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ckage mechanism of carbon
dioxide hydrate slurry and its microscopic particle
characteristics

Xiaofang Lv, *a Wenqing Li,b Bohui Shi c and Shidong Zhoua

In order to better understand the process of carbon dioxide hydrate formation and blockage, a series of

experiments were performed in a high pressure hydrate experimental loop which has been constructed.

The impacts of varying flow rate, pressure, and restarting of the pump on the plugging have been

studied in this paper. The particle chord length distribution in the process of hydrate formation and

blockage was monitored in real time by using the advanced device, Focused Beam Reflectance

Measurement (FBRM). The results showed that the time taken for hydrate blockage to occur would

significantly decrease at higher pressure, which meant higher pressure promoted the occurrence of

hydrate blockage. At the same time, the time needed for carbon dioxide hydrate blockage increased

with the flow rate. That is, the time for hydrate blockage increased when the flow rate changed from

754 kg h�1 to 1657 kg h�1. And once the pipeline has been blocked, restarting the pump may make the

problem more serious. In addition, particle agglomeration led to a significant change in the particle

chord length distribution during the process of hydrate formation and blockage, and the hydrate particle

coalescence was the key cause of the hydrate plugging.
1. Introduction

Clathrate hydrates are crystalline solids resulting from the
arrangement of water molecules related by hydrogen bonds
constituting cages around stabilizing gas molecules.1 Over the
past decade, gas hydrates have been the focus of attention in
various elds.2 For example, hydrate-based technology is
a promising method for CO2 capture and storage3–9 (CCS),
which is a novel concept that uses CO2 hydrate to trap CO2

molecules in a lattice of water molecules. CO2 hydrate can form
under high pressure and low temperature with the presence of
water. It is also a potential technology10–15 for CO2 capture from
CO2-containing gas streaming (CO2/N2 or CO2/H2) or CO2

storage as a hydrate form in ocean and marine sediments.16,17

Nowadays, there are some remarkable achievements in this CO2

capture and storage and gas separation eld.1

At the same time, CO2 hydrate technology is also used in the
refrigeration eld.18 Due to the uncertainty surrounding the cost
and availability of new refrigerants, secondary refrigeration
could be considered as an alternative solution. This technology
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is effectively based on the use of an environmentally-friendly
secondary uid whose role is to transport cold energy from
the place of production (engine room) to places of use.19 Thus,
secondary refrigeration makes it possible to limit the amount of
primary refrigerant used and to conne it. In slurry systems,
such as CO2 hydrate slurry,20 energy is stored during the phase
change of the storage material dispersed in a carrier liquid
(continuous phase). Phase change material (PCM) slurry has
a higher energy density than single-phase secondary refriger-
ants due to both the sensible and latent heat capacities. One of
the advantages of CO2 hydrate slurry is that mechanical
processes such as scraped- or brushed-surface heat exchangers
are not required to produce it, unlike ice slurry. It also forms at
temperatures higher than 273 K, which makes it suitable for air-
conditioning applications.21,22 But whatever the type of
secondary refrigeration application, slurry ow properties are of
paramount importance to assess the overall feasibility of the
process. Previous studies performed have shown that CO2

hydrate slurry in the aqueous phase can agglomerate in
a dynamic loop,23–25 and even form plugs as in pipelines26 at
a high hydrate fraction of 20 vol% (with a stirred tank reactor) or
from a small hydrate fraction of 5–10 vol%.

In addition, hydrate formation and blockage in pipelines has
been a trouble for onshore and offshore petroleum production
for a long time.27 Especially as offshore oil and gas production
moves towards the deep water, the risk of plugging due to gas
hydrate formation remains one of the most common ow-
assurance problems in deep-water subsea oil and gas
RSC Adv., 2018, 8, 36959–36969 | 36959
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Fig. 1 The picture of high pressure hydrate experimental loop.
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operations.28 Due to the potentially severe economic impact of
forming a gas hydrate plug, it is critical to understand gas
hydrate formation and accumulation mechanisms in owlines.
Many researches have been published about the plug and
blocking of natural gas hydrates in different ow system.29–34

However, few researches have been reported about the ow
stability of CO2 hydrate slurry. Meanwhile, the ow character-
istics of CO2 hydrates slurry are critical for being as a secondary
two-phase refrigerant in refrigeration process to ensure
a continuous cooling conveying, especially the rheological
property.23–25 If blocking happens in the CO2 hydrate slurry,
restart the system immediately would be a general solution for
recovering the ow ability of the system. But in fact, what would
occur aer restart the blocking system is not known clearly.
Moreover, the study about the inuence factor of the CO2

hydrate blockage time is only on the stage of qualitative without
quantitative realizations. For example: how much the blockage
time will be reduced by the improvement of the pressure? How
much the blockage time will be increased by the increase of the
ow rate? Therefore, according to the above situation, this
paper performed a series of experiments on hydrate blockage
time in a water–CO2 system, studied the quantitative inuence
of the factor such as pressure, ow rate on the hydrate plugging
time and represented the change of the particle size due to the
particle aggregation in the process of blockage. Here, the CO2–

water system was used mainly based on the safety consider-
ation, and it was also to compare with the natural gas hydrate
blockage research to considerate the inuence of the hydrate
structure on the blockage experiment.
Fig. 2 Principle of the FBRM particle size analyzer.
2. Experimental apparatus and
materials
2.1 High pressure hydrate experimental loop

Experimental tests have been performed with the high pressure
hydrate experimental loop devoted to Flow Assurance studies
(Fig. 1). The loop, in which gas and liquid are separately injected
by a plunger compressor and a custom-made magnetic
centrifugal pump, is constituted of a test section. Two sight
glasses are set in the test sections. The gas injection point is
considered as the inlet of the test section. At the outlet of the
test section, gas and liquid are collected in an insulated sepa-
rator and re-directed to the test section towards the compressor
and the pump. Several gas tanks allow maintenance of loop
and/or separator pressure as hydrate is forming.

The test section is a stainless steel pipe, the internal diam-
eter of which is 2.54 cm (1 inch) and the length 30 m.
Geometrically it is constituted of two rectilinear and horizontal
parts, connectedly a circular one with a low curvature. It is
connected to a separator. The test section is surrounded by
a 5.08 cm (2 inches) diameter jacket in which a caloric water/
glycol blend circulates in counter-current. Process temperature
can be controlled from �20 to 80 �C.

This experimental ow loop is equipped with several
sensors. Thermocouples are regularly set along the pipe, inside
the separator, inside the water/glycol system and on the
36960 | RSC Adv., 2018, 8, 36959–36969
different gas utilities. A Coriolis owmeter measures the density
of the liquid mixture and the ow rate. The mean density of the
multiphase uid can also be measured using two FM1000
gamma ray densitometers. Differential pressure sensors are
located along the loop to follow the evolution of the linear
pressure drop along the loop. A rapid data acquisition is used
and permits to detect rapid phenomena.

The evolution of objects (droplets, bubbles and solid parti-
cles) carried inside the ow can be followed thanks to a FBRM
(Focused Beam Reectance Measurements, Mettler-Toledo
Lasentec® Product, Group-Lasentec® D600) probe which was
recently installed on the loop. This apparatus comprises a low
intensity rotating LASER beam (Fig. 2) which is reected when
intercepting a particle. From the reection time a chord length
is deduced. Aer every measurement duration which was
chosen equal to 10 s, a Chord Length Distribution (CLD) and
a mean chord length are given. This CLD gives an idea of the
Particle Size Distribution (PSD) of the objects carried by the
ow. The lower and upper limits of the FBRM CLD are 0.5 and
1000 mm, respectively. The probe window of probe cuts the ow
streamlines at an angle of 45� and reaches the centre of the
pipe. The RBRM probe was used to estimate the initial water
droplet (Dp) size inside the uid and to follow the hydrate
particles agglomeration with the time. The mean square-
weighted chord length can give more weight to the longer
chord length and it is particularly well adapted to
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra07259k


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
N

ov
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 1

0/
31

/2
02

5 
7:

05
:5

1 
PM

. 
 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
agglomeration phenomena. The mathematical expressions of
the square-weighted mean chord lengths are given below:

C ¼
Pb

i¼a

yiMi
2 �Mi

Pb

i¼a

yiMi
2

(1)

With Mi the center of the ith interval and yi the probability of
measuring a chord included in the ith interval.
2.2 Fluids

To better simulate the practical situation, tap water and CO2

(purity 99%)—which are known as the formation materials of
the structure I hydrate—were adopted as the test uids in the
experiments. Preliminary Chen-Guo model9 permitted to
determine the curve of hydrate formation (Fig. 3) of the dened
natural gas composition.
2.3 Procedure of the experiments

(1) The entire experimental loop is vacuumed until the vacuum
degree reaches 0.09 MPa.

(2) Load the tap water of 85 L into the separator, and turn on
the magnetic pump to circulate the tap water uid at constant
ow rate (such as: 754 kg h�1, 1041 kg h�1, 1375 kg h�1, 1657 kg
h�1).

(3) Open the temperature control device, and set the exper-
imental initial temperature (T0) of the water bath system as
around 20 �C.

(4) When the loop temperature reaches to T0, and start the
data acquisition system. At the same time, turn on the Focused
Beam Reectance Measurements to monitor the chord length
distribution in uid until the average chord length of uid
uctuates in �0.2 mm.

(5) Through pressure reducing valve, gas is injected into the
separator until the pressure reaches the setting experimental
pressure P (2.8 and 3.8 MPa in this paper). The setting value of
Fig. 3 Hydrate formation curve of CO2.

This journal is © The Royal Society of Chemistry 2018
the temperature control device is lowered to the experimental
nal target temperature Tc (for example: 2 �C), so that to cool
down the loop as well as the uids.

(6) When a set of the experiment of hydrate formation is
nished, the setting value of the temperature control device is
turned up again, from Tc to T0. Repeat steps (1–4) for the next set
aer hydrate dissociation. Each group experiment lasts about
3–6 hours.
3. Results and discussion
3.1 The blockage mechanism of CO2 hydrate plugging and
effect of restarting

Through the experimental observation from the sight glass in
our loop, the block process of water + CO2 system could be
divided into four periods, as shown in Fig. 4a–d. (a) Water in the
pipe wall section reacted with CO2 rstly and generated a thin
layer of hydrate. (b) The water near the hydrate layer continued
to react with the dissolved CO2 and the hydrate continuously
adhered to the hydrate layer. The hydrate layer was getting
thicker gradually and nally blocked the pipe.30 (c) When the
pump restarted, the uid could wash away the hydrate stem-
ming. Some hydrates were washed away, while some might
accumulate at the back of the blockage and increase the contact
area. (d) Hydrate formed near the increscent contact area and
adhered on it continuously, and nally blocked the pipe again.
Aer restarting of the pump made the ow rate resume again,
the recovery of ow rate would continue to drop down to zero,
and a second blockage happened. Furthermore, it can no longer
make the uid ow again aer the second hydrate blockage by
raising the pump frequency. That means that the secondary
restarting of the pump can lead to a serious hydrate blockage
accident.28
3.2 The inuence of the ow rate on the blockage of hydrate

The paper changed the initial ow rate of the system (15 Hz/754
kg h�1, 20 Hz/1041 kg h�1, 25 Hz/1375 kg h�1, 30 Hz/1657 kg
h�1) to study its effects on the formation, blockage temperature
and blockage time of carbon dioxide hydrate under the same
conditions,as shown in Fig. 5–8. According to the above four
graphs, the system with different ow rates began to plug at
3.5 MPa, and the corresponding CO2 hydrate formation
temperature was about 8.4 �C (Fig. 3) under this pressure. It was
found that the ow rate nearly remained unchanged before the
formation of hydrate, but quickly dropped to zero when hydrate
begins to form in large quantities, then plugged the ow loop.
At the same time, the temperature at which hydrate begins to
form in large quantities keeps increased with the increased ow
rate, which was shown in Fig. 9. Due to the shortage of heat
transfer time for owing medium under large ow rate condi-
tion, cooling efficiency was weakened, the subcooling degree
decreased, which further resulted in decreasing in the driving
force hydrate formation rate, ultimately caused an increase in
the plugging time. On the other hand, the larger ow rate
increased the gas–liquid contacting area and the number of
nucleation sites, enhancing mass transfer between liquid and
RSC Adv., 2018, 8, 36959–36969 | 36961
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Fig. 4 Procedures of blockage by CO2 hydrates formation in the loop (a–d).
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gas, which helped the formation of hydrate. However, the
stronger shear action could delay or inhibit the formation rate
of nucleation sites on gas–liquid contacting surface, made it
difficult to meet the critical dimensions for hydrate formation,
thus extended the induction period. At the same time, the larger
ow rate had stronger entrainment and shear ability, reduced
the coalescence and deposition of hydrate particles, made it
difficult to block the loop, which caused an increase of the
plugging time.
Fig. 5 Flow rate as a function of relative time (15 Hz/754 kg h�1).

36962 | RSC Adv., 2018, 8, 36959–36969
It could be concluded from Fig. 5–8 that under certain
pressure and relatively low ow rate (15 Hz/20 Hz), the time
from the beginning of hydrate formation in large quantities to
the blockage of the pipeline was nearly the same (approximately
0.25 h), and the plugging time was short, while this time was
longer under high ow rate (about 1.17 h). Therefore, it might
exist a critical ow rate in the process of hydrate blockage,
below which the plugging time was relatively short.35 The curve
Fig. 6 Flow rate as a function of relative time (20 Hz/1041 kg h�1).

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 Hydrate formation temperature and blockage time as the
functions of relative time with different initial frequencies.

Fig. 7 Flow rate as a function of relative time (25 Hz/1375 kg h�1).
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of the temperature when hydrate begins to form in large
quantities and plugging time with the variation of ow rate was
shown in Fig. 10. It could be concluded that the temperature
mentioned above and the plugging time increased with the
Fig. 9 Temperature as a function of relative time with different initial
frequencies.

Fig. 8 Flow rate as a function of relative time (30 Hz/1657 kg h�1).

This journal is © The Royal Society of Chemistry 2018
increase of ow rate. Besides, the plugging time increased
remarkably when the ow rate increased. So, a proper high ow
rate could extend the plugging time, reduce the possibility of
the occurrence of plugging in pipeline operation.32
3.3 The inuence of pressure on the blockage of hydrate

In order to further study the experiments of CO2 hydrate
blockage under different pressure, a series of hydrate plugging
experiments were carried out with 2.8 MPa and 3.8 MPa. Fig. 10
showed that the temperature of the system went up due to the
large amount of heat released by hydrate particles crystalliza-
tion. So the temperature when hydrate began to form in large
quantities was dened as Tb, and the time that the hydrate
blocked the pipe was dened as Th. As shown in Fig. 11, the Tb
under high pressure was higher than the low pressure; the Th
under high pressure was about 1.7 hours, while it was about 2.4
Fig. 11 Temperature as a function of relative time under different
pressure (15 Hz/754 kg h�1).

RSC Adv., 2018, 8, 36959–36969 | 36963
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Fig. 13 Distribution of particles/droplets chord length before and after
CO2 hydrate formation (15 Hz/754 kg h�1).

Table 1 The comparison of Tb and Th at different pressure

Pressure (MPa) Time of blockage
Subcooling
degree

The temperature
of the begin hydrate formation

3.8 1.7 h 3.0 �C 6.0 �C
2.8 2.4 h 3.7 �C 3.3 �C
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hours under the low pressure. Obviously, the blockage time
under high pressure was less than the low pressure, and the
supercooling degree needed for the hydrate formation was also
lower under high pressure.27 The value of Tb and Th under
different pressure was shown in Table 1. It could be concluded
that the needed supercooling degree decreased with the pres-
sure increased under the same ow rate, so the hydrate was
easier to form, and there was a relatively short hydrate blockage
time. Therefore, the factor of pressure had a remarkable inu-
ence on the hydrate formation and the blockage of the
pipe.28,31–34

3.4 The micro characteristic during the CO2 hydrate
formation

3.4.1 The distribution of CO2 hydrate particle chord
length. Fig. 12–14 represented the distribution of particle chord
length before and in the process of CO2 hydrate formation
under different ow rates. From the three gures, it was known
that under the different ow rate, the distribution of particle
chord length followed certain regularities before and aer the
hydrate formation. Namely along with the formation of CO2

hydrates, the distribution of particle chord length moved to the
right side where the large particles locate, representing the
trend that the number of large particles in the system increased
aer hydrate formation.29

For the further explanation of the phenomenon that under
the different ow rates, the number of large particles in the
system increased aer hydrate formation, a method of square
Fig. 12 Distribution of particles/droplets chord length before and after
CO2 hydrate formation (10 Hz/450 kg h�1).

36964 | RSC Adv., 2018, 8, 36959–36969
weighted particle chord length was introduced here in order to
signicantly characterize the changing trend of large particle
chord length aer hydrate formation.36 The details were shown
as Fig. 15–17.

From Fig. 15–17, it could be seen that the distribution of
large particle chord length have changed signicantly aer CO2

hydrate formation. The distribution of large particle chord
length concentrated in the range from 10 to100 microns before
CO2 hydrate formation, while it was mainly in the range from
Fig. 14 Distribution of particles/droplets chord length before and after
CO2 hydrate formation (20 Hz/1041 kg h�1).

This journal is © The Royal Society of Chemistry 2018
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Fig. 17 Distribution of square weighted particles/droplets chord
length before and after CO2 hydrate formation (20 Hz/1041 kg h�1).
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100 to 400 microns aer CO2 hydrate formation. That is, the
distribution of large particle chord length moved to the right
side obviously aer CO2 hydrate formation. This trend has been
conrmed by some researchers.23,29,31–36

3.4.2 The distribution of the average and square weighted
particle chord length. In order to better understand the particle
chord length at different time during the CO2 hydrate forma-
tion, we specially studied the average particle chord length and
square weighted particle chord length in this process, as shown
in Fig. 18–20.

It could be concluded from Fig. 18–20 that throughout the
entire process of CO2 formation, both the average particle chord
length and square weighted particle chord length have experi-
enced a vibrated period with initial dissolved gas, a stable stage
before formation and a uctuated period with large particles'
breakage aer the formation.

Average particle chord length of this system remained
essentially between 9–10 microns in the stable stage before
Fig. 16 Distribution of square weighted particles/droplets chord
length before and after CO2 hydrate formation (15 Hz/754 kg h�1).

Fig. 15 Distribution of square weighted particles/droplets chord
length before and after CO2 hydrate formation (10 Hz/450 kg h�1).

This journal is © The Royal Society of Chemistry 2018
hydrate formation, when square weighted particle chord length
was basically between 25–35 microns. While aer the CO2

formation, average particle chord length vibrated between 15–
Fig. 18 The trend of the average and square weighted particles/
droplets chord length distribution with time in flow rate (10 Hz/450 kg
h�1: a and b).
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Fig. 20 The trend of the average and square weighted particles/
droplets chord length distributionwith time in flow rate (20 Hz/1041 kg
h�1: a and b).

Fig. 19 The trend of the average and square weighted particles/
droplets chord length distribution with time in flow rate (15 Hz/754 kg
h�1: a and b).
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40 microns, when square weighted particle chord length
changed between 150–300 microns.

During the CO2 hydrate formation, both average particle
chord length and square weighted particle chord length
changed signicantly, which powerfully proved the existence of
the phenomena that the particles collided and coalesced at the
same time.30 And according to the variations of the average
particle chord length and square weighted particle chord
length, it was possible to predict the strength of the particle
collision and coalescence, then to quantify the risk of pipeline
hydrate plug.35 At the same time, it also could be seen that the
square weighted particle chord length had earlier as well as
greater changes than the average particle chord length. It
proved that square weighted particle chord length was more
sensitive to the collision and coalescence of particles.33,36

The uctuated period aer hydrate formation reected that
the large particles experienced breakage and coalescence at the
same time under the shear effect, which was a dynamic equi-
librium process, as shown in Fig. 21.

Fig. 21 showed that the share of large particles increased
notably at the beginning of hydrate formation period,
36966 | RSC Adv., 2018, 8, 36959–36969
indicating the coalescence of hydrate particles. When it
arrived at stable phase, the accumulated percentage curve of
particle chord length moved le, implying reduced number of
large particles. This was due to the larger particles were broken
under the shear effect. Despite of less large particles, the
accumulated percentage curve of particle chord length was
still on the right side of the curve which was produced before
hydrate formation.

3.4.3 The trend of total number of particles/droplets
during the process of CO2 hydrate formation. From the
mentioned above, it could be known that particles in the system
would collide and coalescence, inevitably leading to the change
of particle number during the CO2 hydrate formation. On this
basis, this paper had carried on the statistics. The experimental
results were shown in Fig. 22–24.

It could be seen in Fig. 22–24 that the number of particles/
droplets in the system was roughly between 21 000–24 000 in
the stable stage before hydrate formation; while it reduced
signicantly in the process of hydrate formation to about
10 000–12 000. Moreover the number of particles/droplets in
the system vibrated markedly aer the hydrate formation due
This journal is © The Royal Society of Chemistry 2018
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Fig. 24 The trend of total number of particles/droplets during the
process of CO2 hydrate formation (20 Hz/1041 kg h�1).

Fig. 23 The trend of total number of particles/droplets during the
process of CO2 hydrate formation (15 Hz/754 kg h�1).

Fig. 22 The trend of total number of particles/droplets during the
process of CO2 hydrate formation (10 Hz/450 kg h�1).

Fig. 21 The cumulative particles/droplets chord length distribution
before and during CO2 hydrate formation (10 Hz/450 kg h�1).

This journal is © The Royal Society of Chemistry 2018
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to large particles was broken under the shear effect. Therefore,
we could monitor the total number of particles at all times
during the experiments so as to predict and characterize the
hydrate formation process.
4. Conclusions

(1) The CO2 hydrates might generate somewhere at the pipe wall
and then they gather together and nally block the pipe. Once
a blockage happened, restarting of the pump was not only of no
sense, but also might make this problem more serious.

(2) Under the same pressure condition, faster ow rate could
weaken the driving force of hydrate formation, increase the
starting temperature of blockage and lengthen the duration of
the rst plugging. Increasing velocity could promote the shear
of uid to the pipe wall, but this effect was not very obvious
during the plugging and gathering process. With the increase of
the ow rate, the inducing time of hydrate formation would
prolong, and the inuence of shear on nucleation would be
more obvious.

(3) Also, the dimensions of particles in the uid have been
changing throughout the hydrate formation process. It might
be inferred that the occurrence of hydrate blockage was time
dependent, and its relative time was affected by pressure as well
as ow rate in the system.
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