formation in each set of experiments. Hydrophilic nano-
SiO, with particle sizes of 30 nm, 60 nm, and 80 nm slowed down
the rate of hydrate growth. The changes in the average gas con-
sumption rate as a function of concentration exhibited similar
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Fig. 7. Average rate of hydrate growth in each set of experiments.

trends for the three particle sizes of hydrophilic nano-SiO,. At
nano-SiO, concentrations of 0.5 wt% and 4.0 wt%, the average gas
consumption rates were faster than that of deionized water, indi-
cating that nano-SiO; accelerates the rate of hydrate growth. In
contrast, at nano-SiO, concentrations of 1.0—3.5 wt%, the average
gas consumption rates were slower than that of deionized water,
indicating that nano-SiO, has a slowing down effect on hydrate
growth. The average gas consumption rate gradually decreased and
the slowing down effect gradually strengthened with the increase
in the nano-SiO; concentration from 1.0 wt% to 2.0 wt%. At a nano-
SiO, concentration of 2.0 wt%, the average gas consumption rates
were 0.605 x 10~3 mol-min~!, 0.489 x 103 mol-min~!, and
0.392 x 103 mol-min " for the particle sizes of 30 nm, 60 nm, and
80 nm, respectively, thus corresponding to the strongest slowing
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down effect on hydrate growth. Then, with the increase in the
nano-SiO, concentration, the average gas consumption rate grad-
ually increased and the slowing down effect of nano-SiO, on hy-
drate growth gradually weakened. In addition, the effect changed
from decelerating to accelerating when the concentration reached
4.0 wt%. Fig. 7 also shows that the slowing down effect on hydrate
growth strengthened with an increase in the particle size of hy-
drophilic nano-SiO5.

4. Discussion

The experimental results revealed that hydrophilic nano-SiO,
promoted the formation of hydrate at concentrations of 0.5 wt%
and 4 wt%, but inhibited the formation of hydrate at concentrations
of 1-3.5 wt%. This behavior was mainly determined based on the
hydrophilic properties of hydrophilic nano-SiO,, the enhancement
of heat and mass transfer of the system, and the migration of
methane gas in the wellbore.

4.1. Hydrophilic properties of hydrophilic nano-SiO,

Due to the existence of a certain amount of hydrophilic hydroxyl
groups on the surfaces of hydrophilic nano-SiO; particles, the water
molecules nearby will be bound to some extent, and some water
molecules will be wetted and adsorbed on the surfaces of nano-
particles to form a “water film.” Under the action of this mecha-
nism, water molecules are likely to exist as free water molecules
and bound water molecules in the fluid prepared by hydrophilic
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Fig. 8. Distribution of methane molecules and water molecules on the surface of hydrophilic nano-SiO,.

nano-SiO, and deionized water, as shown in Fig. 8. The existence of
bound water molecules in nanofluids reduces the number of free
water molecules and the activity of water molecules, thus inhibit-
ing hydrate formation. At the same time, only a small amount of
hydrophobic non-polar CH4 molecules can be distributed on the
surfaces of hydrophilic nano-SiO, particles owing to their unique
characteristics. Therefore, only a small amount of bound water
molecules may participate in the formation of hydrates, which also
plays a role in delaying the induction time and rate of hydrate
formation [32—34].

Figs. 5 and 7 show that the inhibition ability of hydrophilic
nano-SiO, on methane hydrate formation increased with an in-
crease in particle size. This may have been because the hydrophi-
licity of hydrophilic nano-SiO, increases with an increased particle
size. Nanoparticles exist as “aggregates” in fluid. Due to the strong
surface properties of nanoparticles, the larger the particle size, the
weaker the aggregation of nanoparticles in fluid, and the smaller
the size of aggregates. The smaller the size of the aggregates formed
by nanoparticles, the larger the specific surface area of the aggre-
gates, resulting in an increase in the number of bound water mol-
ecules and a decrease in the number of free water molecules in the
fluid [32—34]. Therefore, under the same concentration conditions,
the inhibition of hydrate formation by hydrophilic nano-SiO; can be
ranked by particle size as: 80 nm > 60 nm > 30 nm.

4.2. Heat and mass transfer of hydrophilic nano-SiO»

The formation of hydrates is also controlled by heat and mass
transfer [47]. From the perspective of heat transfer, like a solid
particle, the thermal conductivity of hydrophilic nano-SiO; is
approximately two orders of magnitude larger than that of pure
liquid. The addition of nanoparticles to deionized water enhances
the heat transfer capacity of the system and facilitates the transfer
of heat released during hydrate formation. The thermal conduc-
tivity of a hydrophilic nano-SiO; solution increases with an increase
in concentration [32,47,48]. From the perspective of mass transfer,
the intense Brownian motion of nanoparticles in liquid reduces the
surface tension of the gas—liquid interface and increases the
gas—liquid contact area of the system. At the same time, the exis-
tence of nanoparticles provides many nucleation points for hydrate
formation, thus promoting the hydrate formation. With an increase
in concentration, more “nucleation points” act as hydrate nucle-
ation and the mass transfer of the system strengthens [33,49].
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Therefore, the hydrophilic property of hydrophilic nano-SiO; can
inhibit hydrate formation, while an enhanced heat and mass
transfer of the system can promote hydrate formation. In the case of
different concentrations, a certain factor plays a leading role.

4.3. Influence of the hydrophilic nano-SiO, concentration on
hydrate formation

When the hydrophilic nano-SiO, concentration was 0.5 wt%, the
addition amount of nanoparticles was relatively low, and there
were more unbound water molecules in the system than at higher
concentrations. At this time, nanoparticles played a leading role in
increasing the gas—liquid contact area, providing nucleation points
for hydrate formation and enhancing the heat conduction capacity
of the fluid, which shortened the induction time of hydrate for-
mation and accelerated the rate of hydrate growth. With an in-
crease in the nanoparticle concentration, the number of bound
water molecules in the system increased, and the free water mol-
ecules decreased gradually. The inhibition effect of hydrophilic
nano-SiO, on hydrate formation was highlighted, and hydrate for-
mation was inhibited. When the concentration increased to 2.0 wt
%, the ability of hydrophilic nano-SiO, particles to inhibit hydrate
formation peaked. As the nanoparticle concentration continued to
increase, the ability of nanoparticles to inhibit hydrate formation
decreased, and even changed to a promoting effect. Three reasons
may explain this behavior. First, with an increase in the nano-
particle concentration, the size of the aggregates in the fluid
increased further, resulting in the weakening of the strong surface
properties of the nanoparticles and the binding effect on water
molecules [32—34]. Second, the collision between nanoparticles or
aggregates intensified with the stirring action when the nano-
particle concentration reached a certain value, thereby creating a
stronger destructive effect on the water film adsorbed on the sur-
faces of nanoparticles and producing more free water molecules.
Third, with the increase in the nanoparticle concentration, the heat
and mass transfer effects of the system were also enhanced. Fig. 9
illustrates the effect of different concentrations and particle sizes
of nano-SiO, on hydrate formation.

44. Influence of methane gas migration in the wellbore

The results of this study are similar to those obtained by Wang
et al. [32—34]. That is, with the increase in the hydrophilic nano-
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Fig. 9. Effect of different concentrations and particle sizes of nano-SiO, on hydrate formation.

SiO, concentration, the corresponding inhibition effect on hydrate
formation first increased before decreasing, and the inhibition ef-
fect was strongest at a certain critical value. However, the critical
concentration obtained in this work was 2 wt%, whereas that ob-
tained by Wang et al. was 4 wt% [32—34]. This difference may be
attributable to the continuous migration of methane gas in the
wellbore. From the above analysis, it can be seen that nanoparticles
have three influences on hydrate formation. First, nanoparticles can
bind with water molecules and convert free water molecules into
bound water molecules, thus inhibiting the formation of hydrates.
Second, nanoparticles can promote heat and mass transfer, thus
promoting hydrate growth. The occurrence of inhibition or pro-
motion depends on the nanoparticle concentration. In this exper-
iment, the stirring of the high-speed rotor at the bottom of the
reactor was beneficial for improving the methane gas concentra-
tion in the solution and the disturbance degree of the entire system,
thus promoting hydrate formation. Moreover, methane bubbles
continued to migrate and were blocked by the baffles in the middle
of the reactor, resulting in an increase in the gas—liquid contact area
and gas concentration, which were conducive to hydrate formation.
When bubbles moved upward again through the baffle and broke at
the gas—liquid interface, the water surface fluctuated and carried a
small amount of liquid to “break out” in the gas phase space, as
shown in Fig. 10. This small volume of liquid surrounded by gas was
more conducive to hydrate formation. During the experiment,
bubbles gathered at the lower part of the baffle and formed a hy-
drate film at the bubble boundary for accumulation. Hydrate par-
ticles were initially formed at the upper gas—liquid interface, and
then bubbles formed a hydrate film and gradually accumulated
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Fig. 10. Effect of hydrate formation during methane gas transport.

(Fig. 3). Both phenomena indicate that hydrate was more easily
generated under this experimental condition than in the static
system of Wang et al. [32—34]. Hydrate formation was promoted by
bubbling and baffle blocking. Therefore, compared with the con-
ditions without bubbles and baffles, the inhibition effect of nano-
particles (at the same concentration) on hydrate weakened,
resulting in a decrease in the optimal inhibitory concentration of
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nanoparticles in this study. This indicates that the selection of the
nanoparticle concentration for the drilling fluid is very important.
Moreover, hydrates are easily generated at the gas—liquid interface.
Therefore, in drilling or production processes, gas and liquid flow,
especially in locations where free gas and free water can contact or
migrate (e.g., the gas—liquid separator and screen pipe), will have a
great risk of blockage caused by secondary hydrate generation.

5. Conclusions

In this study, experiments on hydrate formation in deionized
water with and without hydrophilic nano-SiO, were conducted
under the conditions of methane gas migration using a dynamic
simulation system for hydrate formation in a wellbore. By comparing
the induction time and average rate of hydrate growth between the
hydrophilic nano-SiO, solution and deionized water, the influence of
hydrophilic nanoparticles with particle sizes of 30 nm, 60 nm, and
80 nm and concentrations of 0.5—4.0 wt% on hydrate formation was
determined. The results show that all nano-SiO, concentrations
except 0.5 wt% and 4.0 wt% exhibit different degrees of inhibition
effect on hydrate formation. The inhibition effect first increased and
then decreased with an increase in the nano-SiO, concentration
under a constant particle size, and strongest inhibition effect was
observed at a concentration of 2.0 wt%. Under a constant concen-
tration, the inhibition effect increased with an increase in the par-
ticle size. The critical value of the hydrophilic nano-SiO;
concentration to achieve the strongest inhibition effect was reduced
when methane gas was transported in the wellbore.

Our study suggests that hydrophilic nanoparticles can be added
to drilling fluid system as they exhibit a certain degree of inhibition
on hydrate formation if their concentration can be controlled
properly. Owing to the limitations of the experimental conditions,
the influence of hydrophilic nano-SiO, particles on hydrate for-
mation was studied from a macroscopic perspective. Our next work
will use molecular dynamic simulations and other methods to
study the influence mechanism at a deeper level to make the
research results more valuable and applicable in practical
engineering.
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