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h i g h l i g h t s

� This work presents hydrate formation characteristics during cold restart operation.
� The hydrate blockage occured while varying mixing rate at 200, 400, and 600 rpm.
� Adding MEG 20.0 wt% to water phase suppressed the formation of hydrate blockage.
� KHI was effective to delay the hydrate onset, but eventually hydrate blockage was formed.
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a b s t r a c t

Hydrate blockage formation in offshore flowlines may induce production stoppage and operational haz-
ards. Previous work suggested the risk of hydrate blockage became highest for water and decane mixture
with 60% watercut, however the risk could be alleviated by adding a thermodynamic inhibitor along with
the kinetic hydrate inhibitor. This work presents the effect of adding the hydrate inhibitors on hydrate
blockage formation during cold restart operation, where the water and decane mixture stayed inside
the hydrate formation region without mixing for 10 h then executed mixing at constant stirring rates
of 200, 400, and 600 rpm. Depending on the mixing rate, liquid phase became stratified (200 rpm), partial
dispersing (400 rpm), and full dispersing (600 rpm). Without hydrate inhibitors, hydrates formed
instantly upon mixing of liquid phase with fast growth rate. The stirrer was eventually stopped due to
the formation of hydrate blockage within 13.9, 18.8, and 42.2 min for stratified, partial dispersing, and
full dispersing liquid phase, respectively. The resistance-to-flow could be estimated from the measure-
ment of torque changes during the hydrate formation. Sever torque spikes were observed for the water
and decane mixture without hydrate inhibitors. The hydrate growth rate decreases linearly as a function
of hydrate fraction in liquid phase, then it drops upon torque spikes, possibly due to agglomeration and
bedding of hydrate particles. Adding 20 wt% mono-ethylene glycol (MEG) to the water phase could sup-
press the torque spikes while hydrate formation proceeds to the final fraction, suggesting MEG may pre-
vent the agglomeration and bedding of hydrate particles for all flow regimes. However its performance
was limited at 10 wt% MEG concentration. The presence of kinetic hydrate inhibitor, Luvicap, was also
found effective to suppress the hydrate formation for 155.0 min at mixing rate of 200 rpm, however soon
lost its efficacy with increasing mixing rate to 400 and 600 rpm. These results suggested that the hydrate
formation mechanism during cold restart would be highly dictated by the mixing rate and corresponding
flow regime, thus appropriate hydrate inhibition strategy must be developed to manage its risk. For 10 wt
% MEG and 0.1 wt% Luvicap solution, hydrate formation initiated in interface between water and decane,
then proceeded to gas phase without affecting the resistance-to-flow. The performance of hydrate inhi-
bitors must be evaluated based on relevant data measurement and visual observation to better describe
the hydrate formation mechanism.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Gas hydrates are nonstoichiometric crystalline compounds,
consisting of host water and guest hydrocarbon molecules such
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as methane, ethane, and propane (Sloan and Koh, 2008). They are
formed through hydrogen bonding between water molecules
enclathrating guest molecules at high pressure and low tempera-
ture. These conditions can be readily found in subsea flowlines
transporting hydrocarbon fluids from subsea wells to offshore pro-
cessing facilities. As recent offshore oil and gas development
moves toward deep water region, the operation conditions of sub-
sea flowlines are prone to the formation of gas hydrates, which are
able to lead to a pipeline blockage. Industry practice has been rely-
ing on an injection of large amount of thermodynamic hydrate
inhibitors (THIs) to thermodynamically shift the operation condi-
tions of subsea flowlines outside of hydrate formation condition.
However significant investment is required to accommodate the
THIs handling systems such as large storage tanks, injection
pumps, subsea distribution pipelines, and costly regeneration pro-
cess, especially for monoethylene glycol (MEG) (Brustad et al.,
2005; Sanford and Alapati, 2011).

Therefore there have been intensive efforts to develop the
hydrate management strategy where the hydrate nucleation and
growth would be controlled to avoid the formation of hydrate
blockage. Alternative way to avoid large amount of THIs is kinetic
hydrate inhibitors (KHIs). They are water soluble polymers that
consist of a hydrophobic backbone with pendant groups which
can hydrogen bond with the hydrate crystals. KHIs can delay
hydrate formation by increasing the energy barrier to form hydrate
nuclei, or by adsorbing to the surface of the hydrate crystals
(Kelland, 2006). These include the homo- and co-polymers of N-
vinyl carprolactam (VCap) and N-isopropyl acrylamide (NIPAM).
However, performance of KHIs is affected by the subcooling tem-
perature, indicating the temperature difference between the
hydrate equilibrium temperature and the fluid temperature. In
addition to KHIs, anti-agglomerants (AAs) are typically ionic sur-
factants that, upon hydrate formation, minimize the interaction
between hydrate particles. Therefore, AA allows hydrate nucle-
ation, but prevent the aggregation of hydrate particles by reducing
the particle-particle interactions. The dispersed hydrate particles
result transportable slurry with liquid phase and the hydrate
blockage formation can be avoided. There are several examples
of AAs that have been applied in the field. (Kelland, 2006; Aman
et al., 2014) However, the AAs cannot be deployed when the water-
cut is high (>50%) because the transportability decreases due to
increased viscosity of liquid phase. Moreover, the environmental
impact of quaternary ammonium based AAs remains a concern
because they are biodegraded slowly and toxic, thus may induce
bioaccumulation (Kelland, 2006). Understanding of hydrate forma-
tion characteristics including hydrate onset time and growth rate
in the presence of hydrate inhibitors is central to address the effec-
tiveness of the hydrate management strategies.

Although there have been numerous application of KHIs and
AAs in offshore oil and gas fields, MEG is still a reliable solution
to avoid hydrate blockage formation in offshore flowlines. The
required concentration of MEG in aqueous phase to avoid hydrate
blockage may be more than 50 wt% in deep water or arctic oil and
gas fields, therefore a reduction in the MEG concentration can
result in significant investment saving. Our previous works sug-
gested that the growth rate of hydrates can be controlled in the
MEG concentration lower that the value required to fully avoid
the hydrate formation, so called under-inhibition with MEG (Kim
et al., 2014; Sohn et al., 2015; Kim et al., 2017). Hydrate fraction
in liquid phase maintained less than 28 vol.% with negligible
resistance-to-flow in MEG 20 wt% solution, although the required
MEG concentration was 42 wt% to thermodynamically avoid the
hydrate formation. Similar observation was made by
Hemmingsen et al. (2008), Li et al. (2011), and Akhfash et al.
(2013). However it has not yet been studied whether the under-
inhibition is effective for the subcooled hydrocarbon fluids in

extended shut-in and cold restart operation. During the extended
shut-in period of subsea flowlines, the temperature and pressure
of hydrocarbon fluids may be shifted into the hydrate formation
region as fluid temperature would decrease down to seabed tem-
perature. Coexisting three phases, natural gas, oil or condensate,
and water, would be separated into layers due to lack of mixing
exerted by fluids flow. Flowloop experiments suggested that gas
hydrates formed as a thin layer in interface between oil/conden-
sate and water during the shut-in period, however subsequent cold
restart of the fluids resulted the fast growth of the hydrate particles
in liquid phase and the formation of hydrate blockage eventually
(Joshi et al., 2013). Aman et al. (2015) represented that hydrate
growth rate was faster up to order of magnitude in cold restart
experiment than the continuous cooling with mixing experiment.
They suggested that kinetically limited initial growth rate
increased with Reynolds number and higher rates of initial shear
exerted on the hydrate film broke it into smaller pieces that would
catalyze fast growth of hydrate particles. Industry reports also sug-
gested that the risk of hydrate blockage formation would be much
higher in cold restart operation as its formation rate was almost
instant and there would be limited time to avoid. Mehta et al.
(2002) reported continuous pressure increase for almost five days
in the subsea flowline since the onset of hydrate formation was
detected during normal production operation. The temporary
injection of additional methanol into the flowline removed the
hydrates obstruction and restored normal gas production. Kashou
et al. (2004) reported that 10 in. gas pipeline was plugged within
an hour due to hydrate blockage upon cold restart operation. They
spent three days to remediate the hydrate blockage and to resume
the gas production. Other reports also indicated that hydrate for-
mation upon cold restart operation induced instant production
stoppage. The remediation procedure must be pre-established
and initiated quickly to remove the hydrate blockages (Kane
et al., 2008; Zabaras and Mehta, 2004; Bilyeu and Chen, 2005).
Therefore the prime objective of this work is to investigate the
hydrate formation characteristics including hydrate onset time,
growth rate, hydrate fraction, and resistance-to-flow to verify the
effectiveness of under-inhibition with MEG during cold restart
operation.

Sohn et al. (2015) showed significant increase in the motor tor-
que required to mix the hydrocarbon fluids along with the hydrate
particles at constant rotational speed, thus qualitatively suggesting
the increase of resistance-to-flow in the presence of agglomerating
or bedding of hydrate particles. The resistance-to-flow showed
severe fluctuation in case of hydrate formation in liquid mixture
having water volume fraction of 60%. Aman et al. (2011) demon-
strated that the cohesion force becomes higher when water is pre-
sent between hydrate particles in a cyclopentane phase. This
enhances sintering of the hydrate particles by formation of a
hydrate-bridge between particles. Recently Akhfash et al. (2016,
2017) suggested a new conceptual mechanism for hydrate block-
age formation based on disruption of phase interface in partially
dispersed systems. Moreover the FBRM measurements suggested
that the onset of a moving hydrate bed may occur at much lower
hydrate concentrations than those inferred frommacroscopic mea-
surement techniques. The changes of slurry density and the parti-
cle chord length distribution suggested the agglomeration was
highest in the slug flow, while the deposition was highest in the
annular flow. (Ding et al., 2017) A high pressure rocking cell study
suggested that the relative motion of hydrates to the cell wall and
the final morphology of the hydrate chunks are found to be two
critical parameters for evaluating hydrate deposition characteris-
tics in the flow system. (Zhao et al., 2017) Therefore the other
objective of this work is to address the mechanism of hydrate
blockage formation in segregated, partial dispersing, and full dis-
persing systems. A high pressure autoclave was used to simulate

Y.H. Sohn, Y. Seo / Chemical Engineering Science 168 (2017) 444–455 445



Download English Version:

https://daneshyari.com/en/article/4763940

Download Persian Version:

https://daneshyari.com/article/4763940

Daneshyari.com

https://daneshyari.com/en/article/4763940
https://daneshyari.com/article/4763940
https://daneshyari.com

