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Hydrate risk management strategy has become a promising way of dealing with hydrates in subsea

transportation pipelines in recent years. In this way, hydrates are allowed to form in the pipeline and are

treated as a slurry flow with the help of anti-agglomerants. This work investigated the effect of hydrate

formation on the flow friction factor in water in oil (W/O) emulsion systems. A series of hydrate

formation and slurry flow experiments were conducted using a high pressure flow loop. Results show

that the friction factor is in direct proportion to the volume fraction of hydrates formed, as it increases

significantly after hydrate formation onset and then increases gradually with hydrate growing. A novel

method is proposed in this work to amend the effective hydrate volume fraction and take into account

the effect of hydrate agglomeration and water occlusion. In addition, it is found that the slurry flow

velocity has a significant effect on the friction factor variation. As a larger flow velocity can lift the

particles suspension height and cause the particles to be away from the pipe wall surface, so it gives

a smaller friction factor by reducing the collisions between hydrate particles and the pipe wall surface.

With the modified effective hydrate volume fraction and particle chord length distribution data, a model

is proposed to estimate the hydrate caused friction factor in W/O emulsion systems, which shows

a good prediction accuracy in 10% and 20% water cut conditions.
1. Introduction

As oil and gas industries move into deeper water, the gas
hydrate1 has been a major hazard in deep-sea oil and gas ow
assurance due to the operating conditions of high pressure and
low temperature.2 It has been reported that hydrates can form in
the deep sea ow line,3 blocking and damaging the oileld
station equipment and even causing casualties.4,5 Traditional
ways of hydrate prevention have been used for decades in the
oileld production, including thermal insulation, low pressure
operation and thermodynamic inhibitor injection and so on.6,7

But these traditional ways are gradually being exposed to have
some disadvantages that are unacceptable in future eld
production, such as the large usage amount and the high
economic costs.8 Currently, the oil and gas industries are in
transition from hydrate avoidance to hydrate risk management
using the low dosage hydrate inhibitors (LDHI), including the
kinetic hydrate inhibitors (KHI) and the anti-agglomerants
(AA).9–11 In the hydrate risk management strategy, hydrates are
allowed to form in ow line but the agglomeration between
hydrate particles is controlled to avoid hydrate plugging. Thus,
eline Safety, MOE Key Laboratory of
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as hydrates form in the ow line, the petroleum product will be
transported as a slurry ow.12,13 In this way, introduction of the
hydrate solids may have a signicant effect on the uid ow
properties.

Rheological properties of the hydrate slurry ow has been
widely studied in recent years and most of these studies sug-
gested that the hydrate slurry showed a shear thinning prop-
erty.14–17 The equation proposed by Mills is widely used to
estimate the hydrate slurry viscosity, which is well adapted to
hard spheres of equal size and accounted only for hydrody-
namic interactions.18 But this model ignored that the agglom-
eration between hydrate particles will signicantly affect the
slurry ow property.

Camargo and Palermo improved the rheological model of
Mills by introducing an effective hydrate volume fraction that
could be calculated from the data of the hydrate particle size.19

This model accounted for the effect of hydrate particle
agglomeration and could better predict the pressure drop in
laminar slurry ow. In addition, their results showed that the
friction factor in turbulent ow was linear with the water cut
(water volume fraction in liquid phase), which as they deduced
on one hand could be due to the friction and collisions between
hydrate particles and the pipe wall, and on other hand might be
due to the hydrates modied the pipe roughness.

Doron et al. studied the hydrate slurry ow in low ow rate
conditions and found that hydrates would form a stationary/
This journal is © The Royal Society of Chemistry 2018
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View Article Online
moving layer in these ow rates.20 This hydrate layer would
diminish as the ow rate increases. In addition, they built
a three layer model to calculate the slurry ow pressure drop,
which showed a satisfactory agreement with the experimental
data. Their study provides another way to explain the thinning
property of hydrate slurry, in which the interaction between the
hydrate particles and pipe wall surface is considered.

Peysson et al. also suggested that the collision process
between hydrate particles was a dominant factor in hydrate
slurry ow property, which would contribute to the increase of
friction factor aer hydrate formation.21 They believed that the
friction factor caused by particle collision was mainly deter-
mined by the particle size, particle density, and particle volume
fraction and ow velocity.

Hald et al. studied the hydrate slurry rheology with sulfur-
hexauoride in a stirred reactor and found that the particle
migration could affect hydrate slurry viscosity apparently.22

Their results showed that the slurry viscosity was shear thinning
and was in linear with hydrate concentration. But sometimes in
high shear rate conditions, shearing thickening also occurred.
They gave a possible explanation of hydrate particle resus-
pension in the measurement region.

Joshi et al. studied the hydrate slurry ow properties in high
water cut systems.23 They divided the hydrate slurry ow into
three stages: stage I consists of constant pump DP, stage II
consists of a sharp increase in the pump DP, and stage III
consists of large uctuations in the pump DP. They believed this
stage transition was due to the heterogeneous distribution of
hydrate particles. Based on this result, a mechanism for hydrate
plug formation was proposed which involved the transition
from a homogeneous suspension (stage I) of hydrate particles to
heterogeneous suspension (stage II) leading to increased
particle interaction and agglomeration, ultimately leading to
the formation of a hydrate bed and wall deposit (region III).

We believe the ow property of hydrate slurry is a complex
problem that should be associated with particle properties,
particle agglomeration and distribution and so on. In this work,
changes of the friction factor before/aer hydrate formation
were studied in a W/O emulsion system using a high pressure
ow loop. Increase of the friction factor aer hydrate formation
was analysed based on a force analysis of suspended hydrate
particles. Effect of the ow velocity and particle distribution on
the hydrate caused friction factor was studied. In addition,
a model was proposed to estimate the hydrate caused friction
factor increase from the particle properties and ow velocity.

2. Experimental section
2.1. High pressure hydrate ow loop

Experiments in this work were conducted using a high pressure
hydrate ow loop, which was constructed by China University of
Petroleum-Beijing. Structure and schematic of the ow loop are
shown in Fig. 1.24 The loop is made of carbon steel pipe with an
internal diameter of 25.4 mm and the total length of the test
section is 30meters. Design pressure of the loop is 15MPa and the
operating temperature ranges from�20 �C to 100 �C. The loop can
be pressurized by injecting natural gas from a high pressure gas
This journal is © The Royal Society of Chemistry 2018
cylinder that with an internal pressure of 15 MPa. The operating
temperature is controlled by a coated pipe in pipe system, in which
the coolant is circulated by four Julabo glycol baths (Julabo FP-51).
Flow velocity of the liquid material can be adjusted by a high
pressure magnetic centrifugal pump, ranging from 0.1 m s�1 to
1.34 m s�1. 8 thermocouples (Kunlun KAWP-241) and 5 pressure
transducers (Endress Hauser D7012A0109C) are equipped on the
test section, of which the precision is 0.1 K and 0.01 kPa respec-
tively. During the experiments, the hydrate formation onset can be
conrmed by the sudden increase of the uid temperature. And
the slurry ow friction factor can be estimated from the pressure
difference before and aer the test section. In addition, a Focused
Beam Reectance Measurement (FBRM) probe (METTLER
TOLEDO G600) and a particle video microscope (PVM) probe
(METTLER TOLEDO V819) are equipped on the section of liquid
entrance to monitor the hydrate particles property. All the experi-
mental data are collected by a LabView data acquisition system for
further analysis. For more details of this ow loop, please refer to
our previous work.25
2.2. Materials and procedure

Materials used in this work include deionized water, #-10 diesel
oil and civil natural gas. The civil natural gas was from Shanjing
transportation pipeline in China, composition of which is shown
in Table 1. In addition, hydrate anti-agglomerant which provided
by the Chemical Engineering Department of China University of
Petroleum-Beijing was used in all the experiments to prevent
hydrate plugging. This AA is extracted from a saponins plant and
has been proved to have a good performance on promoting the
dispersity of both water droplets and hydrate particles.26

The experimental procedure is as follows:
(1) In order to eliminate the inuence of air, a vacuum pump

is used to vacuumize the loop.
(2) Add specied volume of water and diesel oil through the

feed inlet. The total volume of the liquid was 50 liters and the
water volume fraction in our work was 10%, 20% and 30%. And
then, 1% AA was injected into the loop using a hand pump.

(3) Inject methane gas into the loop using a high pressure
gas cylinder until the experimental pressure (6 MPa in this
work) was reached. This process was repeated several times
until the pressure stabilized at the experimental pressure.

(4) Set the bath temperature at 0 �C and then adjust the
pump speed to circulate the liquid at a specic velocity. During
this period, the liquid temperature dropped and hydrate would
form when a critical supercooling point was reached.

(5) As hydrate formed in the ow loop, operating parameters
would change with time. All these changes were recorded by the
data acquisition system. When the data became stable, increase
the bath temperature up to 30 �C and decompose the hydrates.
3. Results and discussion
3.1. Typical results of hydrate formation and slurry ow
experiments

In this work, volume fraction of the hydrates formed was
calculated through gas consumption amount as follows:
RSC Adv., 2018, 8, 11436–11445 | 11437
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Fig. 1 Photograph and schematic program of the flow loop.25
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The gas consumption amount is calculated through the
pressure difference before and aer each experiment:

ng ¼ P1V

zRT1

� P2V

zRT2

(1)

where ng is the number of moles of gas consumed (mol), P1 is
pressure before hydrate formation (Pa), P2 is pressure aer
hydrate complete formation (Pa), V is gas volume in the sepa-
rator (m3), z is compressibility factor in experimental pressure, R
is gas constant (J mol�1 K�1), T1 is temperature before hydrate
11438 | RSC Adv., 2018, 8, 11436–11445
formation (K), T2 is temperature aer hydrate formation
completed (K).

Then, volume fraction of the hydrates formed can be calcu-
lated through:

4H ¼ VH

Vtotal

¼ ngMg þNngMw

rHVtotal

(2)

where 4H is hydrate volume fraction, VH is hydrate volume (m3),
Vtotal is total volume of the uid in pipe (m3), Mg is the molar
mass of natural gas (kg mol�1), N is hydration number, Mw is
This journal is © The Royal Society of Chemistry 2018
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Table 1 Composition of civil natural gas25

Composition mol% Composition mol%

N2 1.53 C3 3.06
CO 2.05 iC4 0.33
CO2 0.89 iC5 0.04
C1 89.02 nC6+ 0.01
C2 3.07 — —
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the molar mass of water (kg mol�1), rH is hydrate density
(kg m�3).

The friction factor of hydrate slurry ow was calculated using
the pressure drop along the full pipe length as:

DP ¼ f
L

R
rU2 (3)

where DP is the pressure drop (Pa), f is the friction factor, L is
the ow loop length (m), R is the pipe radius (m), r is density of
the uid in pipe (kg m�3), U is the ow velocity (m s�1).

Results of the experiment with a velocity of 0.38m s�1 is used
here to show the typical results of hydrate formation and slurry
ow experiments, as shown in Fig. 2. The whole process can be
divided into three parts: (1) as the temperature reaches the
hydrate equilibrium point, the ow system goes into hydrate
formation induction period, which is necessary for the
appearance of the very rst hydrate cluster of supernucleus size;
(2) as hydrate crystallization is an exothermic reaction, the rapid
increase of uid temperature indicates the end of the induction
period and the beginning of the hydrate formation and growth
period. In this period hydrate volume fraction increases rapidly,
accompanied with the decrease in ow rate and increase in
friction factor. (3) Then when hydrate ceases to grow, the ow
system goes into a period of stable slurry ow, in which the
friction factor and ow rate stop changing, and oat up and
down around a constant value. This typical result indicates that
the hydrate formation and growth can cause a signicant
increase of the friction factor in ow system. On one hand, this
friction factor increase might be caused by the increasing
hydrate volume fraction as we can see that the friction factor
has the same increasing trend with the hydrate volume fraction.
Fig. 2 Results of experiment at the condition of 0.38m s�1.

This journal is © The Royal Society of Chemistry 2018
On the other hand, collision between hydrate particles and
between hydrate particles and pipe wall surface, as well as the
hydrate agglomeration and deposition can also cause the fric-
tion factor to increase.

To study the additional friction factor that caused by
hydrates, we separate the total friction factor into two parts:
friction factor caused by the carrying liquid – f1, which is esti-
mated to be equal to the total friction factor before hydrate
formation; and the additional friction factor that caused by
hydrates – f2. Thus for a stable slurry ow, the ow loop pressure
drop can be predicted using:

DP ¼ ðf1 þ f2ÞL
R
rU2 (4)
3.2. Hydrate caused friction factor in conditions of different
ow velocities

For 10% water cut condition, variation of the hydrate caused
friction factor with different ow rates are shown in Fig. 3. To
make sure that the system formed a laminar ow, the velocity
range was selected between 0.38 m s�1 to 1.29 m s�1 and the
corresponding Reynolds number was between 616 and 2091.
From Fig. 3 we can see the hydrate caused friction factor
decreases apparently when the velocity increases from
0.38 m s�1 to 0.59 m s�1. While the velocity effect seems to be
smaller as the velocity keep increasing further. When the
velocity is bigger than 0.93m s�1, its effect on the friction factor
is counter-intuitive. This indicates that the effect of hydrate
particles on slurry ow property is less intuitive in higher ow
rate conditions.

As the hydrate caused friction factor is mainly due to the
agglomeration and collision between hydrate particles, it
should be a function of the ow rate and the hydrate particle
properties, such as particle size, volume fraction and density
etc. In liquid–solid slurry ow, the shear force on pipe wall
caused by solid particles can be estimated by27
Fig. 3 Variation of the hydrate caused friction factor with different
velocities.

RSC Adv., 2018, 8, 11436–11445 | 11439

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra13495a


Fig. 4 Hydrate formation and agglomeration process recorded by the PVM probe at a magnification of 200 : 1. (a) Water droplets dispersed in oil
phase; (b) hydrate shell start forming on a water droplet; (c and d) agglomeration between hydrates and water droplets; (e) hydrate-water mass
growing; (f) hydrate-water mass with occluded water phase (similar process has been introduced in ref. 25).
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ss ¼ rsd
2f ð4Þg2 (5)

where ss is the ow shear force on pipe wall surface (Pa), rs is the
density of solid particle (kg m�3), f(4) is a factor associated with
the solid volume fraction, g is the surface shear rate (s�1).

Then, for a control volume in pipe ow the following equa-
tion is true:

ss � 2pRL¼DP � pR2 (6)

where DP is the pressure drop (Pa), R is the pipe radius (m), L is
the pipe length (m).

Combine eqn (4)–(6) and we can get

f2 ¼ KðUÞ rs
r
f ð4Þ

�
dp

D

�2

(7)

K(U) is a factor that depends on the ow velocity, r is the
density of the liquid bulk (kg m�3) and D is the pipe diameter
(m).
11440 | RSC Adv., 2018, 8, 11436–11445
Dening the relationship between f(4) and the real volume
fraction of hydrates formed is important for the f2 calculation.
This depends on in which way and in which system that the
hydrates formed. For the systems with a same hydrate volume
fraction, the effective hydrate volume fraction could be signi-
cantly different due to different agglomeration form. Sinquin
et al. proposed a method for W/O emulsion systems, in which
they introduced the data of particle size and the particle fractal
coefficient to quantify the effect of hydrate agglomeration on
hydrate effective volume fraction.19 However, based on the PVM
results from our experiments, we made some improvements on
Sinquin's method to consider the contribution of the uncon-
verted water phase.

Fig. 4 shows the images recorded by the PVM probe, from
which we can clearly see the whole process of hydrate forma-
tion, growth and agglomeration in a W/O emulsion system. At
the very beginning, it can be seen that the water droplets
disperse in oil bulk phase (Fig. 4a). Then aer the hydrate
formation induction period, hydrates tend to form a hydrate
shell on the dispersed water droplets, occluding some water
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Variation of the solid volume fraction with time.

Fig. 6 Chord length variation of hydrate particles in different flow
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phase inside (Fig. 4b). Then as the hydrate particles move with
liquid ow, some of the particles would collide with the
unconverted water and agglomerate into a larger hydrate-water
mass. This would occlude more water phase, forming a complex
hydrate-water agglomerate (Fig. 4c and d). Then as the hydrate-
water agglomerate keep growing, water phase is occluded in the
hydrate mass permanently (Fig. 4e and f). Therefore, when
hydrates are fully grown and the system runs into a nal stable
state, most of the unconverted water phase is occluded in the
hydrate masses. This indicates that the solid phase in hydrate
slurry ow is not only constituted by hydrates and we must take
the occluded water into account when calculating the effective
solid fraction. This can be supported by the study from Peysson
et al.,21 who found the friction factor increase is linear with the
water cut. Their study indicated the unconverted water phase
did have an effect on the friction factor increase. In addition, we
can note that in Fig. 4f there is very little free water phase in the
system when the hydrates are fully grown. We believe most of
the unconverted water is occluded in the hydrate agglomerates
and it also should be counted in the solid volume fraction. Thus
we set the solid volume fraction as sum of the hydrate volume
fraction and the unconverted water volume fraction and
substitute this into Sinquin's equation,19 then we can get the
complete form of eqn (7):

f2 ¼ KðUÞ rs
r

"�
4H þ 4

0
w

��dp
d0

�3�fr
#�

dp

D

�2

(8)

where 4H is the hydrate volume fraction, 40
w is the volume

fraction of the unconverted water, fr is the hydrate particle's
fractal dimension and d0 is the diameter of initial hydrate
particles, which can be estimated by the water droplet diameter
before hydrate formation.

4
0
w can be calculated from the gas consumption amount ng.

As we know, in an entire hydrate molecule the ratio of the water
molecule number to the gas molecule number is constant, that
is the hydration number N. Aer calculating the gas consump-
tion amount ng from eqn (1), we can get the water consumption
amount by ng plus N. Then the unconverted water volume
fraction can be obtained by:

4
0
w ¼ mw � ngNMw

rwVtotal

(9)

where mw is the total mass of water added (kg), rw is the density
of water (kg m�3). Result of the effective solid volume fraction is
shown in Fig. 5.

Another parameter that we need to use in eqn (8) is the
particle size. In Sinquin's study the agglomerate diameter was
estimated by considering the balance between the shear stress
and the force of adhesion between hydrate particles. In this
work, particle mean chord length data is used to represent the
particle size variation, which can be easily obtained in real-time
with help of the FBRM probe. The particle chord length varia-
tion with time is shown in Fig. 6. Before hydrate formation, the
chord length data was the chord length of water droplets, which
stayed at a smaller and constant value. Then when hydrate
formation onset, the chord length data began to increase
This journal is © The Royal Society of Chemistry 2018
sharply. This was because part of the water droplets were
covered with the newly formed hydrate shell. As they moved
with the uid they collided and agglomerated with other
uncovered water droplets, forming large hydrate-water masses.
Then as hydrate grew gradually, these hydrate-water masses
would break into smaller ones due to the uid ow shear force.
So the particle chord length decreased aer the initial
agglomeration stage. When the hydrates ceased to grow,
particle chord length would stabilize at a constant value. We can
see from Fig. 6 that as the velocity increases, the nal stable
value of the particle chord length decreases gradually, which in
sequence is 47 microns, 44 microns, 41 microns and 38
microns. This indicates that the hydrate particle agglomeration
degree will be reduced in higher ow rate conditions due to the
increasing ow shear rate. This is also one of the reasons why
the hydrate caused friction decreased with ow rates (Fig. 3).

Aer obtaining the particle chord length and the effective
hydrate volume fraction, we can then regress the factor K in eqn
(8) from the experiment data. As the hydrate slurry ow is very
complicated with random hydrate agglomeration and
rates (sudden increase represents the hydrate formation onset).

RSC Adv., 2018, 8, 11436–11445 | 11441
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Fig. 8 Diagram of the forces acting on the suspended particles.
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deposition, in this study we mainly focus on the friction factor
at the nal stable state when all the hydrates have been fully
grown. Fig. 7 shows the changes of K values with different
velocities. It decreases apparently when the velocity increases
from 0.38 m s�1 to 0.93 m s�1, while if the velocity keeps
increasing over 0.93 m s�1 it will stabilize at a constant value. By
tting the experimental data we found that the factor K can be
estimated through the following equation:

K ¼ (23.59 e�U/0.158 + 1.028) � 104 (10)

As we know the hydrate caused friction factor is mainly
caused by the collision between hydrate particles and between
hydrate particles and the pipe wall surface. Once the hydrate
volume fraction and the hydrate particles' properties (density
and size etc.) are xed, ow rate would affect the friction factor
mainly by changing the particles distribution and interaction.
For a suspended particle in laminar ow, the force condition
acted on it is shown in Fig. 8. The li force is generated due to
the velocity gradient on the top and bottom sides of the hydrate
particle – the Saffman li force,28 which can be estimated
through

Fu ¼ Dp
1

4
pd2

p ¼ rðDuÞ2
2

1

4
pd2

p (11)

where Dp is the pressure difference between the top and the
bottom of the hydrate particle (Pa), Du is the velocity difference
between the top and the bottom of the hydrate particle
(m s�1).

In laminar ow, we have

s2prL ¼ m
du

dr
2prL ¼ DPpr2 (12)

Then we can get

du ¼ DPr

2mL
dr ¼ 16Ur

D2
dr (13)
Fig. 7 Variation of K with different velocities.

11442 | RSC Adv., 2018, 8, 11436–11445
where r is the distance between the hydrate particle and the pipe
axis (m), s is the shear force position r (N mm�2), m is the
viscosity of the bulk liquid. Then, the velocity difference
between the top and the bottom of a hydrate particle can be
estimated by

Du ¼
ðrþdp

r

16Ur

D2
dr (14)

Substituting eqn (14) to (11) we can get

Fu ¼ rðDuÞ2
2

1

4
pd2

p ¼ 32rpU2d2
p

D4

�ðrþdp

r

rdr

�2

(15)

The net gravity can be calculated by

G ¼ 1

6
pd3ðrs � rÞ (16)

In a laminar ow system, the velocity gradient is 0 at the pipe
axis and gradually reaches a maximum value at the pipe wall
surface. As a larger velocity gradient gives a larger li force, thus
it is easier for a particle to suspend when it gets closer to the
pipe wall surface. We dene h as the height of a hydrate particle
from the pipe wall surface, and hc as the critical height at which
the li force is equal to the particle's net gravity. We can get this
height h by R minus r. Then, the particles under hc would be
lied up and the particles above hc would move downward. As
a result, the hydrate particles would suspend densely around
the critical height, owing forward and uctuating up and
down, as shown in Fig. 9. As we know, the velocity distribution
in laminar ow varies with the mean ow rate. So the critical
height for particle suspension is also different in different
velocity conditions. For each of the above velocity conditions,
the corresponding hc can be calculated by eqn (14) and (15) and
the results are shown in Fig. 10. We can notice that as the ow
Fig. 9 Schematic diagram of the hydrate particle trajectory.

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 The critical radius for particle suspension in different velocity
conditions.
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velocity increases, the critical suspension height becomes larger
and the suspended hydrate particles approach gradually to the
pipe central axis. That way, the collision between hydrate
particles and pipe wall surface will be signicantly reduced.
This is very likely why the factor K reduces with the increasing
velocity. Combine this with the result in Fig. 7 and we can notice
that when the particle suspension height is smaller than 9.03
mm, the height variation can signicantly affect the factor K;
however, if the suspension height is larger than 9.03 mm, the
factor K will no longer change with the suspension height. This
critical height value is about 71.1% of the whole pipe radius R.
Thus we can suggest that the region above 71.1% of the pipe
radius is an optimal ow region for solid particles. In this
Fig. 11 (a) Friction factors without hydrate; (b) friction factors with
hydrate.

This journal is © The Royal Society of Chemistry 2018
region, the friction and collision between hydrate particles and
pipe wall surface can be ignored and so in this region the fric-
tion factor has the minimum value. Also, in this region the
friction factor almost doesn't change with the ow rate, which
means the particle ow in this region is quite stable. For an
actual running pipeline, if we make the hydrate particles ow in
this optimal region by controlling the ow rate, we can not only
reduce the operating energy consumption but also keep the ow
line running stably.
3.3. Comparison with the experimental data

With the model proposed in Part 3.2 we can estimate the fric-
tion factor of a stable hydrate slurry ow in different velocities.
A series of velocity regulation experiments with/without
hydrates were carried out in a 10% water cut and 1% AA
system to verify the accuracy of this model. Fig. 11 (a) shows the
friction factor variation with different velocities in a condition
without hydrate formation, in which the system formed a stable
water/oil emulsion. Seven different velocities were tested from
0.4 m s�1 to 1.49 m s�1. It can be seen that as the velocity
increased, the friction factor decreased gradually from 0.0105 to
0.0082. These values can be regarded as the f1 in eqn (4), rep-
resenting the friction factors prior to hydrate formation. By
contrast, aer hydrate formation, variation of the friction factor
with different ow velocities is shown in Fig. 11 (b). Before
measuring this friction factor, we kept the system running at
6 MPa and 0 �C for at least 10 hours (depends on the duration of
induction period) until the hydrates were fully formed and
grown. This can be conrmed through the experimental pres-
sure variation. When the pressure of the experimental system
stops dropping and becomes stabilized, we assume that the
hydrate growing process ceases. Then, the system was stabilized
at a relatively small velocity for several hours, aer which the
pump speed was gradually lied up to test the friction factor in
different velocities. In this case the volume fraction of hydrates
formed was 6.95% and the volume fraction of the unconverted
water phase was 4.33%. We assumed these two parameters
Fig. 12 Variation of the hydrate-caused friction factor with different
velocities in 10% water cut system.
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Table 2 List of the model prediction error

Water cut
(%)

Velocity
(m s�1)

Experimental
f2-average

Predicted
f2

Deviations
(%)

10 0.40 0.01988 0.02043 2.77
0.58 0.01298 0.01175 �9.48
0.76 0.0074 0.00864 16.76
0.92 0.00579 0.00548 �5.35
1.09 0.00464 0.00526 13.36
1.24 0.00501 0.00519 3.59

20 0.52 0.01821 0.01969 8.13
0.71 0.01248 0.01307 4.73
0.90 0.01023 0.01095 7.04
1.07 0.01016 0.01012 �0.39
1.25 0.00975 0.00966 �0.92
1.43 0.00928 0.00960 3.45
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didn't change when changing the ow rate. In addition, varia-
tion of the particle chord length during this process is also
shown in Fig. 11(b). Even though the hydrate was already fully
formed before changing the velocity, the particle chord length
still decreased when the velocity increased as some of the
hydrate particles could be broken by the increasing ow shear
force. We can note in Fig. 11(b) that the amplitude of the fric-
tion factor variation aer hydrate formation is much larger than
that before hydrate formation, which can range from 0.013 to
0.031. This indicates the effect of velocity is strengthened with
the presence of hydrate particles.

By comparing the friction factors with/without hydrate, we
can get the hydrate caused friction factor-f2 for different veloc-
ities as shown in Fig. 12. The ction factor shows an obvious
jump at the velocity transition point, while for a constant
velocity the friction factor is basically stable. With eqn (8) and
(9) we can calculate the hydrate caused friction factor in each
ow velocity, the result is shown by the red line in Fig. 12. We
can see that except for the transition parts between each
velocity, the above model can predict the hydrate-caused fric-
tion factor accurately. Prediction deviations between the
average experimental friction factor and the predicted friction
Fig. 13 Variation of the hydrate-caused friction factor with different
velocities in 20% water cut system.

11444 | RSC Adv., 2018, 8, 11436–11445
factor are shown in Table 2. The deviations are relatively larger
for conditions of middle velocities and the maximum deviation
value is 16.76%.

Same method was used to validate the model's accuracy in
a 20% water cut system and the results are shown in Fig. 13. In
this case, the hydrate volume fraction was 5.9% and the un-
converted water volume fraction was 17.9%. Six different
velocities were tested, ranging from 0.52 m s�1 to 1.43 m s�1.
The prediction deviations are shown in Table 2, in which we can
see that the maximum deviation is 8.13% for the 0.52 m s�1

condition.

4. Conclusions

In recent years hydrate risk management strategy has become
a promising method in the eld of subsea ow assurance, in
which it forms a hydrate slurry ow in the transportation
pipelines. However, when hydrates form in the pipeline, ow
property of the uid inside would change signicantly. The
present study investigated the characteristics of the friction
factor of hydrate slurry ow in water/oil emulsion systems.

As hydrates form and grow in the liquid phase, the ow
friction factor shows a signicant increase. The increase of
friction factor is in direct proportion with the amount of hydrate
formed. Then when the hydrates are fully grown, it forms
a stable hydrate slurry ow in the pipeline and the friction
factor would stabilize at a constant value. Our experiments show
that this nal constant value varies with different ow veloci-
ties. That is as the velocity increases, the nal stable friction
factor will decrease apparently at rst and then keep stable at
a relatively small value. This phenomenon is very similar to the
slurry shear thinning property that has been proposed by many
researchers. A reasonable explanation was proposed by ana-
lysing the hydrate particle's force condition and distribution
along pipe radius. According to the force analysis result, the
hydrate particles in pipeline slurry ow have a critical suspen-
sion height, which varies with different velocities. For a smaller
velocity, this critical suspension position is closer to the pipe
wall bottom surface; and as the velocity increases, this critical
position gradually moves away from the bottom surface and
gets closer to the pipe axis. During this process, the collision
between the hydrate particles and the pipe wall surface would
weaken gradually. Therefore, the hydrate caused friction factor
decreases with the increasing velocity. This explanation also
gives a novel perspective to analyse the shear thinning property
of hydrate slurry. Based on this analysis, we proposed an
optimal ow region for hydrate particles: the region above
71.1% of the pipe radius (may vary with different experimental
systems and particle parameters). In this region, the friction
and collision between hydrate particles and pipe wall surface
can be ignored and so in this region the friction factor has the
minimum value. Also, in this region the friction factor almost
doesn't change with the ow rate, whichmeans the particle ow
in this region is quite stable. For an actual running pipeline, if
we make the hydrate particles ow in this optimal region by
controlling the ow rate, we can not only reduce the operating
energy consumption but also keep the ow line running stably.
This journal is © The Royal Society of Chemistry 2018
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In addition, a model associated with particle properties and
slurry ow velocity was proposed in this work to estimate the
hydrate caused friction factor. A new method was used in this
model to quantify the effective hydrate volume fraction,
considering not only the hydrate volume fraction but also the
volume fraction of the unconverted water phase. This method
enabled the model to be more reasonable and closer to the
engineering practice. By comparing the experimental data and
the model predicted results, this model has been veried to
have a good prediction accuracy for 10% and 20%water cutW/O
emulsion systems.
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