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phology and cohesive force of
hydrate particles in the presence/absence of wax†

Yang Liu, *a Chengxuan Wu,a Xiaofang Lv, *ab Xinyi Xu,a Qianli Ma,a Jiawei Meng,a

Shidong Zhou, a Bohui Shi, c Shangfei Songc and Jing Gongc

In the exploitation of deep-sea oil and gas resources, themultiphase production and transportation process

is frequently plagued by pipeline blockage issues. Especially when hydrates and wax coexist simultaneously,

the viscosity and plugging tendency of multiphase flow systems will synergistically increase. Understanding

the evolution of morphology of hydrate particles and the agglomeration characteristics of hydrate particles

in the presence or absence of wax crystals is crucial to flow assurance industry. With the assistance of

a visualized reactor equipped with a three axis moving platform, microscopic images of cyclopentane

hydrate during hydrate growth were obtained, and the cohesive force between hydrate particles was

measured. It was found that during the hydrate growth on wax-free water droplets, the untransformed

water inside the particles gradually wetted the surface of the particle. With the increase in temperature

and contact time, the shell of hydrate particles changed from solid and rough to smooth and moist. The

cohesive force measured in this work ranges from 3.14 � 0.52 to 11.77 � 0.68 mN m�1 with different

contact times and temperature. When the contact time was 0 s and 10 s, the cohesive force between

particles increased first and then stabilized with temperature. When the contact time was 20 s, the

cohesive force was greater than the first two cases and showed an overall stable trend. An interesting

phenomenon was also discerned: a large water bridge between particles formed during their separation

process. For the wax-containing system, it required a longer time for water droplets to be converted into

hydrate particles than that for wax-free systems. After wax participated in hydrate growth, hydrate

particles showed the properties of elasticity and stickiness, which resulted in a larger liquid bridge

between hydrate particles after their contact. It was suggested that wax crystal would alter the shell

structure of hydrate particles, and change the surface properties of hydrate particles and the formation

process of the liquid bridge, leading to significant and rapid increase in the cohesive force.
1 Introduction

Nowadays, the development, transportation and shortage of
energy is a very noteworthy issue around the world. The
shortage of energy resources makes people focus on obtaining
energy from a riskier and severer environment. On one hand,
hydrates in marine areas have attracted more and more atten-
tion. Natural gas hydrates are regarded as the succeeding
potential energy guarantee that can replace traditional energy
such as coal and oil.1 On the other hand, during the exploitation
and transportation of deep-sea multiphase products, gathering
torage and Transportation Technology,
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pipelines oen face high-pressure and low temperature trans-
portation environment, which is prone to produce solid-phase
deposition problems such as scaling, wax, asphaltene and
hydrate.2 These matters may deposit on the pipe wall, thereby
reducing the available area of ow in the pipeline.3 If they are
not handled properly, these sediments will reduce pipeline
efficiency, causing pipeline blockage, damage to stationary
treatment facilities, and even cause casualties.4,5

Moreover, the abovementioned solid deposits can also
interact with each other, resulting in a higher pipeline blockage
tendency.6–9 In order to avoid blockage of the gathering pipe-
line, it is necessary to predict the pressure drop and uid
viscosity of multiphase ow systems. Generally, hydrates
formed in the gathering and transportation pipeline will
agglomerate and form deposits, resulting in increased pressure
drop and viscous uid phase. When wax and hydrate coexist, it
will greatly increase the difficulty of predicting the pressure
drop of the gathering and transportation pipeline and the
viscosity of the uid, which is more likely to be increased the
risk of pipeline blockage. At present, numerous studies have
© 2022 The Author(s). Published by the Royal Society of Chemistry
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been carried out on the effect of wax on hydrate, including
nucleation,11–16 formation,17–21 agglomeration,10,22–24 deposi-
tion,7 and blockage.22

In order to manipulate the blockage issues of gathering
pipelines, it is necessary to predict the pressure drop and uid
viscosity of ow systems. Generally speaking, hydrate agglom-
eration would result in the increase in pressure drop and uid
viscosity. When wax and hydrate coexist, it will greatly increase
the difficulty of predicting the pressure drop and uid viscosity
of the gathering pipeline, and thus increase the risk of pipeline
blockage. Some studies have been conducted on the risk and
the potential safety hazard of pipeline blockage in the coexis-
tence system of wax and hydrate. Liu et al.22 studied the effect of
wax on the formation, agglomeration, ow characteristics and
plugging mechanism of hydrates in w/o emulsion systems. They
suggested that the presence of wax would affect the agglomer-
ation process of hydrate and greatly increase the risk of pipeline
blockage. Liu et al.25 also studied the coupling rheological
properties of wax and hydrate coexistence system, who found
that the interaction among wax, hydrate particles and water
droplets would increase the viscosity of slurry. They then
established a viscosity model of wax hydrate slurry considering
the phase interactions. Chen et al.9 carried out the hydrate
formation experiments of waxy w/o systems in a high pressure
reactor, and found that wax crystals had an inhibitory effect on
hydrate nucleation. With the increase of wax content, the
induction period of hydrate formation is prolonged. What is the
relationship between the macroscopic parameters, such as
hydrate induction time and slurry viscosity, and microscopic
particle behaviors, such as particle agglomeration? Researchers
in the eld of ow assurance have put efforts in clarifying the
aggregation mechanism of the micro-force between hydrate
particles in oil–water systems and investigating the various
factors that cause hydrate particle aggregation. This is also an
important research topic that has to be solved urgently.

At present, it has been found that the factors affecting the
cohesion between hydrate particles include temperature, time,
undercooling, surfactant, additives (AAs, KHIs), salinity, capil-
lary bridge, particle surface roughness, surrounding medium,
etc. Taylor et al.26 used an improved micro-mechanical force
measurement (MMF) device to study the interaction between
hydrate particles and found that the contact between particles
will form a liquid bridge-like connection. These capillary liquid
bridge theories can be used to explain the change of force and
the change trend of force measured experimentally. Song
et al.27,28 studied the effect of KHI and wax on the growth of
hydrate particles, and concluded that KHI reduced the growth
rate of hydrate and changed the wettability of hydrate. They also
found that the presence of wax altered the morphology of
hydrate particles.

Currently, although there are limited studies reporting the
growth of hydrate particles and the cohesion between particles
viamicroscopic apparatus, the evolution of the morphology and
cohesion of hydrate particles in the presence/absence of wax
crystals has not been studied yet, resulting in the incomplete
expression of the coalescence characteristics of the coexistence
system. Therefore, in this paper, a self-made apparatus with the
© 2022 The Author(s). Published by the Royal Society of Chemistry
similar function as MMF was used to study the morphology
change and cohesive force of both wax-containing and wax-free
hydrate particles by controlling the two variables of time and
temperature. The nds of this work can provide meaningful
data and reference for the development of on-going deep-sea oil
and gas reservoirs.

2 Experimental section
2.1 Experimental apparatus

In this experimental study, the morphology of hydrate growth in
the presence of wax and the analysis of cohesive force between
hydrate particles were carried out. The apparatus used
throughout this study is mainly a high-pressure visualization
micro-force test device, including: (1) A high pressure kettle
(with water bath jacket and insulation layer), which is made of
stainless-steel and equipped with a visual window of 55 mm2

area. The viewing window equipped above the kettle is made of
sapphire with high light transparency. (2) A three axis moving
platform, the XYZ direction moving distance of which is 10 mm.
(3) Pressure control system and sensors with working pressure
of 0–16 MPa and precision of 0.25%. (4) Temperature control
system with working temperature ranging from �20 �C to 80 �C
and accuracy of 0.1 �C. (5) Data acquisition system, which
records temperature, pressure and microscopic videos in real-
time. (6) A single lens digital microscope (VD-100V, Wuxi
Mhago, China) is used in this work, which provides a wide zoom
range of objective lens (0.7–4.5 times) and maximum magni-
cation of 640 times. The digital microscope is connected to
a computer via USB and includes a measuring soware, so the
real images and sizes of objects can be directly observed and
measured on the computer screen. The magnication used in
this work is 100 times. The photographs of hydrate particles are
vertically taken by the camera from the top. (7) Pipes and valves.

2.2 Experimental materials

Cyclopentane (CP, purity 96%, Aladdin), deionized water and
solid paraffin were selected as the experimental materials. At
atmospheric pressure, the hydrate formation equilibrium
temperature of cyclopentane is 7.7 �C.30 Therefore, cyclopentane
is used as the formation agent of the oil phase and hydrate.
Furthermore, cyclopentane is incompatible with water and can
form type II hydrate, which is also the structure of natural gas
hydrate commonly formed in deep-sea natural gas pipelines.

2.3 Experimental method

In the experiment, the morphological changes during hydrate
growth as well as the contact and separation between hydrate
particles of wax-free and wax-containing systems were recorded.
The displacement between particles was also measured, so as to
calculate the cohesive force. The main operation process of the
experiment included the preparation of wax-containing cyclo-
pentane solution, the formation of hydrate particles and the
measurement of cohesive force. For wax-containing systems,
solid paraffin particles were rst weighted by an electronic
balance and then dissolved into the pure cyclopentane.
RSC Adv., 2022, 12, 14456–14466 | 14457
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Table 1 Experimental sets with different contact temperature, contact
time and wax content

Experimental
no.

Contact
temperature (�C)

Contact
time (s)

Wax content
(wt%)

Case 1 0.1 0/10/20 0
Case 2 0.15 0/10/20 0
Case 3 0.2 0/10/20 0
Case 4 0.25 0/10/20 0
Case 5 0.3 0/10/20 0
Case 6 0.35 0/10/20 0
Case 7 0.4 0/10/20 0
Case 8 0.45 0/10/20 0
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Two glass ber rods were set in the same horizontal plane
with certain distance in the reactor tank. Water droplets and/or
cyclopentane droplets were produced on the glass ber rods by
micro syringes with a maximum volume of 500 mL. In the
experimental operation, the temperature in the reaction tank
was controlled in a range of �1 �C to 0.5 �C, and the experi-
ments are always conducted under ambient atmospheric pres-
sure. First, water droplets were dropped on the glass ber rod
through the liquid shier, and then the prepared waxy cyclo-
pentane solution was continued to drop on the water droplets to
induce the nucleation of cyclopentane hydrate. Similarly,
hydrate formation in the absence of wax was carried out. During
the experiment, microscope and camera were used to record
hydrate contact phenomenon and conduct cohesion measure-
ment. All discussions are based on microscopic observations.

The cohesive force between hydrate particles was measured
by the principle of Hooke's law, as shown in Fig. 1. Aer con-
necting the microscope and the microscopic operating device,
the contact and separation between particles are operated by
manipulating the microscopic operating arm. The operating
arm consists of a xed arm and a moving arm. Due to the
existence of cohesive force between particles, when the oper-
ating arm was motivated by the manual runners (XYZ axis),
a glass ber rod was xed, while another glass ber rod moved.
Then the glass ber rod on the mobile operating arm would
bend (see Fig. 1B and C), and the hydrate particles on the glass
ber would move accordingly. Then the operating arm was
continuously moved, the elastic force of the glass ber would be
greater than the cohesive force between the hydrate particles
when the critical value d was reached. The interaction between
the hydrate particles was destroyed, and two hydrate particles
were separated. According to Hooke's law, the cohesive force
between particles F and the separation distance of hydrate
Fig. 1 Top view of the experimental cell device for measuring the cohes
without preload. (B) Then themicromanipulatormoves the right particle a
is calculated by moving displacement.

14458 | RSC Adv., 2022, 12, 14456–14466
particles d has the following relationship with the elastic coef-
cient k of glass:

F ¼ kd (1)

where F is the cohesive force between particles, N; k is the elastic
coefficient of glass ber; d is the moving distance of hydrate
particles, m. The cohesion between hydrate particles can be
obtained by calculation. The elastic constant of the xed
cantilever is indirectly calibrated by tungsten wire with known
elastic constant. The calibration method has been explained in
detail by Taylor.29

Table 1 tabulates the experimental sets with different
conditions. Contact temperature refers to the temperature
when two hydrate particles are contacted. Contact time refers to
the duration aer the contact of two particles: 0 s means that
two particles were pulled away immediately aer the contact. In
this study, hydrate particles in each group were subjected to 40
times of contact and pull-off operation, which makes the
ion between hydrate particles. (A) Hydrate particles contact each other
t a constant speed. (C) Finally, the cohesive force between two particles

Case 9 0.5 0/10/20 0
Case10 0.1 0/10/20 0.1

© 2022 The Author(s). Published by the Royal Society of Chemistry
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measurement results accurate and reliable to the greatest
extent. The acquired experimental image was analyzed by the
measuring soware (during experiments) that is connected to
the microscope as well as Image J® (aer experiments) to
directly determine the moving distance of particles, and the
width of liquid bridge between particles was measured. Ob-
tained cohesion results are expressed in the form of calculating
the average value, the standard deviation or calculating the
variance of the results obtained from 40 operations.
3 Results and discussion
3.1 Morphology evolution of hydrate growth without wax

In this study, we rst studied the static growth of hydrate on the
droplet surface in the wax-free system. Fig. 2 shows the typical
experimental phenomena observed in the wax-free system at
contact temperature of 0.3 �C. Based on these experimental
observations (Fig. 2a–g), we can summarize some characteris-
tics of hydrate growth in the wax-free system: hydrate particles
have a complete hydrate shell, and the surface of the hydrate
shell possesses certain roughness. A large number of capillaries
are distributed on these rough surfaces, so that liquid bridge
Fig. 2 Change of hydrate particles morphology from 0 s to 30 min duri

Fig. 3 The effect of temperature on themorphology of hydrate particles
(b) The liquid bridge width between hydrate particles is 0.98 mm at 0.3 �

0.5 �C.

© 2022 The Author(s). Published by the Royal Society of Chemistry
can be formed between hydrate particles, which is the main
reason for the aggregation of hydrate particles.5 Over time, the
shell surface of hydrate particles gradually becomes smooth,
which may be caused by the gradual surface wetting of hydrate
particles due to the untransformed water inside the hydrate
particle.

Secondly, the variation of particle morphology with contact
temperature during the coalescence of hydrate particles was
studied. When the two hydrate particles contact, the change of
temperature at the same contact time will also affect the
morphology of hydrate particles. Fig. 3 describes this change. As
shown in Fig. 3a, when two hydrate particles contact at 0.1 �C,
there is no obvious change in the particle surface, and the shell
of hydrate particles is still in a rough and hard state. However,
as shown in Fig. 3b and c, with the increase of temperature
(0.3 �C and 0.5 �C), the shell on the surface of hydrate particles
becomes smooth and is gradually wetted by water inside the
particles. At relatively high temperature, when two hydrate
particles contact (contact time of 0 s), the shell of hydrate
particles is damaged and the liquid bridge appears. With the
increase of temperature, the width of water bridge, i.e., the
contact area, between the two hydrate particles also increases
ng hydrate growth process at 0.3 �C.

at the same contact time (0 s). (a) No visible liquid bridge formed at 0 �C.
C. (c) The liquid bridge width between hydrate particles is 1.28 mm at

RSC Adv., 2022, 12, 14456–14466 | 14459
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(see the yellowmark in Fig. 3). This leads to the enhancement of
the liquid bridge effect, and the cohesive force between particles
increases with the increase in temperature (see Subsection 3.3).

In addition, it is observed through the microscope that the
contact time of hydrate particles also affects the state of hydrate
particles under the same temperature. Through the compara-
tive analysis of hydrate particles under three conditions in
Fig. 4, it is found that at the same temperature, with the
increase in contact time of two hydrate particles, the surface of
the particles becomes smoother, the surface roughness
decreases, and the liquid bridge between two particles is easier
to form. In Fig. 4, it can be discerned that at 0.1 �C, the particle
state does not change signicantly at 0 s and 10 s. But the
obvious liquid bridge appears at 20 s, and the width of the
liquid bridge is 0.85 mm. However, even with a longer contact
time than 20 s, the width of the liquid bridge did not change
signicantly. In this study, the hydrate particle states with
contact time of 0 s, 10 s and 20 s are observed and discussed. In
Fig. 4 The effect of contact time on hydrate particle morphology at the
0.85 mm at 0.1 �C.

Fig. 5 The effect of temperature on hydrate particlemorphology at 0 s, 1
at 10 s, 0.5 �C, 0.85 mm at 20 s, 0.1 �C, 1.163 mm at 20 s, 0.5 �C.

14460 | RSC Adv., 2022, 12, 14456–14466
Fig. 5, for the states with 0 s and 10 s, the particle appearance
changes signicantly with the increase in temperature. But for
that with 20 s, the particle appearance with temperature basi-
cally maintains unchanged. In the following discussion, the
actual experimental measurement data will also be used to
illustrate the effect of temperature on the cohesion of hydrate
particles.

Notably, for the case with the contact time of 10 s and the
temperature of 0.1 �C, there is no liquid bridge between the two
hydrate particles during the contact time (see Fig. 6b). However,
during the separation operation, when the hydrate particles on
the glass ber rod are pulled, there is a liquid bridge between
the two hydrate particles. In Fig. 6, the four processes (a), (b), (c)
and (d) respectively represent the two hydrate particles before
contact, during contact, during pull-out with obvious liquid
bridge and aer pull-out, i.e., the measurement process of
cohesive force. As obviously seen in Fig. 6b and c, the outlines of
these two particles remains unchanged aer the contact,
same temperature. The liquid bridge width between hydrate particles is

0 s, and 20 s. The liquid bridge width: 0.969mm at 0 s, 0.5 �C, 1.106mm

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Measurement process of cohesive force between hydrate particles (contact time of 10 s and temperature of 0.1 �C). (a) Before hydrate
particles contact with each other. (b) Hydrate particles contact with each other. (c) 10 s after hydrate particles contact with each other. (d) Liquid
bridge between hydrate particles emerges when the particles are pulled out. (e) Hydrate particles separate from each other. The bottom outline
of the upper particle and the upper outline of the bottom particle was marked by red dotted line and green dotted line respectively.
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indicating that no obvious water bridge emerges. Fig. 6d clearly
depicts that the outlines of these two particles changes, thus
indicating the emergence of an obvious water bridge. It is sug-
gested that aer two hydrate particles are merged due to
contact,27 the shell of the hydrate surface is stretched under the
action of tension when they are pulled out. The untransformed
water inside the hydrate particles overows, and then quickly
transformed into hydrate. In other words, a liquid bridge is also
formed during particle separation and the cohesive force
between particles increases signicantly (see Subsection 3.3).
The mechanism of this phenomenon deserves further study,
and attention should be paid by ow assurance industries to the
development of high condensate gas reservoirs where this
scenario may occur.
3.2 Evolution of hydrate growth morphology in the presence
of wax

In this study, observation experiments of hydrate particle
morphology during hydrate growth of 0.1 wt% wax-containing
system were also carried out. Fig. 7 illustrates the growth
process of hydrate particles in the presence of wax. As shown in
Fig. 7a, hydrate particles begin to form. It is found that the
surface of the particles is smooth, and hydrate crystals grow
inside the particle, resulting in the transparent appearance of
the particle. Fig. 7b and c shows the continual growth of hydrate
Fig. 7 Morphology evolution of growth process of hydrate particle for 0

© 2022 The Author(s). Published by the Royal Society of Chemistry
particle, the surface of which is rough and uneven. The shell
layer on the particle surface possesses certain interfacial
strength. Fig. 7d depicts that some white fuzzy matter precipi-
tates on the surface of hydrate particle. The particle is then
partially wrapped, which is not as bright and transparent as its
initial state. It can be found from Fig. 7e and f that the surface of
hydrate particle is completely wrapped, and the surface of
hydrate particles is dull and rough. These phenomena are
presumably attributed to the participation of wax crystals in
hydrate growth, leading to different morphologies of hydrate
particle compared with the wax-free systems.

Moreover, taking case 1 and case 10 in to comparison, it can
be seen that under the same experimental conditions, the hydrate
growth rate in the presence of wax is noticeably slower than that
in the absence of wax. As shown in Fig. 7, the required time for
water droplets to complete hydrate growth for wax-containing
system is approximately 8 min, while that for wax-free system is
much shorter (<2 min). It is suggested that the wax crystal that
precipitates at the gas–liquid interface limits the mass and heat
transfer process of hydrate growth, leading to the decrease in
hydrate growth rate. In addition, the wax crystal at the interface
obviously changed the appearance of hydrate particles.

Subsequently, the cohesion measurement experiment was
carried out. It is found that the hydrate particles in the presence
of wax possess strong elasticity, which can restore the original
.1 wt% wax-containing system.
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Fig. 8 (a) The waxy hydrate particle possesses elasticity. (b) The shell of waxy hydrate particles is destroyed after contact, and a huge liquid bridge
appears between particles.

Fig. 9 Measurement process of cohesive force between waxy hydrate particles. (a) Before hydrate particles contact with each other. (b) Hydrate
particles contact each other and large liquid bridges appear between particles. (c) The force between liquid bridges is too large, and the external
tension is difficult to separate hydrate particles. (d) Hydrate particles separate from each other, but morphology of hydrate particles completely
changed.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 2

/9
/2

02
6 

8:
52

:4
5 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
state aer the imposed load through a rigid bar is moved, as
shown in Fig. 8a. The wax crystals at the gas–liquid interface
interfere with the rigid state of the hydrate particles, which
make the hydrate particles sticky. Aer the contact of waxy
hydrate particles, the shell that wraps the particles is easily
broken. Then the untransformed water inside quickly pours
out, thus forming a large liquid bridge (see Fig. 8b), which
greatly increases the cohesive force between waxy hydrate
particles. Fig. 9 illustrates the contact-pulling out operation of
waxy hydrate particles. Fig. 9a is the image before the contact of
two hydrate particles, and Fig. 9b shows once two hydrate
particles contact, a huge liquid bridge emerges. Fig. 9c shows
that even under higher tension, the hydrate particles still
cannot be divided. It can be seen that the liquid bridge is
elongated and the cohesive force increases signicantly. Fig. 9d
depicts that under the action of external force, the shape of two
particles can no longer restore to the original state: two particles
with similar size before contact nally become a larger one and
14462 | RSC Adv., 2022, 12, 14456–14466
a smaller one with irregular morphology. In other words, the
particle appearance is completely destroyed aer the forced
separation of the two particles, which suggests a high cohesive
force between waxy hydrate particles.
3.3 Evolution of interparticle cohesion

In this study, the cohesive force between hydrate particles was
repeatedly tested, and the cohesive force was calculated and
quantitatively analyzed according to Hooke's law. Fig. 10 shows
the relationship between the particle cohesive force and
temperature at different contact time. The experimental data in
Fig. 10 are consistent with the experimental results of other
researchers30,32–34 in order of magnitude (details can be found in
ESI†). Therefore, the homemade device used in this study could
ensure the accuracy and repeatability of the measurement.
Combining with the analysis of microscopic images, it is found
that when the contact time is 0 s and 10 s, the cohesive force
rst increases and then stabilizes with the gradual increase in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 The variation of cohesion between hydrate particles with
temperature at different contact time.
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temperature. As shown in Fig. 10, when the contact time is 0 s
and temperature is 0.1 �C, the cohesive force between particles
is the smallest (3.14 mN m�1). Because the lower temperature,
the stronger driving force of hydrate formation, and the higher
conversion rate of water. Thus, the surface of particles cannot
be fully wetted, and there is no obvious liquid bridge aer the
contact and pull of hydrate. On the other hand, with the
increase in temperature, the driving force of hydrate formation
decreases, and the surface of particles can be wetted by water
gradually. Moreover, the liquid bridge formed by tensile failure
on the surface of the hydrate shell is strong (e.g., case 1 with
contact time of 10 s). Therefore, aer the contact of hydrate
particles, the cohesive force between particles increases. From
a longitudinal point of view, cohesive force is sensitive to the
contact time at low temperatures. But when the temperature
increases, cohesive force is not sensitive to contact time. Espe-
cially for 0 s and 10 s, the cohesion is relatively close when the
temperature is higher than 0.3 �C. However, when the contact
time is 20 s, the cohesive force basically remains stable under
Fig. 11 (a) Hydrate particles have contacted with each other. No liquid
particles under external tension. (c) There is liquid bridge between hydra

© 2022 The Author(s). Published by the Royal Society of Chemistry
different temperatures and it reaches the maximum when the
temperature rises to 0.4 �C. This phenomenon can presumably
be attributed to the following reason: it requires enough time
for the establishment of water bridges, while 20 s may be
adequate in this work. But due to the relatively low experimental
temperature, the water bridge between particles is likely to
convert to hydrate. When the temperature reaches 0.4 �C, the
amount of liquid water on the surface of hydrate particles due to
capillary attraction31 and the amount of converted water bridge
is at the critical point, leading to the highest cohesive force
among these cases. Aer that, with the increase in temperature,
the driving force for the conversion of water bridge decreases
slightly, and thus the cohesive force between particles decreases
slightly. It should be noted that the experimental temperature
range is narrow in this work, and thus the standard deviations
of each case is much smaller. Thus, more experiments with
a wider temperature range should be conducted in the future to
verify the above conjecture.

It can also be concluded from the Fig. 10 that the contact
time will also affect the cohesive force between particles. When
the experimental temperature was 0.1 �C, the cohesive force
between particles increases aer the contact time increases
(from 0 s to 20 s). According to Fig. 11, we can nd that when the
contact time is 10 s and the temperature is 0.1 �C, the liquid
bridge does not appear when the particles contact (Fig. 11a), but
the liquid bridge emerges during the pull-off operation
(Fig. 11b). Under the same condition, when the contact time is
20 s, a liquid bridge between hydrate particles forms aer the
contact operation and before the pull-off operation (Fig. 11c).
Therefore, it is concluded that there may be a critical point
affecting cohesive force owing to the length of contact time
between 10 s and 20 s. Because the conversion of liquid bridge
into hydrate requires certain time. When the contact time is
20 s, the measured values of cohesive force remain stable, and
are greater than that when the contact time is 10 s. According to
the capillary bridge theory proposed by Aman,30 a wider water
bridge leads to higher cohesive force between hydrate particles.
Our experimental results are essentially consistent with the
bridge between hydrate particles. (b) Liquid bridge between hydrate
te particles when contact time is 20 s and temperature is 0.1 �C.
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Fig. 12 Conceptual diagram of the aggregationmechanism of waxy hydrate particles. (a) Twowaxy hydrate particles contact with each other. (b)
Hydrate shell destroyed, wax precipitated andwax layer formed on the surface of hydrate shell. (c) The particles are pulled away by external force,
the shell is destroyed, and a huge liquid bridge is formed.
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capillary bridge theory, while the effect of conversion of water
bridge to hydrates should be considered in the future.

When the wax crystals exist, the cohesive force between
hydrate particles increases signicantly (>20 mNm�1). It can be
found from Fig. 9b that the hydrate particles quickly form
a bulky liquid bridge aer contact. Fig. 9d indicates the
appearance of the particles aer pulling. It can be obviously
seen that the morphology of the hydrate particles aer pulling
has been completely change, which is presumably caused by the
elasticity and sticky of waxy hydrate particles. Therefore, it is
very difficult for the hydrate particles to carry out separate-
pulling measurement for wax-containing systems. The
agglomeration between the waxy hydrates will result in the
emergence of larger hydrate clusters. This experimental
phenomenon is similar to that of Liu et al. who have conducted
experiments in a ow loop.22 The reason is that wax crystal will
destroy the shell structure of hydrate particles, changing the
surface properties and liquid bridge formation process of
hydrate particles, and making the cohesive force between
hydrate particles increases steeply and sharply. Fig. 12 illus-
trates the aggregation mechanism of waxy hydrate particles.
Aer the contact of hydrate particles that formed in the pres-
ence of wax crystals, it is suggested that the structure of wax-
containing hydrate shell is destroyed due to the compatibility
of wax crystals at the interface.22 The untransformed water
inside the particles is rapidly ushed out, and a huge liquid
bridge is rapidly formed between the two particles (see Fig. 8b),
which greatly increases the cohesion between the wax-
containing hydrate particles. It is difficult to separate them
even with the largest tension of our apparatus. The agglomer-
ation between the wax-containing hydrates will lead to the
emergence of large hydrate clusters. This nding can provide
reference for the study of rheological characteristics and
14464 | RSC Adv., 2022, 12, 14456–14466
plugging mechanism of wax and hydrate coexistence in deep-
sea oil and gas exploitation.
4 Conclusions

In this paper, the measurement, quantitative and qualitative
analysis of the growth of hydrate particles and the cohesion
between particles without and with wax were studied, and the
inuence of temperature and contact time on the cohesion was
analyzed.

The growth of hydrates is summarized as follows: in the
system without wax. The growth state of hydrates is stable and
forms a stable and slightly rough hydrate shell. However, with
the extension of time, the surface roughness of hydrate particles
decreases and the surface becomes smooth, which may be due
to the slow passage of converted water in hydrates through the
hydrate shell. In the wax-containing system, the growth of
hydrate in the early stage is similar to that without wax, but the
wax precipitation will occur subsequently, resulting in the
situation that the shell of hydrate is wrapped by the precipitated
wax. Surface of hydrate is dim and dull, the shell strength of
hydrate particles is reduced, and the interface will be elastic.

The cohesive force between hydrate particles is summarized
as follows: in the system without wax, when the contact time is
0 s and 10 s, the cohesive force between hydrate particles
increases rst and then keeps stable with the increase of
temperature. When the contact time is 20 s, the cohesion keeps
a steady trend. When the temperature remains the same, the
cohesion increases with the increase in contact time, and it is
speculated that there is a critical point of contact time in the
contact time of 10–20 s. In the wax-containing system, the
cohesive force between hydrate particles increases markedly,
and a large liquid bridge occurs aer particle contact, and the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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cohesive force increases signicantly. The hydrate will cause
serious changes in the morphology of hydrate particles aer
external tension, which may cause greater hydrate
agglomeration.

In the future work, it is necessary to carry out a more detailed
experimental study on the cohesion between particles, and the
inuence of contact time, temperature and wax content on the
cohesion is more detailed, so as to support the theory of deep-
water ow assurance.
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