ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

PAPER

Experimental study of growth kinetics of CO,
hydrates and multiphase flow properties of slurries
in high pressure flow systems

i '.) Check for updates ‘

Cite this: RSC Adv,, 2019, 9, 32873

Xiao-fang Lv, ©*2 Jiang-wei Zuo,? Yang Liu, ©*? Shi-Dong Zhou, 2 Da-yong Lu,?
Ke-le Yan,”® Bo-hui Shi{®¢ and Hui-jun Zhao?

The formation and accumulation of hydrates in high pressure oil and gas pipelines bring great risks to field
development and deep-water transportation. In this paper, a high pressure flow loop equipped with visual
window was used to study the growth process of hydrates in a pipe flow system and slurry flow
characteristics. Deionized water, industrial white oil and CO, were selected as the experiment medium.
A series of experiments with different initial pressures (2.5-3 MPa), liquid loads (7-9 L), flow rates (25-35
kg min~Y and water cuts (60-100%) were designed and carried out. Specifically, hydrate formation and
slurry flow characteristics in two different systems, pure water and oil-water emulsion system, were
compared. Both of the systems experienced an induction stage, slurry flow stage and followed by
a plugging stage. Although hydrate growth gradually ceased in the slurry flow stage, plugging still
occurred due to the continuous agglomeration of hydrates. Visual observation showed that there were
obvious stratification of the oil-water emulsion systems at the later time of slurry flow stage, which
directly resulted in pipe blockage. The hydrate induction time of the flow systems gradually decreased
with the increasing initial pressure, initial flow rate and water content. And the induction time tended to
decrease first and then slowly increase with the increasing liquid loading. For emulsion systems, the
apparent viscosity and friction coefficient of the hydrate slurry increased with the increasing water
content, indicating that there were higher plugging risks compared to the pure water systems. Moreover,
the results of sensitivity analysis showed that the water content was the main factor affecting the hydrate
induction time, followed by the influence of liquid carrying capacity and flow rate, and the initial pressure
had the least influence on the induction time. Conclusions obtained in this paper can provide some
reference not only for the prevention and management of hydrates in pipelines, but also for the
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transportation technology,” separation of mixed gas by hydrate
method,® and many other fields, which greatly improve human

1. Introduction
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Gas hydrates, also known as cage hydrates, are a kind of non-
stoichiometric compound formed by gas and water mole-
cules."” Based on the unique physical and chemical properties
of hydrates, a series of hydrate application technologies have
been developed, involving the comprehensive utilization of
water resources,>* capture and storage of greenhouse gas CO,,’
mining CH, via CO, replacement,® hydrate storage and
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life. On the other hand, with the extraction of oil and gas
resources gradually moving toward deep sea areas, deep sea oil
and gas pipelines usually face low-temperature and high-
pressure environment, which provides favorable conditions
for hydrate formation in pipelines. The resulting hydrate
blockage and other related problems pose great threats and
challenges to the normal exploitation and transportation safety
of oil and gas resources.**

At present, the main methods of the hydrate prevention and
control include traditional thermodynamic method and hydrate
risk managements." With the injection of thermodynamic
inhibitors or the usage of insulating pipes, the temperature of
field products is higher than hydrate formation temperature,
and thus the formation of hydrates is suppressed. However,
technical limitations appear in the application of this method.
The high cost of thermodynamic inhibitors, large dosage and
easy to cause such problems as environmental pollution limit
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its application. A new solution is hydrate risk control strategy,
which allows hydrate formation in oil and gas pipelines with the
injection of low dose hydrate inhibitors, such as anti-
agglomerants (AAs)*™* and kinetic inhibitors (KHIs).*>*® This
new strategy has attracted the attention of academia and
industry. Therefore, it is critical to explore the hydrate forma-
tion and flow characteristics of high pressure flow systems for
the implementation of hydrate risk control strategy.

Nowadays, flow loops are considered as one of the most
useful equipment for hydrate research, where a series of hydrate
formation/decomposition, hydrate slurry flow and plugging
experiments can be conducted.>'”** A large number of experi-
mental data were obtained, which could simulate the real pipe
flow and provide important reference for the fields. Melchuna
et al.”? analyzed the influence of the flow characteristics of the
slurry and the crystallization process of methane hydrate in the
emulsion system with different water content using a flow loop.
Pauchard et al.*® established a model for predicting hydrate
particle agglomeration and pressure drop. They also analyzed
the risk of hydrate blockage in flow systems. Sinquin et al.**
studied the rheological properties of hydrate suspensions and
the flow characteristics of hydrates that were formed by two gas-
rich systems. Joshi et al.” studied the formation and plugging
mechanism of hydrates in high water cut systems through the
US Exxon Mobil Loop. Ding et al.*® studied the flow character-
istics and flow patterns of natural gas hydrate slurry through
a flow loop, and they proposed the mechanism of hydrate
formation and plugging of different gas-liquid flow patterns.
Song et al.>® completed a series of hydrate plugging experiments
relied on a high-pressure flow loop and put forward corre-
sponding mechanisms for different types of hydrate plugging.

As seen, for the studies of the hydrate formation in flow
systems, experiments have been carried out on different
experimental loops using different experimental systems. The
focus of these researches include obtaining the effects of pres-
sure, subcooling, water content, gas content, flow rate and other
factors on hydrate formation kinetics, such as induction time.
For the study of the flow characteristics of hydrate slurries, the
viscosity and rheological properties of different types of hydrate
slurries as well as the variation of flow friction and pressure
drop are also the focus. In addition, the hydrate volume fraction
were correlated with the viscosity of hydrate slurries, and
predictive models for characterizing the viscosity of hydrate
slurries were established based on experimental data.”**”
However, due to the differences in the experimental loops (e.g.,
length, flow diameter, and experimental materials etc.), the
applicability and accuracy of one model to another flow system
still require further verification.

Considering the problem of increasing water content during
oil and gas field mining and transportation, a series of hydrate
formation and slurry flow experiments under different experi-
mental conditions, especially high water cut, were carried with
the assistance of high pressure visual loop in this paper. The
effects of initial pressure, pipe liquid loading, pipe transport
flow rate and water content on the kinetics of CO, hydrate
formation as well as the flow behaviors were systematically
studied. Finally, the multi-factor analysis method was used to
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analyze the sensitivity factors of the induction time, and the
degree of influence of each factor was obtained. The experi-
mental conclusions of this work can contribute to the imple-
mentation of the hydrate risk control strategy.

2. Experimental section

2.1. Experimental apparatus

All the experiments in this work were conducted in a high
pressure hydrate circulation loop. The length of the loop is 17 m
(including hose part), the inner diameter is 25.4 mm, and the
total volume is 10 L. The designed pressure of the loop is
15 MPa. There are two observation windows and two trans-
parent sections in the whole section for observing the macro-
scopic morphology of hydrate formation and flow at different
positions of the loop. The loop is equipped with complete
systems for intake, injection, refrigeration and data acquisition.
The temperature, pressure, differential pressure, mass flow
rate, and mixture density are collected by the sensors and
recorded by the computer. Not only the experiments of hydrate
formation and hydrate slurry flow, but also the evaluation of the
effects of various additives in flow systems, such as AAs, KHIs
and hydrate promoters, can be performed using the flow loop.
Fig. 1 is the schematic diagram of the loop. Additional details of
the loop can be found in Appendix A and elsewhere.”®**

2.2. Experimental materials

CO, gas used in this work is provided by Changzhou Jinghua
industrial gas Co., LTD., with a purity of 99.8%. The experi-
mental liquid phase are composed of industrial grade 5# white
oil and distilled water (made by the laboratory). The white oil,
which is colorless, odorless, transparent and oily liquid without
asphaltene, resin or other natural surfactants, is selected to
avoid the influence of impurities (e.g., surfactants) on the
formation of hydrates. The kinematic viscosity of the white oil is
5.5 mm” s~ "' (40 °C). Tween-80 is selected as the emulsifier, and
is purchased from Jiangsu Hai'an petrochemical plant. In
addition, in order to observe the macroscopic morphology of
CO, hydrate formation and slurry flow, a certain proportion of
dyes were added.

2.3. Experimental procedures

2.3.1 Vacuuming. Check the air tightness of the experi-
mental loop. Turn on the vacuum pump, and evacuate the
entire experimental loop to —0.08 MPa to remove the air inside
the tube.

2.3.2 Liquid injection. Pour a predetermined volume of
oil-water emulsion or distilled water into the liquid storage
tank. Start the liquid pump, and completely inject the liquid
phase into the loop. At the same time, start the water baths and
set the experimental intake air temperature.

2.3.3 Gas injection. Turn on the circulation pump on the
loop, and the liquid phase in the loop could circulate at
a certain flow rate. Then, open the CO, cylinder and the pipeline
intake valve. The gas injection process was stopped when the
gas pressure in the tube reached the experimental pressure, and
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Fig.1 Schematic diagram of high pressure circulation loop. (1) Gas cylinder; (2) gas booster pump; (3) buffer tank; (4) gas mass flow meter; (5)
liquid storage tank; (6)turbine flowmeter; (7) liquid booster pump; (8) mass flowmeter; (9) circulating pump; (10) high pressure reactor.

the dissolution equilibrium was reached (dissolution saturation
could be judged when the pressure did not change with time for
at least 30 min). It was worth noting that the temperature in this
step was higher than the phase equilibrium temperature of the
carbon dioxide hydrate.

2.3.4 Cooling. Set the water bath temperature to a certain
value (see Table 1 for details). Start the data acquisition system.
Simultaneously, the macroscopic morphology of hydrate
formation and flow were observed through the window and the
transparent tube section. The end of the experiments was
judged: (a) when the temperature and pressure of the experi-
mental system tended to be stable or the experiment reached
a preset duration; or (b) when the flow rate of the pipeline

Table 1 Conditions of the hydrate formation and flow experiments

reduced to zero, and the loop was plugged by hydrates. Then,
the circulation pump was turned off.

2.3.5 Draining. Open the pipeline drain valve, and remove
the CO, and liquid in the pipeline. Then re-inject clean water to
flush the pipeline, and compressed air was used to sweep the
line.

2.4. Experimental conditions

The experimental system was a constant volume system. Each of
the experiments were conducted three times to provide confi-
dence in the data reliability, and typical results of repeated
experiments were exhibited in this work. For more details about

Initial average flow  water
Exp.no. Initial pressure/MPa  Liquid loading/L.  Intake air temperature/K ~ Water bath temperature/K  rate/kg min " cut
1 2.5 8 281.15-283.15 273.15 30 100%
2 2.8 8 282.15-284.15 273.15 30 100%
3 3.0 8 283.15-284.15 273.15 30 100%
4 2.5 9 281.15-283.15 273.15 25 100%
5 2.8 9 282.15-283.15 273.15 25 100%
6 3.0 9 283.15-284.15 273.15 25 100%
7 3.0 7 282.15-283.15 275.15 35 100%
8 3.0 8 281.15-283.15 275.15 35 100%
9 3.0 9 282.15-284.15 275.15 35 100%
10 2.8 7 281.15-283.15 274.15 25 100%
11 2.8 7 281.15-283.15 274.15 30 100%
12 2.8 7 281.15-283.15 274.15 35 100%
13 3 9 287.15-289.15 273.15 30 60%
14 9 287.15-289.15 273.15 30 70%
15 3 9 288.15-289.15 273.15 30 80%
16 3 9 288.15-289.15 273.15 30 90%
17 3 9 286.15-288.15 273.15 30 100%
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repeated experiments, please refer to Appendix B. Table 1 shows
the relevant experimental conditions of each set of experiments.

2.5. Determination of induction time of hydrate formation
in flow systems

Hydrate induction time is an important kinetic parameter
indicating the degree of difficulty and the rate of hydrate
formation. A longer induction time means that there are higher
possibility for the fluid flowing safely through the pipeline
without forming hydrates. Different researchers have proposed
different definitions of hydrate induction time based on
different experimental systems.**~* In this work, induction time
is described from the macroscopic aspect, including critical
nuclei stage and visible crystal stage. In other words, the
induction time is determined by a start point and an end point
that is easy to observe and characterized by the large amount of
hydrate formation.

The time when the system temperature inside the tube is
lowered to the three-phase equilibrium point of CO, hydrate is
regarded as the start point (7;) of the induction time. The
acquisition of the phase equilibrium point of the experimental
system is calculated based on the CSMHyd?*® software compiled
by Colorado School of Mines. The time point when the
temperature in the loop rises suddenly and pressure drops
suddenly during the cooling process is defined as the end point
(Te) of the induction time. The time interval between the start
point and end point is defined as the induction time of the flow
system (Tinq = Te — Ts). This is similar to the method proposed
by Lv et al** for measuring the induction time of methane
hydrates in oil-water emulsion systems. Taking experiment 9 as
an example, Fig. 2 shows the definition method of induction
time in this system.

2.6. Calculation of experimental gas consumption and
hydrate volume fraction

In the process of hydrate formation, the amount of gas
consumption can not only reflect the rate of hydrate formation,
but also reflect the final gas storage capacity and gas storage

11 3.1
ok . ' Temperature 430
N T Pressure
o 1, | T, 5 429
equilibrium{temperature at 3.0 MPa 128
8t :
g \ 127 g
£ =
— 7 <
g7 426
s E
o
86} T, . L 25 2
£ : induction time ;,:'
s} 7. =F-F 54
ind e s
423
4+
422
. A i 421
2 1 1 1 1 1 E 1 1 1 1 1 1 1 1 20
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

Time/min

Fig. 2 Determination of hydrate induction time (experiment 9).
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density of hydrate. The introduction of solid hydrate particles
into the fluid is bound to affect the fluidity of the experimental
fluid. Accordingly, the volume fraction of hydrate plays a crucial
role in the flow and plugging characteristics of the slurry. Based
on the principle of conservation of the amount of matter in the
reaction system, the gas consumption during CO, hydrate
formation is obtained by calculating the difference of the gas
molar amount between the end point of induction time and
subsequent time. Then hydrate formation volume fraction can
be determined by pressure, temperature and gas consumption
of the experimental system.*” For more details on calculations,
see Appendix C.

3. Results and discussion

3.1. Analysis of CO, hydrate formation and slurry flow in
flow systems

Fig. 3 displays the variation of different parameters such as
pressure, temperature, gas consumption and hydrate volume
fraction with time in the high pressure flow systems. Fig. 4
shows the variation trend of differential pressure and mass flow
rate versus time. As seen, the CO, hydrate formation and slurry
flow process in flow systems of this work can be divided into
following stages.

0 10 20 30 40 50 60 70 80 90 100
10 T T T T T T T T - 30 =925 =008
i i
9 I : ]] m IV 0.07
-2.8 1

H H

i i
8| | equilibrium tenjperature at 2.8 MPa —2.0

i / o6 - 0.06
7

2

o ! £ 5
= i = =
36 " 424 £ 4158 £
g * = = @
§sf i £ E— 0.04 =
2 J20 3 2 =
& 22 2 2
g @ > -
Sk - —+— Temperature I - s
= Carbon dioxid o— Pressure & 10200 F

dissolution —+— Gas consumption 2.0 (<] 2

—=— Hydrate volume fraction
- 0.02

2L H18 Hos

l P — — - 0.01
T 16
e

0 L L L L L L L . 0.0 <000
0 10 20 30 40 50 60 70 80 90 100

Time/min

0 10 20 30 40 50 60 70 80 90 100

)
e
%

= 0.020

e

1
e
3

10 —— Temperature ~ —— Pressure
—— Gas consumption === Hydrate volume fraction

Tunl W
\ -

T
L
 su
>3
1
o
2N
L

0.015
N

7
r / equilibrium temperature
sk

at3.0 -
sk <424

Carbon dioxide

o
=N
L
o
73

Pressure/MPa

0.010

Temperature/°C

o
&
W

L
=)
=

Gas consumption/mol
L

Hydrate volume fraction

1

e

o
1

0.005

L
e

dissolution
L L

L
4
=

L

0.000
0 10 20 30 40 50 60 70 80 90 100

Time/min
B)

Fig. 3 The curve of temperature, pressure, gas consumption, hydrate
volume fraction versus time in flow systems (A: pure water system,
experiment 2) (B: oil-water emulsion system, experiment 14).
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Fig. 4 The curve of pressure difference, mass flow rate versus time in
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emulsion system, experiment 14).

3.1.1 Initial stage (I). Fig. 3A and B depicts that the system
temperature and pressure gradually decreases, as the fluid in
the loop is constantly undergoing heat exchange with the
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coolants in the water baths. As shown in Fig. 4A, for the pure
water system, the mass flow rate and the differential pressure
fluctuate around a certain value. Because the loop uses
a magnetic circulation pump to circulate the gas-liquid two-
phase flow. In other words, full pipe flow is not formed in
pure water experiment. As shown in Fig. 4B, for the oil-water
emulsion system, the flow rate gradually decreases with the
decrease in temperature. This can be ascribable to the fact that
temperature has much more significant influence on the
viscosity of oil than that of water. As the temperature of the
emulsion decreases, the viscosity of the emulsion increases,
resulting in the rising flow friction and thus the descending
flow rate.

In the initial stage, the gas consumption curve shows
a gradual increase due to gas dissolution. And there is no
hydrate formation at this stage. As shown in Fig. 5A and 64,
a stable gas-liquid two-phase flow in the loop can be observed
from the transparent section and the visual window. Part of gas
phase is unevenly dispersed in the liquid phase, and the system
possess well fluidity. Fig. 6A also illustrates that the emulsion in
the flow system is stable before hydrate formation, predomi-
nately due to the function of the efficient flow shear.

3.1.2 Induction stage (II). When the temperature is lowered
to the phase equilibrium temperature corresponding to the
experimental pressure, the thermodynamic conditions for the
formation of CO, hydrate are satisfied, and the system enters
the induction period. At this stage, the temperature and pres-
sure of the system are uniformly reduced, as shown in Fig. 3A
and B, which is still caused by the cooling function of the water
baths. Fig. 4 depicts that the variations of differential pressure
and mass flow rate are similar to the first stage. There is still no
hydrate forms at this stage.

3.1.3 Massive hydrate production stage (III). As shown in
Fig. 3A and B, the sign of the beginning of this stage is the rapid
rise of system temperature and the sudden drop of system
pressure simultaneously. This is because hydrate formation is
an exothermic reaction, resulting in a large increase in the

Rydrate accumulation

(D)

Fig.5 Macroscopic morphology of hydrates observed in transparent sections and circular windows in pure water system (experiment 2). (A: the
initial stage). (B: induction stage). (C: massive hydrate production stage). (D: stable slurry flow stage).

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Macroscopic morphology of hydrate observed in transparent section and circular window in oil-water emulsion system (experiment 15,
water content 80%). (A: the initial stage). (B: induction stage). (C: hydrate formation stage). (D: slurry flow stage). (E: blockage stage).

system temperature due to the large amount of hydrate
formation. Meanwhile, the significant decrease in system
pressure is due to the large amount of gas consumption caused
by hydrate formation.

Fig. 4 depicts that, in both pure water system and oil-water
system, with large amount of hydrate formation, the mass flow
rate synchronously shows a sudden drop. This can be explained
by the sudden increase in the viscosity of the fluid in the loop
after hydrate formation. Although the oil-water system has the
approaching pressure and temperature compared with the pure
water system, 10 min after hydrate formation, the hydrate
volume fraction of pure water system is significantly higher
than that of the emulsion system (0.03 > 0.01). Thus, the
increment of differential pressure of pure water system after
hydrate formation is much larger than that of the emulsion
system, as shown in Fig. 4.

Moreover, for both systems shown in Fig. 4, the differential
pressure first increases rapidly and then gradually decreases. It
can be analyzed by the Darcy-Weisbach formula* that the
differential pressure is proportional to the friction coefficient
and the square of the flow velocity. The pressure difference
increases rapidly because the friction coefficient dominates at
this time. When the hydrate is formed in a large amount, the
coefficient of friction of the system increases due to the tran-
sition of liquid-liquid dispersion to liquid-solid dispersion and
the effect of hydrate agglomeration,* which leads to a rapid
increase of the pressure difference. Afterwards, the change of
the pressure difference is dominated by the flow rate of the

32878 | RSC Adv., 2019, 9, 32873-32888

system, and the continuous formation of the hydrate makes the
viscosity of the fluid become larger and the flow rate decreases,
so the pressure difference gradually reduces, which is consis-
tent with the findings of Shi et al.'*” and Song et al.*® At the
same time, it is found that the pressure difference increase in
the oil-water system is larger than that in the pure water system.

Fig. 5C shows the macroscopic morphology of the CO,
hydrate in the pure water system at this stage. It can be clearly
seen that amounts of hydrate particles emerge in the circular
window, and a thick hydrate layer is formed and adhere to the
upper side of the transparent segment. Because the adhesion
force between hydrate layer and the pipe wall is stronger than
the flow shear. There are also a lot of flocculent and granular
hydrates in the loop, which flow with the liquid phase.

3.1.4 Stable slurry flow stage (IV). When the experimental
pressure no longer drops and remains stable, it is considered
that hydrates are no longer formed, and gas consumption as
well as hydrate volume fraction reach their maximums at this
time. Stable slurry flow stage can be observed for both pure
water system and oil-water system. However, this stage lasts for
a short duration. Although the hydrate formation rate is
extremely low at this stage, hydrate agglomeration process still
continues, and the flowability of the flow system deteriorates.

Fig. 5D shows the distribution of hydrates in the pure water
system at this stage. The flake-like and flocculent hydrates in
the tube mostly accumulate at the upper wall surface of the
tube, which decrease the flow area and result in the final
blockage. For the oil-water emulsion system, Fig. 6D shows that

This journal is © The Royal Society of Chemistry 2019
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there are obvious stratification of the oil-water two-phase at the
later time of this stage. This phenomenon is similar to the
results reported by Akhfash et al®** who have conducted
methane hydrate formation experiments in a high-pressure
sapphire autoclave. For the emulsion system in this work, it is
supposed that the pipe flow is not capable to hold large hydrate
aggregates, and the deposition of these aggregates results in the
decrease in flow rate, which forms a vicious cycle. Conse-
quently, the emulsion is no longer stable and blockage occurs in
the oil-water system (see Fig. 6F). Fig. 6D also illustrate that
most of the CO, hydrate particles are concentrated at the oil-
water interface after the stratification, since the density of
hydrate aggregates is smaller than that of water.

3.1.5 Blocking stage (V). For all the experiments performed
in this work, blockage occured in experiment 4 (pure water
system) and experiment 15 (oil-water system with water content
of 80%), while hydrate slurry stable flow formed in the rest of
the experiments. It takes a short period for the pure water
system from large formation to plugging, and the slurry flow
state only lasts for a short time. After restarting the circulation
pump, the plugging is washed away. It is reported that in pure
water system, the formation and growth of hydrate deposits in
the pipeline is the main cause of plugging,* while the stratifi-
cation of oil-water two phase and the increase of fluid viscosity
are the leading causes of hydrate blockage in oil-water systems.
Through transparent pipe segments and circular windows, the
hydrate formation layer and the stratification of liquid phase
can be clearly observed. Therefore, these two mechanisms can
explain the reason for the tube blockage in this experiment.

In summary, for the pure water system, hydrates gradually
deposit onto the upper pipe wall, and finally forms a dense
hydrate layer. For the oil-water systems, the formed hydrates
mostly accumulate at the oil-water interface leading to oil-
water stratification. The existence of oil phase not only impact
on the hydrate formation kinetics, but also pose influence on
hydrate behaviors and plugging mechanism for water-
dominated systems.

3.2. Hydrate formation in pure water systems

3.2.1 Effect of initial pressure on hydrate formation char-
acteristics. With the same liquid loading, pump speed and
water bath temperature, the effects of initial pressure on the
hydrate induction period and gas consumption of the flow
system are studied according to the hydrate formation experi-
ments at different initial pressures. As shown in Fig. 7, for the
pure water system (experiment 1-3), the induction times at
initial pressures of 2.5 MPa, 2.8 MPa, and 3 MPa are 24.2 min,
20.7 min, 16.3 min, respectively. For experiment 4-6, the same
trend can be found. Therefore, it can be concluded that a high
initial pressure can significantly reduce the induction time of
CO, hydrate formation. For the system with liquid loading of 8 L
and initial flow rate of 30 kg min~", the supersaturation at the
initial pressures of 2.5 MPa, 2.8 MPa, and 3 MPa is 1.23, 1.31
and 1.48, respectively, where supersaturation is defined as the
ratio of the equilibrium pressure of the system (corresponding
to T) to the pressure when hydrate formation begins (7). Since

This journal is © The Royal Society of Chemistry 2019
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the increase in supersaturation enhances the driving force of
hydrate crystallization and accelerates the nucleation crystalli-
zation rate of hydrate, the hydrate induction time in flow system
tends to decrease with the increasing pressure. This is consis-
tent with the results of a static reactor reported by Maeda et al.**

Fig. 8 displays the effect of initial pressure on gas
consumption during hydrate formation process of the system
with 8 L liquid loading and 30 kg min~" initial flow rate. In the
figure, a, b, and c are the hydrate formation moments (T¢) of the
systems with 2.5, 2.8 and 3 MPa initial pressure, respectively.
Before T., the gas consumption increases steadily due to the
solubility of CO, in water. After T,, the gas consumption
suddenly increases, and continues to increase till it becomes
stable. Fig. 9 shows that, during hydrate growth process, CO,
consumption increases with increasing initial pressure. And
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Fig. 8 Gas consumption of the systems with 8 L liquid loading versus
time under different initial pressures. (a, b and c) Refers to the time
point that hydrate formation begins.
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Fig. 9 Hydrate volume fraction versus time under different initial
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correspondingly, the hydrate volume fraction also increases
with increasing pressure.

Gas consumption rate can be obtained by the first-order
derivation of gas consumption versus time. As shown in
Fig. 10, during the hydrate growth process, the gas consump-
tion rate shows a trend of increasing first and then decreasing,
which indicates that hydrate growth is controlled by different
factors at different stages. In the early stage of hydrate growth,
there are large amounts of gas bubbles dispersed in the liquid
phase (see Fig. 5A and B), and gas-water two phase flow forms
in the loop. Therefore, CO, gas and water can contact with each
other sufficiently, due to the large gas-water interfaces. Hydrate
formation is mainly controlled by intrinsic kinetics in the early
stage. As the hydrate growth continues, gas bubbles are trans-
formed in to hydrates, and hydrate particles accumulates at the
oil-water interface (see Fig. 5C), which affects the mass transfer
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Fig. 10 Gas consumption rate versus time curve (2.8 MPa initial
pressure, 8 L liquid loading, initial flow rate of 25 kg min~?, temperature
of 273.15 K; pure water).
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Fig. 11 Gas consumption of the system with 3 MPa initial pressure and
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process of gas to contact with water. Meanwhile, system
temperature rises due to heat generation by hydrate growth.
Limitations of mass transfer and heat transfer are introduced,
and the gas consumption rate decreases. Mass and heat transfer
are the predominating control factors of hydrate growth at the
later stage.

3.2.2 Effect of liquid loading on hydrate formation char-
acteristics. The change in liquid loading affects the total gas—
liquid contact area as well as the formation and distribution of
hydrates in the tube. The induction time tends to decrease first
and then increase with the increasing liquid loading. The
reason for this experimental phenomenon is that as the liquid
loading increases, the gas phase space in the tube is squeezed,
the flow velocity of the gas phase increases, the disturbance of
the gas-liquid interface is increased, which promotes the mass
transfer of hydrate formation. So the induction time is short-
ened firstly. When the liquid loading is further increased, the
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o
T
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1
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=
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o
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Fig. 12 Hydrate volume fraction versus time under different liquid
loadings.
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inhibiting effect of the reduction of gas-water interface area on
hydrate formation prevails over the promoting effect of mass
transfer originated from interfacial disturbance. Moreover, after
the flow rate is further increased, there is a slip at the interface,
which inhibits hydrate nucleation. Therefore, the induction
period is prolonged later.

Fig. 11 displays the variation trend of the gas consumption of
the systems with different liquid loadings under 3 MPa initial
pressure and 35 kg min~ " initial flow rate. As seen, the total gas
consumption decreases as the liquid holding capacity of the
pipeline increases. Fig. 12 shows the hydrate volume fraction of
the systems with different initial pressures versus liquid
loading. For different experimental systems, the volume frac-
tion of hydrate decreases with increasing liquid loading, which
is consistent with the change in gas consumption. The reasons
can be summarized as follows: firstly, the main factor that
restricts the growth of hydrates in the gas-liquid two-phase
system is the mass transfer of the gas phase to the liquid
phase, and the increase in liquid loading is equivalent to
reducing the volume of the gas phase, and then the total area of
gas-liquid contact is reduced. Secondly, since the experimental
conditions are constant volume systems, as the amount of
liquid loading increases, the amount of gas phase is less, and
the amount of dissolved gas per unit volume of liquid phase is
reduced, hindering the mass transfer of the gas phase to the
liquid phase. At the same time, the rapid drop in pressure leads
to a reduction in the driving force for hydrate formation.
Therefore, the total gas consumption decreases as the liquid
holding capacity of the pipeline increases. This is similar to the
results of Vijayamohan et al.** who studied the effect of liquid
holding capacity on hydrate formation. They found that the
liquid holding capacity is too small to limit the mass transfer of
gas molecules.

3.2.3 Effect of flow rate on hydrate formation characteris-
tics. Disturbance of the flow system is a major factor affecting
hydrate nucleation and induction time of hydrates. The flow
rate affects the cooling rate, which is likely to cause differences
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in the temperature (subcooling) of different experimental
groups at the time of hydrate formation. The difference between
the phase equilibrium temperature and the hydrate formation
temperature is defined as the subcooling degree. Under the
experimental conditions of 2.8 MPa and 7 L (experiment 10-12),
the subcooling degree at initial flow rates of 25, 30, and 35
kg min~" is 4.5 °C, 4.9 °C, and 4.7 °C, respectively. Therefore,
hydrate formation experiments with different flow rates can be
regarded as the situation that their are conducted under the
similar subcooling degree (difference within 0.5 °C), and the
effect of flow rate on induction time data can be analysed.
Fig. 13 shows the effect of initial flow rate on induction time. It
can be seen from the figure that the induction time of CO,
hydrate formation tends to decrease with the increase in flow
rate. This is because, as the flow rate increases, the gas-liquid
two phases are in full contact and the degree of mixing is
increased, there are more nucleation sites, and the mass
transfer is promoted. Accordingly, induction time is shortened
by increasing flow rate. Lv et al>* have conducted hydrate
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Fig. 15 Effect of flow rate on hydrate volume fraction.
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formation experiments using diesel + water + natural gas
systems, and found that hydrate induction time decreased first
and then increased with the increasing flow rate. They supposed
that the further increase of the flow rate weakened the cooling
efficiency of the temperature control system, and prolonged the
induction time of the hydrate. Further studies are required to
verify the inhibiting effect of high flow rate on hydrate nucle-
ation for the flow systems used in this work.

Fig. 14 reflects the effects of mass flow rate of the experi-
mental system on gas consumption. Under the experimental
conditions of 2.8 MPa and 7 L, the gas consumption at the three
points a, b, and c suddenly rises. Before that, the gas
consumption trends at different flow rates were similar, and by
the end of the experiment, the final gas consumption decreases
as the mass flow rate increases. This can be explained by the fact
that the hydrate formation in the system with larger flow rate is
earlier, and the generated hydrates exists at the gas-liquid
interface. The contact area between the gas phase and the liquid
phase is reduced, and finally the gas consumption of the system
with a larger flow rate is relatively low. In other words, hydrate
formation in the later stage of the system is inhibited at a larger
flow rate. It can also be apparently seen from Fig. 15 that the
hydrate volume fraction also decreases as the flow rate
increases.

3.3. Hydrate formation and flow characteristics in oil-water
emulsion system

Water content is a key parameter of the oil-water emulsion
system, which will inevitably affect the flow parameters of the
hydrate slurry. Through experiments 13-16 (only the water
content is changed, and other parameters are consistent), the
effect of water content on friction coefficient, pressure drop and
hydrate slurry viscosity of the high pressure flow system can be
studied.

The friction coefficient of the liquid phase from the hetero-
geneous oil-water emulsion to the hydrate slurry in the loop can
be determined by the Darcy-Weisbach formula as follows:
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Fig. 16 Flow rate, friction coefficient, slurry viscosity and Reynolds
number curve during hydrate formation (3 MPa, 9 L, 30 kg min%,

70 wt%).
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Therefore, the friction coefficient can be expressed as:
2DAP
= 2
=T (2)

where, AP is the test section pressure drop, Pa; D is the loop
diameter, m; p is the measured fluid density, kg m®; u is the
average fluid velocity, m s™'; L is the length of the test section,
m.

Assume that the fluid flow in this experiment is in laminar
flow region, while laminar flow resistance is mainly the internal
friction of the fluid, and the resistance is in accordance with
Hagen-Poiseuille's law:

AP 32uu
L D

(3)

Therefore, the apparent viscosity of the hydrate slurry can be
obtained by the relationship between the shear force of the pipe
wall and the pressure drop of laminar flow:

AP x D?
Fstuny = 357 5001 (4)

where gy is the apparent viscosity of the hydrate slurry, Pa x
s.

The Reynolds formula that takes the calculated apparent
viscosity into the laminar flow region:

Re — pslurry XuxD [5)

:uslurry

All Reynolds numbers (Re) calculated by eqn (5) are less than
2000, which verifies that the flow of the experimental fluid is
indeed laminar flow.

Fig. 16 shows the flow velocity, friction coefficient and
viscosity of the fluid under the experimental conditions of
3 MPa initial pressure, 9 L liquid loading, 30 kg min™" initial
flow rate, and 70% water content. As seen, after large amount of
hydrate formation, the flow velocity of the fluid decreases
rapidly, and the viscosity and friction coefficient of hydrate
slurry increase rapidly. During hydrate slurry flow phase, the
above parameters gradually stabilize. The Reynolds number of
the whole process fluctuates between 200 and 500, indicating
the pipe flow is in laminar flow region.

3.3.1 Induction time and hydrate volume fraction. Fig. 17
and 18 show the hydrate induction time for different water
content systems (3 MPa, 9 L, 30 kg min~ ). As the water content
increases, the induction time required for hydrate formation is
gradually shortened. This is because the larger the water
content, the smaller the number of oil droplets dispersed in
water phase, the smaller effect of oil droplets on gas bubbles,
the larger the surface area of the gas-water interface (CO, can be
dissolved into both oil and water), and the greater the contact
opportunity. The probability of nucleation increases, and the
rate of re-generation of crystal grains increases. And because the
number of oil droplets around the generated crystal grains
decreases, the rate which the growth of the hydrate crystal grows
increases, so that the macroscopic induction time is shortened.

This journal is © The Royal Society of Chemistry 2019
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experiments.

Fig. 19 shows that the volume fraction of hydrate particles in
the oil-water system gradually increases with the increasing
water content, and the volume fraction of hydrate particles of
the systems with 60%, 70%, 80% and 90% water cut is 1.079%,
1.382%, 1.669% and 2.68%, respectively. The hydrate volume
fraction of the pure water system under the same conditions is
3.085%, which is much higher than that of emulsion systems.

3.3.2 Viscosity and friction coefficient of hydrate slurry. In
the pipe flow systems, accompanied by the large amount of
hydrate formation, the apparent viscosity and friction coeffi-
cient of the fluid suddenly increase. With the increase in water
content, the final volume fraction of hydrate gradually
increases, and the hydrate slurry with higher water content
contains more solid particles than that with lower water
content. Therefore, the variation of water content on friction
coefficient and slurry viscosity has the same trend as that shown
in Fig. 19. The larger the water content, the greater the average
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Fig.18 Hydrate induction time changes under different water content
systems.
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friction coefficient and average apparent viscosity at the stable
stage, as shown in Fig. 20. For emulsion systems, the apparent
viscosity and the differential pressure is much higher than that
of the pure water system, which also suggests that there are
higher plugging risk in emulsion systems.

4. Sensitivity analysis of factors
affecting hydrate induction time

In the process of hydrate formation, temperature, pressure,
subcooling, supersaturation, salt content of the solution, gas
phase composition, surfactant, kinetic inhibitor, polymeriza-
tion inhibitor, stirring speed, fluid flow rate and water content
etc. all have impacts on induction time. It is impossible to
determine the degree of influence of each factor by using the
single factor method. The “standard regression coefficient
method” was adopted to analyze the sensitivity of the factors
affecting the induction time, such as initial pressure, liquid
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Fig. 20 Variation of the apparent viscosity and friction coefficient of
hydrate with water content.
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Table 2 Experimental conditions and their induction times

Paper

Initial pressure/MPa

Liquid loading/L

Mass flow/kg min~*

Water content/% Induction time/min

2.5
2.8
3.0
3.0
3.0
3.0
2.8
2.8
2.8
3.0
3.0
3.0
3.0

30
30
30
35
35
35
25
30
35
29
30
30
31

O © © O N NN © W N

loading, flow rate and water content, and to determine the
sensitivity of each factor.

The theoretical basis is as follows:** for the dependent vari-

able Y, it subjects to the common influence of the independent
variables X;,X,,X3,...,X;n, and a total of n experiments are carried
out, so that:

Fig. 21 Temperature and pressure curves throughout the tube in the same experiment.
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100 24.2
100 20.7
100 16.3
100 26.5
100 18.8
100 23.5
100 25.4
100 22.5
100 18.4
60 33.5
70 28.6
80 26.4
90 23.8

Among them, Xj; represents the value of the independent vari-
able X; at the kth test, and Y; represents the result of the
dependent variable Y at the kth test. If there is a linear rela-
tionship between Y and X;, the regression equation is:

Y=a+ b]X] + b2X2 + ...+ mem

(11)

The constant term and the regression coefficients by,b,,...,b,,
can be found by the following equation:

j=1
_ m _
a=Y =Y bX, (13)
i=1
The standard regression coefficient is:
I
b =biy|— (14)
! IOO
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In the formula, b; represent the standard regression coefficient
and it is independent of the units taken by Y and X;. The larger the
absolute value of b}, the greater the influence of X; on Y. Thereafter,
experimental conditions and induction times of different systems
are summarized, which are tabulated in Table 2.

The initial pressure, liquid loading, flow rate and water content
are taken as the independent variables X;,X,,X;,X,, the induction
time is the dependent variable Y, and are calculated from eqn (6-
11). Equations for solving the regression coefficients are listed
below:

$by + 112b> 4 Li3bs + by = Iy
DLy by + Ipby 4 Insbs + Iyby = I
L3y by + Inby + I3zbs + Liby = I
L4by + Lipby + Izbs + Lisby = Iy

Then the coefficients are obtained as:

by = —0.072, b, = —2.3515, b3 = 0.0699, by = —0.4118
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Fig. 23 Induction time and standard deviation corresponding to 3

trials (3 MPa, 9 L, 35 kg min~Y).
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From eqn (14), the standard regression coefficients b} are:

T T
B = b1y |7 = —0.0055, b, = by /2> = -1.0105
IOO IOO

T T
By = byy |2 = 0.1054, b, = byy |22 = -2.6065
I Ioo

00

From the calculation results, it can be seen that:
D3] > 1651 > 1B5] > |b]]

which indicates that water content > liquid loading > mass flow
>initial pressure, where > refers to the degree of importance and
sensitivity.

Therefore, through sensitivity analysis, the system water
content has the most significant influence on the induction
period of CO, hydrate formation, liquid loading take the
second place, mass flow rate next, and initial pressure on
induction time the weakest. Moreover, establishing an
induction time model for oil-water systems based on classic
nucleation theories**** will be the focus of next step work.
According to the similarity criterion in fluid mechanics, it is
supposed that the flow and plugging phenomenon as well as
mechanisms in the flow loop will have similarities with the
industrial pipelines. It should also be noted that the diam-
eter of the pipe, the experimental pressure and the flow rate
are smaller than that of the actual subsea pipelines, due to
the limitations of the experimental equipment. The findings
obtained from the experiments in the flow loop can still
provide meaningful reference for the plugging mechanisms
as well as the practical management of industrial pipelines.
More experiments using larger pipe diameter and natural gas
as experimental materials should be conducted for
verification.

5. Conclusions

(1) In the constant volume flow systems, the formation process
of hydrate was basically similar. Hydrate generated in pure
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water system mostly accumulated at the upper wall of pipes and
formed a thin layer. Part of hydrates were flocculent or flake like
and flowed with liquid phase. Hydrates in the oil-water emul-
sion systems mostly accumulated at the oil-water interface.
With the decrease in temperature and flow rate in the tube, the
oil and water phase is gradually stratified, and the probability of
the hydrate blockage was also increased.

(2) In the pure water system, as the initial pressure increased,
the hydrate induction time was gradually shortened, and the
gas consumption and hydrate volume fraction increased with
the increasing initial pressure. The gas consumption and
hydrate volume fraction decreased with the increasing liquid
loading. Induction time shortened with the increasing flow rate,
and gas consumption and hydrate volume fraction decreased
with the increasing flow rate.

(3) In the oil-water emulsion system, as the water content
increased, the induction time decreased gradually, while the
variation of gas consumption and hydrate volume fraction was
subtle. In addition, the apparent viscosity and friction coeffi-
cient of the hydrate slurry increased with the increasing water
content, and the pressure difference increased with the
increasing water content. Compared to pure water systems,
emulsion systems possessed higher plugging risk.

(4) Sensitivity analysis results indicated that water content
was the main factor affecting the hydrate induction time. The
effect of the initial pressure on the induction time is minimal.
Reducing the water content of the experimental system,
reducing the flow rate and increasing the liquid carrying
capacity are effective measures to prolong the hydrate induction
time, which provides a reference for the safe operation of oil
and gas pipelines and hydrate prevention and control.

Appendix A: selection of temperature
and pressure transducers

Six temperature and six pressure transducers (marked as TR
and PR in Appendix Fig. 21) are distributed on the experimental
flow loop. The temperature and pressure at different positions
are different. TR1 and PR1 are on the top of the reaction vessel
(seperator) of the loop. Under normal circumstances, the
reactor is not used. The figure below shows the temperature
curves and pressure curves, which are obtained by different
transducers, of the system with initial pressure of 3 MPa, liquid
loading of 9 L, flow rate of 35 kg min~' and water content of
100%. As seen, during hydrate formation process, the pressure
and temperature trends at different positions are basically the
same. For the convenience of measurement and post-
calculation, in this paper, the temperature and pressure data
of position 6 (i.e., TR6 and PR6) are taken to measure the
induction time.

Appendix B: details of repeated
experiments

Hydrate induction times of a certain experimental system is
affected by a variety of factors and is a scattered value.
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Therefore, in order to explore the influence of a certain factor on
the induction time, it is necessary to carry out repeated tests to
obtain more objective conclusions. Here, experiment with
initial pressure of 3 MPa, liquid loading of 9 L and mass flow of
35 kg min" is taken as an example. The experimental results of
experimental pressure and temperature versus time and the
induction time and standard deviation of each set of experi-
ments are shown in Appendix Fig. 22. It can be seen from
Appendix Fig. 22 and 23 that temperature and pressure curves
of different runs shows good coincidence, and the standard
deviation of the induction time is pretty small, indicating that
the experiment has good repeatability.

Appendix C: details of calculation on
gas consumption and hydrate volume
fraction

During hydrate formation process, the amount of CO, in the gas
phase can be calculated by:

Ploop([) VCO; g

Nnco,g =
2 ZeryRToop(r)

where Pyop( is the pressure inside the tube before and after the
reaction (Pa); Tioop(y is the temperature inside the tube during
the reaction (K); R is the gas constant, the value is 8.3145 ]
(mol ™" K™'); Zpg(y is the compression corresponding to time ¢,
the factor is calculated by the PR equation of state.

CO, is soluble in water and can form hydrates when the
reaction system is saturated. Therefore, the gas dissolved in the
liquid phase (nco,1) must be included in the calculation. The
molar amount of dissolved CO, in the liquid phase can be
calculated by the model proposed by Duan et al.**

1(0)
ln% = 'L;g(])f —In ¢co, + Z{:Hcoz,[mp + z“:ﬂcoz,,,ma

+ Z ZCCOZ —c—aM My

Gas consumption during hydrate formation can be obtained
by the following formula:

1co, consumedls = (co,1li=0 + Nco,gli=0) — (nco,il: + nco,.gl)

After the gas consumption is obtained, the hydrate volume
fraction can be calculated by the following formulas.

¢ _ Vhyd‘t
by Viyar + Viigs
"g.r(Mg + 6MW)
Viyay = ——=

Pu

where @pyq, represents the volume fraction of the system
hydrate formation at time ¢; Viyq, is the volume of hydrate
formed at time ¢, m>; Viiq,c Tepresents the volume of water in the
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tube at time ¢, m?; ng . is the amount of gas consumed by CO, at
time ¢, mol; M, and M,, represent CO, and the molar mass of
water molecules, g mol™%; py; indicates the density of hydrate, kg
m?; 8 is the hydration number.
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