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A B S T R A C T

The flow characteristics of methane hydrate slurry formed from an 100% water cut system at a flow rate (mean
velocity) range from 0.62 to 3.84 m/s were experimentally investigated in a high-pressure flow loop. The effects
of hydrate volume fraction, tube diameter and flow rate on the flow regimes, pressure drops and the coefficients
of pipe friction were measured. The experimental results indicated that a turbulent flow took place easily at low
hydrate volume fraction region with a relatively high flow rate, while it transformed into a laminar flow with the
increase of the hydrate volume fraction. There existed a critical value of hydrate volume fraction where the
transition occurred. In the turbulent flow regime, the coefficients of pipe friction were close to that of the
continuous phase (water in this study) and the effects of hydrate volume fraction and flow rate could be ne-
glected. In the laminar flow regime, methane hydrate slurry could be considered as a pseudoplastic fluid and
presented shear-thinning behavior which got more obvious with the increase of the hydrate volume fraction. An
empirical Herschel-Bulkley-type equation was established based on the experimental data and the flow char-
acteristics of methane hydrate slurry could be estimated in pipes with different diameters based on the modified
hydrate volume fraction. It was of great significance for hydrate slurry transportation not exceeding the critical
value of hydrate volume fraction.

1. Introduction

Gas hydrates (also referred to as clathrate hydrates or just hydrates)
are a kind of ice-like solid compounds that form when light hydro-
carbons such as methane, ethane and propane come into contact with
water under suitable thermodynamically conditions (typically high
pressure and low temperature) (Englezos, 1993). Since the first dis-
covery by Hammerschmidt that gas hydrate formed in the oil pipes and
devices, gas hydrates has always been a safety issue in the petroleum
industry (Hammerschmidt, 1934). Hydrates readily form in the flow
lines transporting oil and gas which always contain produced water
giving rise to equipment blockage, operational problems, and safety
concerns (Caputo et al., 2015; Mehta et al., 2000; Sohn et al., 2015).
Recently, with the development of oil and gas production moving to-
wards deeper water, these problems have become more severe. Several
strategies have been taken to prevent the hydrates formation (Sloan,

2005). Traditional methods such as heating or thermal insulating, gas
dehydration, reducing pressures and addition of chemicals (such as
methanol, ethylene glycol) are the most common means (Creek, 2012).
These chemicals are thermodynamic hydrate inhibitors (THIs) which
could change the activity of water and depress the hydrate formation
region towards lower temperatures and higher pressures (Bavoh et al.,
2017; Ghiasi and Mohammadi, 2013; Keshavarz et al., 2013; Lafond
et al., 2012; Long et al., 2014; Sami et al., 2013). The strategy of these
methods was removing the system from entering the thermo-
dynamically stable condition for hydrate formation and preventing the
formation of hydrate completely. The development of phase equilibria
prediction has already provided acceptable hydrate avoidance ability
(Sloan and Koh, 2008). However, to be effective, THIs must be used in
large concentrations and the value will increase as more water would be
produced with the mature of the oil/gas fields. In this case, overuse of
THIs could result in an expensive cost, even do harm to the
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environment (Sloan, 2003). Recent report has also shown that high
concentration of THIs could have great influence on the rheology of
water-based drilling fluids in deepwater drilling and there are also
corrosion and incompatibility problems for the usage of the THIs (Zhao
et al., 2017).

Instead of preventing the formation of gas hydrates, a new type of
gas hydrate inhibitor has been proposed. They are low dosage hydrate
inhibitors (LDHIs), including kinetic hydrate inhibitors (KHIs) and anti-
agglomerants (AAs), which are effective at low concentrations (usually
less than 1wt%) (Creek, 2012; Kelland, 2006). They allow the pro-
duction of the fluids within the hydrate stable region while minimizing
the risk of plug formation. KHIs interfere with the formation of hydrate
crystals by retarding the hydrate nucleation time and/or slowing down
growth rate of crystals (Naeiji et al., 2014; Rad et al., 2015; Talaghat,
2014). In contrast, the AAs do not retard the formation of hydrate
particles, but prevent them from agglomerating and accumulating into
large masses (Creek, 2012). The adoption of LDHIs has changed the
situation from hydrate avoidance to risk management (Sloan, 2005).

As oil/gas fields mature, the amount of water produced increases
(high water cut system) increasing the cost of THI injection, thus THIs
are not good solutions. Besides, KHIs may be invalid when the sub-
cooling surpasses 10 K (Colombell et al., 2009). What's more, AAs are
usually applied in the oil-dominated systems and have been reported to
be ineffective beyond a water cut of 50 vol percent (Gao, 2009). High
water cut systems become a limitation on the oil production and re-
covery. Understanding of the hydrate plug formation mechanism was
the key in the development of hydrate risk management. The flow
characteristics of the hydrate slurry were also the most important as-
pect to predict the hydrate plug formation and guarantee the trans-
portation of the hydrate slurry.

In the past decades, ice slurry has been extensively investigated in
the thermal energy storage systems as a secondary refrigerant for dec-
ades (Ayel et al., 2003; Kauffeld et al., 2005; Kumano et al., 2010).
They are now investigated as analogues to hydrate-water slurries. Early
investigations of flow properties of hydrate slurry were conducted to
capture associated gas produced on offshore oil platforms (Andersson
and Gudmundsson, 1999, 2000). Sinquin et al. studied the effects of
hydrate particles size on the viscosity of hydrate slurry in the laminar
flow regime and the friction factor in the turbulent regime (Sinquin
et al., 2004). Darbouret et al. investigated the rheological properties of
tetra-n-butyl ammonium bromide (TBAB) hydrates suspensions through
flow rate and pressure drop measurements and observed Bingham be-
havior in laminar regime (Darbouret et al., 2005). Wang et al. in-
vestigated the flow characteristics of tetrahydrofuran (THF) and re-
frigerant (CH3CCl2F or HCFC-141b) hydrate slurry and a model was
developed for estimating flow assurance of hydrate slurries in pipelines
(Wang et al., 2008, 2010a, 2010b). Delahaye et al. studied the rheo-
logical properties of CO2 hydrate slurry in the presence of additives and
an empirical model was developed to describe its rheological behavior
(Delahaye et al., 2008, 2011). Flow and heat transfer characteristics of
TBAB hydrate slurry in the transition region was studied by Kumano
et al. and they thought that the laminarization point for the solid
fraction can be predicted using the apparent Reynolds number
(Kumano et al., 2011a, 2011b, 2012). Peng et al. investigated the flow
characteristics, shutting-down/restarting behavior and morphology of
hydrate slurries in an oil based system experimentally at different water
cut. They found that hydrate slurry exhibited shear-thinning behavior
and belonged to pseudoplastic fluid and its non-Newtonian behavior
became more obvious with increasing hydrate volume fraction in fluid
phase (Peng et al., 2012). Then Yan et al. conducted further in-
vestigation and extended the range of the shear rate and shutting-down
time (Yan et al., 2014). Similar results was found on the flow char-
acteristics, shutting-down/restarting behavior and morphology of hy-
drate slurries. Joshi et al. conducted extensive series of methane gas
hydrate formation and dissociation experiments and studied the effect
of mixture velocity and liquid loading on gas hydrate plug formation for

100 vol% water cut systems (Joshi et al., 2013). They proposed a gas
hydrate plugging mechanism for 100 vol% water cut systems that in-
volved a transition from homogeneous to heterogeneous suspensions of
gas hdyrate particles in water. Chen et al. conducted experiments from
three-phase (natural gas + water + diesel oil) flow systems in a
flowloop to study the hydrate formation and plugging mechanisms.
They found that the three-dimensional network of the disperse system
would change during hydrate formation and some of the oil was
squeezed out of the network (Chen et al., 2015). Aman et al. studied the
effect of gas velocity on hydrate formation and deposition rate visa a
single-pass, gas-dominant flowloop (Aman et al., 2016). Norris et al.
developed a new computationally efficient algorithm enable the rapid
assessment of hydrate plug formation risk in horizontal oil-continuous
flowlines through the inclusion of quantitative probabilistic descrip-
tions of key relevant phenomena (Norris et al., 2016). Our research
team previously investigated the formation kinetics and flow char-
acteristics of methane hydrate at low flow rates using an isochoric
method and a correlation between the gas hydrate concentration and
the pressure drop was presented (Tang et al., 2017).

As we can see, most of the experiments in the open literature were
conducted under low pressure conditions. There were few reports on
the flow characterises of the hydrate slurry in a high pressure flow loop
which could give us results closer to reality. Though several one were
mentioned, most were gas + oil + water systems. There were fewer
reports on the flow characteristics of hydrate slurry in high water cut
systems which were always encountered with the maturing of oil/gas
fields.

In this study, the flow characteristics of methane hydrate slurry
were investigated in a high-pressure flow loop in a 100% water cut
system under an isothermal and isobaric condition. The effects of hy-
drate volume fraction, tube diameter and flow rate on the flow regimes,
pressure drop and the coefficients of pipe friction were systematically
investigated. Morphologies of hydrate slurry during the process of hy-
drate formation were recorded. Based on the Herschel-Bulkley-type
equation, an empirical rheological model was proposed to predict the
pressure drops and the coefficients of pipe friction at different hydrate
volume fraction and flow rates.

2. Experimental methodology

2.1. Flowloop description

The schematic of the high-pressure flow loop system used in this
work was shown in Fig. 1. There has been a little modification of the
equipment from that used in a previous publication (Tang et al., 2017).
The main body of this flow system was a U-bend double pipe with a
total length of 51.85m and inner diameter of 25.4 mmmade of stainless
steel, which could sustain a system pressure up to 15MPa. The U-bend
double pipe had a horizontal section with a length of 42.35m and a
vertical section which was not used in this work. There was a section of
pipe could be changed and a 12mm-inner diameter pipe with a length
of 4.124m was used. The length of the 25.4mm-inner-diameter-pipe
section for pressure drop test was 28.5 m. The total volume of the flow
system used in this work was 30.4 L. There were three transparent
sapphire sections installed for us to clearly observe what was happening
throughout the process of the experiments. Two of them were located in
the middle of the horizontal section and the other in the vertical section
which was not used, and hence not shown in Fig. 1. One of the trans-
parent sapphire sections was equipped with a digital camera. The
temperature of the flow system was controlled by a refrigerating unit
with the temperature range of −20 to 50 °C.

Eight platinum resistance thermometers (PT100) with a maximum
uncertainty of± 0.1 K were used to monitor the temperatures of the
fluid in different sections of the testing system. Eight pressure sensors
(0–16MPa,± 0.25% FS) and two differential pressure transducers (0-
200 KPa,± 0.065% FS) were used to measure the pressures in the loop
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