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Gas hydrate is a type of ice like crystals, which could widely form and plug the offshore oil
and gas pipelines. In order to reduce the cost of hydrate control in oil and gas
transportation, search for new anti-agglomerates (AAs) is always needed. In this work,
fourteen different types of polymers from drilling fluid additives were selected and their anti-
agglomeration ability on gas hydrate was experimentally studied by using a high-pressure
rocking cell. The hydrate volume percentage, slider moving range, and moving velocity
were measured for evaluation. Two polymers [acrylamide polymer (AAP) and hydrolyzed
polyacrylonitrile ammonium salt (HAPS)] were found to be effective to avoid agglomerating
at low hydrate concentration (<6%). AAP and HAPS could prevent plugging, while the
hydrate concentration is lower than 15.12% and 16.92%, respectively. It was speculated
that the hydrogen bonding capability of the hydrophilic groups, the length of the
hydrophobic chains and polymer molecules, and the antagonism of different functional
groups might affect the anti-agglomerating performance of polymers.

Keywords: hydrate, anti-agglomerant, polymer, drilling fluid, low water cut

INTRODUCTION

Gas hydrate is a type of non-stoichiometric clathrate compound, in which the cage-like structure is
formed by the hydrogen bonding water molecules and the infilling gas molecules (Chen et al., 2008;
Xuetal., 2016). Gas hydrate could easily form in oil and gas pipelines. The formation of hydrate in oil
and gas pipelines will not only increase the pressure drop and reduce the delivery capacity but in
severe cases will also block the pipelines and cause stoppage of transportation (Sloan et al., 2010). In
the deep-water oil and gas co-transportation pipelines, the high pressure and low temperature
environment is very favorable for hydrate formation. The consequent hydrate aggregation and
plugging at elbows, valves, and connections of the pipelines will reduce the transport efficiency and
even cause the pipeline to burst (Liu and Zhong, 2007; Li et al., 2015). The most widely used method
for hydrate control is adding inhibitors. Hydrate inhibitors could be classified into thermodynamic
inhibitors and low dose hydrate inhibitors (LDHI). The thermodynamic inhibitors (usually glycols
and inorganic salts) are usually used in high dosage (up to 60 wt%) with the problem of
environmental pollution, corrosiveness, and high cost (Brustad et al,, 2005). LDHIs could be
classified into kinetic hydrate inhibitors (KHIs) and anti-aggregation (AA). In terms of dosage,
LDHIs are more effective than thermodynamic inhibitors (Kelland et al., 2009) and are effective in
reducing the cost of hydrate inhibition by 16-50% compared to methanol (Fu et al., 2001). LDHIs
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could interfere with the nucleation, growth, or aggregation of
hydrate (Erfani et al., 2013) and retard or prevent hydrate
plugging. KHIs (usually polymers) inhibit hydrate formation
by delaying hydrate nucleation and growth (Sun and
Firoozabadi, 2014). AAs are usually used in the hydrate slurry
flow. As a new type of oil-gas-water multi-phase co-
transportation method, hydrate slurry flow technology is
gradually gaining attention in the oil and gas gathering and
transportations. The macroscopic morphological study shows
that when hydrate particles appear, the original oil-water
emulsion structure is destroyed, and the final hydrate slurry is
formed as the solid (hydrate)-liquid (diesel) dispersion system
(Yan et al., 2016). The degree of hydrate aggregation is directly
related to the anti-aggregating performance of AAs.

In order to reduce the incidence of complex downhole
accidents and maintain wellbore stability, some polymers have
been used as the main treatment agent to modulate the properties
of the drilling fluid. These fluids are called polymer drilling fluids.
Main treatment agents such as cationic polymers, amphoteric
polymers, and organo-amine with high shale inhibition capability
are developed. By using these main treatment agents, the cationic/
amphoteric polymer drilling fluid and strong inhibition of the
water-based drilling fluid were developed (Zhang, 2018). Gao
etal. (2016) synthesized one polymer which could inhibit hydrate
formation in the water-based drilling fluid. Wang et al. (2021)
found that three thickening agents, such as modified starch,
sodium carboxymethyl cellulose, and xanthan gum, inhibited
hydrate nucleation and growth to various degrees by binding
water molecules in the system. It seems polymers have a certain
degree of anti-agglomerating effect, some of them have functional
groups that can disrupt the cage structure of hydrate, and chain
polymers adsorb on the surface of hydrate crystals, creating
spatial site resistance and inhibiting the growth of the cage
structure (Ke and Chen, 2019). In addition, some polymers
such as PVCap, polymer hydrogels and polypropoxides have
the potential capability of dispersing hydrate, which provides a
guidance for screening AAs from polymers. Seo et al. (2014) used
polymer hydrogels for the first time to prevent gas hydrate from
aggregation. Without any surfactant, a polyacrylamide (PAM)-
based hydrogel was synthesized, which greatly improved the
fluidity of the slurry and make it more stable and volume
controllable after swelling. Park et al. (2019) synthesized
poly(N-isopropylacrylamide) (PNIPAM) based on the RAFT
method, and PNIPAM maintained great anti-agglomerating
capability even at a subcooling of 16 K. Farhadian et al. (2019)
synthesized castor oil-based aqueous polyurea/urethane
(CWPUUs), which effectively prevented the hydrate particles
from aggregation and the adhesion of particles to the cell wall.
Farhadian et al. (2020) studied the effect of synthetic hydrophilic
polymer WPUUs on hydrate agglomeration at 60-100% water
cut and found that 1wt% of hydrophilic polymer WPUUs
containing quaternary ammonium functional groups were
effective in preventing hydrate aggregation and forming stable
hydrate slurry in both 60% oil-water fluid and pure water.

However, due to the wide types of drilling fluid treatment
agents and the different functional groups of the polymer, the
hydrate inhibiting performance capability of drilling fluid
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polymers needs to be experimentally tested one by one, and
important conclusions that can guide the screening of inhibitors
are missing. In this work, 14 different types of polymers were
selected from various drilling fluid additives to evaluate their
hydrate inhibition capability in order to screen effective polymer
types, and the relationship between the anti-agglomeration ability
and the chemical structure was analyzed to provide new ideas for
the development of low-dose hydrate inhibitors.

MATERIALS AND METHODS
Apparatus

Based on extensive investigation and research on hydrate
inhibitor evaluation equipment, a high-pressure rocking cell is
used for the evaluation and screening experiments. The schematic
diagram of the high-pressure rocking cell is shown in Figure 1.
The photograph of the apparatus is shown in Figure 2. The
reactor cell is made of 316 L stainless steel, which has good
corrosion resistance with a maximum operation pressure of
30 MPa. The rocking cell apparatus is made up of rocking
module, gas injection module, data acquisition module, and
temperature control module. The rocking system consists of a
two-phase stepper motor, drive, rotating shaft, and control box.
The rocking angle of the rocking cell is set at £90 degrees, and the
maximum rocking frequency is 1rock/min. The temperature
sensor has a range of —50-100°C and a measurement accuracy
of £0.1°C. The pressure sensor has a range of 0-40 MPa and an
accuracy of £0.1 MPa. The data acquisition module collects four
sets of data per second. The positions of the slider could be record
in time. The gas injection system includes a vacuum pump, high-
pressure gas cylinder, pressure regulator, and six-way valve. The
system temperature is controlled by a water bath (Ningbo
Tianheng THX-2030H), with a temperature range of
—-20-100°C and the cooling rate of 2°C/h. The electronic
balance (BSM-420.3, accuracy +0.001 g) was manufactured by
Shanghai Zhuojing Electronic Technology Co.

Chemicals

In all the experiments, methane gas with a purity of 99.999% was
from Qingdao Xin Keyuan Gas Co. Ltd. Mineral oil (#5) was from
Mo Jiezuo Petrochemical Co. Ltd. Pure water with a resistivity of
18 MQAcm was made in our laboratory. Petroleum ether from
Shanghai Aladdin Biochemical Technology Co., Ltd. was used to
clean the cell. Fourteen polymers were selected from the
frequently used drilling fluid additives to evaluate their
performance as AAs, and their applications were given in Table 1.

Procedure

A high-pressure rocking cell is used to evaluate the anti-
agglomerating capability of fourteen polymers. A position
sensor is used to track the slider trajectory, while the cell is
rocking to evaluate the polymers™ anti-agglomerating capability
on hydrate. The specific experimental procedures are as follows:
1) Turn off the power of the control box and motor, clean the
reactor cell with petroleum ether and dry it. 2) Prepare mineral
oil, pure water, and polymers in a certain ratio to form an
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FIGURE 1 | Schematic diagram of the rocking cell apparatus.
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FIGURE 2 | Photograph of the rocking cell apparatus.

oil-water mixture and add it to the reactor. Tighten the reactor
cover and vacuum the reactor, and then set the water bath to 16°C
until the gauge pressure is stable. 3) After the temperature inside
the cell is stable, inject the high-purity methane into the cell and
close the valve after the experimental pressure is reached. 4) Turn
on the power of the control box and the motor and set the angle
and the frequency of the rocking cell on the control box. The
reaction cell starts to rock, and the methane dissolves in mineral
oil and water quickly. 5) When the pressure in the reaction cell is
stable, set the temperature of the water bath to 0°C and the cooling
rate is 2°C/h. At the same time, start the data acquisition system.

The temperature, pressure, and position data are recorded during
the hydrate formation. 6) After the completion of hydrate
formation, the temperature and pressure are stabilized again.
Turn off the water bath and data acquisition. Turn off the control
box and motor; and 7) release the pressure and pour out the waste
liquid from the cell.

RESULTS AND DISCUSSION
Anti-Agglomerating Capability

The anti-agglomerating ability of 14 polymers are evaluated in
this section. The polymers are divided into three levels based on
their  anti-agglomeration performance, considering the
characteristics of the rocking cell. The formation and
aggregation of hydrate directly affect the slider moving. The
hydrate particles dispersed in the liquid phase will increase the
fluid viscosity and decrease the slider velocity. Besides, large
hydrate aggregates are accumulated on both sides of the cell,
which will reduce the slider moving range. The aged hydrate
sediment will directly plug the slider. According to the slider
moving trajectory, the anti-agglomerating capability of the
polymers is classified as A, B, and C from the best to the worst.

In the process of the experiment, as shown in Figure 3, there
are no large hydrate aggregates precipitated throughout the
experiment for the grade-A polymer, which means that the
slider can move periodically through the whole cell; if there is
hydrate aggregation precipitated in the experimental process,
which reflects in the reduced range of the slider motion
without plugging phenomenon, as shown in Figure 4, such
polymers have B-grade anti-agglomerating capability. In order
to see the motion trajectory of the slider clearly, we made a partial
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TABLE 1 | Polymers used in the experiment.
Polymers

Modified bitumen resins

Highly viscous polyanionic cellulose
Modified vinyl copolymer

Composite amphoteric metal ion polymers
Acrylamide polymer

Modified starch

HC resin

Silicone polymers

Polyamines

Hydrolyzed polyacrylonitrile ammonium salt
Polyacrylamide

Polyether HAR-D

Amphoteric polymer FA-367

Propenyl chelating metal ion polymer
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FIGURE 3| Temperature and pressure changes of the oil-water system,
the hydrate volume fraction, and the slider trajectory as a function of time with
A-grade polymers.

zoom on Figure 4. If the slider is plugged at a certain position in
the cell with the polymer, it indicates that the polymer has C-level
anti-agglomeration ability. As shown in Figure 5, the slider
moving range gradually decreases as the hydrate the
aggregation and ageing, and the trajectory is finally a straight line.

The hydrate volume percentage reflects the amount of hydrate
formation at different time. In the process, the slider motion is
mainly controlled by the amount of hydrate, hydrate aggregation,
and deposition. By comparing the slider velocity in the presence
of different AAs at the same hydrate volume percentage, the
hydrate aggregation of hydrate in the reactor can be judged, and
thus, its anti-agglomerating capability can be compared. The

Hydrate Inhibiting Performance of Polymers

Code Application

MBR Fluidloss reducer

HVPAC Fluidloss reducers & thickener
MEP Fluidloss reducer

CAMIP Fluidloss reducer

AAP Coating agent

MS Fluidloss reducer

HC Anti-caving agent & blocking agent
SP Fluidloss reducer

PA Fluidloss reducer

HAPS Fluidloss reducer

PAA Flocculant & stabilizer

HAR-D Fluidloss reducer & emulsifier
FA-367 Shale inhibitors & flocculant
PCMIP Flocculant

hydrate volume percentage that causes the slider retard is
marked as Hgoy, and the hydrate volume percentage that
causes the slider plug is marked as Hpug, and the final amount
of hydrate is marked as Hpyg, which are used as important
parameters to evaluate the polymers’ anti-agglomerating
capability at the same grade.

The hydrate volume percentage is calculated as follows:

3 Vhya
Pvd = Vo + (Vewer = V
hyd + Vil + ( water water,conv)

1)

In Equation 1, Vi,4 is the volume of hydrate generated, ml;
Vi1 is the volume of mineral oil, ml; Vi, is the initial volume of
water, ml; and Vierconv 1S the volume of water converted to
hydrate, ml.

The hydrate volume generated is calculated as follows:

Viga = —— (2)

In Equation 2, 7y, is the mass of hydrate formed, Kg; phyaq is
the density of methane hydrate, taken as 0.91 gcm ™,

Mhyd = Mpyg - Dhya (3)

In Equation 3, M},q is the molar mass of the methane hydrate,
taken as 124 g/mol; and #y,4 is the amount of methane hydrate
substance, mol. The molecular formula for methane hydrate is
given as CH,-6H,0; 1 mol of hydrate consists of 1 mol methane
and 6 mol water for convenience, which was calculated to be
approximately 5.95 by the Chen-Guo model at the experimental
conditions (1.5°C, 55MPa) after the hydrate formed. The
consumption of water Viaercony and the mass of methane
hydrate myy,q can be obtained from the gas consumption. The
water consumption Vigcer cony and the mass of the methane hydrate
Miya can both be calculated according to the gas consumption.

During hydrate generation, the methane solubility changes
with the temperature and pressure variation. Besides, due to
methane’s low solubility in water, only the dissolution of methane
in mineral oil needs to be considered in the process of calculation.
The amount of methane consumed ny,yq for hydrate formation
can be calculated from material conservation,
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FIGURE 4 | Temperature and pressure changes of the oil-water system, the hydrate volume fraction, and the slider trajectory as a function of time with B-grade

ngas,l + Noil,1 = ngas,Z + Mol 2 + nhyd (4)

In Equation 4, 1, ; is the amount of methane substance in
the gas phase before hydrate formation, mol, which can be
obtained from the gas equation of state, and .y, is the
amount of methane substance dissolved in mineral oil before
hydrate formation, mol. Similarly, r14,s , is the amount of methane
substance in the gas phase during or after hydrate formation, mol;
Noil2 is the amount of methane substance dissolved in mineral oil
during or after hydrate formation, mol; 7, is the amount of
methane substance dissolved in mineral oil during or after
hydrate formation, mol; and n,;, is the amount of methane
substance dissolved in the mineral oil during or after hydrate
formation, mol.

Ngas1 and #g,s, are derived from the Patel-Teja equation of
state, which is given by

Plvgas = Zlngas,lRTl (5)
Plvgas = Zzngas,ZRTZ (6)

In Equations 5 and (6), R is the gas constant, R =
8314 mol “K™%; P, and P, are the system pressure before

and after hydrate formation, Pa; T; and T, are the system
temperature before and after hydrate formation, K; V; and V,
are the gas volume, m’; and Z; and Z, are the system compression
factor before and after hydrate generation, respectively. The
compression factor of the system can be calculated by the
Patel-Teja equation of state (Chen et al., 2008).

The solubility of methane in mineral oil is obtained by
applying our experimentally derived empirical model (Yue,
2020),

3 x 107°P3 — 0.001P? + 0.0273P, — 0.0029

Ny = i 7

oil,1 100 oil ( )
3 x 107°P3 - 0.001P2 + 0.0273P, — 0.0029

Nojl2 = 100 Vi (8)

The slider moves in a cyclic reciprocal motion in the rocking
cell and the slider trajectory characterized the state of hydrate
aggregation. The distance between the slider and the bottom
gland is called the slider position. When the slider is in normal
motion, the slider can move from 7 to 200 mm. The slider moving
range trajectory is actually a line, but because the moving range
time is too short compared to the experimental time, it is reflected
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FIGURE 5 | Temperature and pressure changes of the oil-water system,
the hydrate volume percentage, and the slider trajectory as a function of time
with C-grade polymers.

in the moving range and time image as a black-shaded graph.
This section uses the blank group in the 20% water cut oil-water
system as an example for specific illustration.

As shown in Figure 6, L; is the slider the displacement in the
forward direction (from 7 to 200 mm), mm, and L, is the slider
displacement (from 200 to 7 mm), mm. The moving times
required for the forward and reverse directions are noted as
At; and At,, respectively.

In the system without polymers, the hydrate formation
increases the fluid viscosity in the cell and slows down the
slider motion, which will decrease L; and L, and extend At;
and At,, and ultimately results in a reduction in the slider velocity.
The forward V; and reverse velocity V; of the slider are calculated
as follows:

L
= — 9
Vi Aty 9
L,
=— 10
V2 At (10)

RESULTS

As shown in Table 2, there are 12 kinds of polymers with C-grade
anti-agglomerating capability at 20% water cut among
the selected 14 polymers, they are MBR, HVPAC, MEP,
CAMIP, MS, HC, SP, PA, PAA, HAR-D, FA-367, and PCMIP.
Besides, there are two polymers, AAP and HAPS show B-grade
anti-agglomerating performance, and no A-grade polymer is
found. The addition of polymers will promote the hydrate
formation and increase the amount of hydrate formation.

Slider plug
200 o

200} -

—_
w
(=}

100

240.99 241.64 241.66 241.68

—_
(=
(=]

Slider moving range (mm)

w
(=}

50 100 150 200 250 300 350 400
Time (min)

FIGURE 6 | llustration of the slider plug position, the slider motion range
in both forward and reverse directions in the 20% water cut oil-water system
without polymers.

However, efficient AA can prevent the aggregations under a
large amount of hydrate so that the formed hydrate dispersed
in the oil and water phase is in the form of small particles, which
will increase the fluid viscosity.

It is found that the larger the amount of hydrate in the
oil-water system, the larger the amount of hydrate required to
cause the slider retarding and plugging. As shown in Figure 7,
among the 12 C-class polymers, the most amount of the hydrate
is generated in the oil-water system with SP, accounted for
15.67%. Correspondingly, Hyo, is also the largest, accounting
for 4.45%, and H,,,g accounted for 9.46%. PCMIP, HAR-D, MS,
and COPNA also follow this principle. The slider velocity
decreased in the oil-water system with some high viscosity
polymer initially. What’s worth to mention is that the initial
fluid viscosity with MEP and HVCP can slow down the slider

TABLE 2 | Experimental results of 14 polymers at the concentration of 2wt% for
the evaluation of anti-agglomerating capability in the 20% water cut oil-water
system.

Sample Hhiya (%) Hsiow (%) Houg (%) Anti-agglomerating
Performance
Blank 3.72 1.43 2.78 C
MBR 5.41 2.2 4.34 C
HVPAC 11.26 0 6.49 C
MEP 7.26 - 6.8 C
CAMIP 5.80 1.06 4.49 C
AAP 16.12 2.36 - B
MS 5.35 412 4.88 C
HC 12.92 2.43 5.05 C
SP 15.67 4.45 9.46 C
PA 7.28 1.49 6.63 C
HAPS 16.92 2.16 - B
PAA 5.90 1.12 5.33 C
HAR-D 4.35 2.85 3.62 C
FA-367 4.92 1.14 3.43 C
PCMIP 3.69 1.25 2.29 C
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FIGURE 8 | The slider moving range and velocity in both forward and reverse directions in 20% water cut oil-water system at variation hydrate volume with B-class

movement even before the hydrate formation. Besides, oil-water
systems with CAMIP, PA, PAA, and FA-367 slowed the slider
motion at a small amount of hydrate, while the oil-water system
with 2wt% CAMIP retarding the slider when the amount of
hydrate produced was only 1.06%. In most oil-water systems with
polymers, it can be observed experimentally that a small amount
of hydrate continued to be produced after the hydrate plug
formation. After the slider is stagnant, the hydrate formed

0.46% with 2 wt% MEP after the slider plug by the hydrate
plug formation. This phenomenon can also be observed in the
oil-water systems with MS, PA, and PAA. The dense aged
hydrate layer increases the mass transfer resistance. The
oil-water systems with 2 wt% HVPAC, HC, and SP are still
able to generate significant amounts of hydrate after the
hydrate plug formation, while the system with HC still able to
generate 7.87% hydrate. The reason is probably that the inner
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TABLE 3| The final hydrate volume fraction (Hhyd), the final slider moving range and final velocity in both forward and reverse directions in 20% water cut oil-water system"

with 2.0wt% B-class polymers (AAP and HAPS).

Samples Hpya (%) Final slider forward
velocity (mm-s™)

Blank 3.72 -

AAP 15.12 14.45

HAPS 16.92 16.81

diameter of the cell is not plugged completely by the hydrate, and
gas-liquid exchange is still possible. However, there are two
reasons for the cessation of hydrate generation: 1) Further
deposition and the hydrate aging that continues to be
generated fill the gap in the hydrate compartment and hinder
mass transfer, resulting in no further hydrate formation. 2) As the
hydrate has reached the maximum amount under the current
condition, the experimental conditions cannot accommodate for
further hydrate generation.

There are 2 B-grade polymers, AMP and NPAN. In the system
with AAP and HAPS, the generated hydrate is uniformly
dispersed in both oil and water phases, and the viscosity of
the fluid gradually increases with the continuous generation of
hydrate, which will reduce the slider velocity. The slider velocity
in the forward and reverse directions reflects the fluid viscosity
variation. In addition, the precipitation of hydrate aggregates also
provides a greater resistance to mass transfer in the oil-water
system. The larger and more abundant the precipitated hydrate
aggregates, the lower the final hydrate volume in the system. The
final forward slider velocity in the oil-water system with HPAS is
higher than that in the AAP-containing system, and the final
amount of hydrate produced is higher, indicating that the HAPS
system has a lower amount of precipitated hydrate deposited and
HAPS have stronger anti-agglomerating capability than AAP. As
shown in Figure 8A, in the system without polymers, the
generated hydrate rapidly aggregates and precipitates, and the
fluid viscosity gradually decreases, which will gradually increase
the slider velocity. As the precipitated hydrate aggregates
deposited and aged, a dense hydrate shell is gradually formed
when the hydrate volume percentage reaches 3.72%, blocking the
slider somewhere in the cell, and the slider velocity returns to
0 mm s~ Figure 7 shows the results of the C-grade polymer anti-
agglomerating capability test in the 20% water cut oil-water
system. Besides, in addition to the dispersed hydrate particles
increasing the viscosity of the fluid, the polymer has a certain
viscosity. Under the same initial conditions of temperature and
concentration of water cut, the slider velocity of the HAPS system
is smaller than that of the AAP system, indicating that the
viscosity of the polymer HAPS is higher. Thus, AAP has a
better performance in anti-aggregation at the low hydrate
percentage. As shown in Figure 8B, in the oil-water system
with 2 wt% AAP, when the volume percentage of hydrate reaches
5.96%, the slider moving range starts to decrease, indicating the
precipitation of hydrate aggregates. At the early stage of hydrate
generation, the slider moving range in the forward direction
decreased by nearly 40 mm when the hydrate volume percentage
is only 0.34%, indicating that large hydrate crystals had already

Final slider reverse
velocity (mm-s™)

Final slider reverse
moving range (mm)

Final slider forward
moving range (mm)

18.39
44.32

17.95
2114

38.33
33.64

precipitated. In addition, the increasing slider moving range is due to
the hydrate aggregation which is not dense enough and is gradually
narrow and compressed by the impact of slider movement. The
slider moving range in the HAPS system is higher than that in the
AAP system when the hydrate volume concentration is about 6.7%,
indicating that the size of the precipitated hydrate aggregates is
smaller and the formed hydrate shell is thinner, which is more likely
to be broken under the impact of the slider.

Table 3 gives the amount of hydrate formation and the slider
moving range and velocity with the 2 B-grade polymers in the
20% water cut oil-water system. As shown in Table 3, there are
more final hydrates in the system with stronger anti-
agglomerating polymers. Compared to the blank group, Hpyq
is about 15.12% in the oil-water system with AAP and Hy,yq in the
system with HAPS is more, according at 16.92%. The final slider
motion range in the HAPS system with higher hydrate is more
than that in the AAP system, with the forward moving range
being 3.19 mm more, and the reverse moving range being
25.93 mm more. In terms of fluid viscosity, the slider velocity
of the oil-water system with HAPS is higher than that of the
system with AAP, at 16.81 mm s~" in the forward direction, and
lower than that of the system with AAP at 33.64 mms ™" in the
reverse direction. Overall, HAPS has stronger anti-agglomerating
capability than AAP at high hydrate percentage.

The hydrogen bonding capability of the functional group
determines the adsorption capacity of the compound on the
hydrate surface. The stronger the hydrogen bonding capability of
the functional group, the stronger the adsorption capacity of the
chemical group, which is expressed as the stronger the polymer’s
anti-agglomerating performance. However, the influence of the
functional group on the anti-agglomerating performance is not
only reflected in the hydrogen bonding capability but also the length
of the hydrophobic tail chain and the overall length of the polymer,
which will affect the mass transfer. The longer the hydrophobic tail
chain and polymer molecule, the greater the effect on mass transfer,
and it is more difficult to hydrate formation. However, it will
increase the perturbation that promotes hydrate formation.
Therefore, the length of polymer molecules and hydrophobic tail
chains is not as long as possible (Bao, 2014).

The chemical structure of AAP and HAPS is shown in
Figure 9. Structurally, both AAP and HAPS contain an amide
group (-CONH,) with strong binding capability to water
molecules. In addition, the hydroxyl groups (-OH) will
increase the surface binding energy, making it easier for the
polymer to adsorb on the hydrate surface. AAP molecules form
hydrogen bonds with caged water molecules at different points on
the hydrate surface through amide groups and carboxyl groups
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FIGURE 9 | Chemical structure of B-grade anti-agglomerating capability polymers.

(-COOH), disrupting the cage structure and adsorbing on the
hydrate particle surface. In addition, hydrophobic groups provide
no sites for hydrate nucleation and prevent further hydrate
nucleation, but there may be antagonistic interactions between
different hydrophilic groups, resulting in hydrophilic groups
facing the liquid phase and providing nucleation sites for
hydrate, which will promote hydrate formation. Thus, the
anti-agglomerating capability of AAP does not reach grade A.
HAPS is the polymer with alkynes and alkanes containing an
unsaturated bond cyanide (-CN) and hydrophilic functional
groups, ester group (-COO-) and amino group (-NH,). It may
be one of the effective reasons for the stronger anti-agglomerating
capability of HAPS molecules at high hydrate percentage that the
cyanide contains two hydrogen-bonding acceptors, which will
forming a stronger hydrogen-bonding structure. In addition, the
amino group has stronger hydrogen-bonding capability as well as
amphoteric properties (Pei and Kelland, 2013). HAPS molecules
have more hydrophilic groups and contain more hydrogen-
bonding sites with stronger capability to adsorb on hydrate
surfaces. However, although HAPS has better anti-agglomeration
capability at high hydrate concentration compared to AAP, it
cannot completely avoid the hydrate agglomeration.

CONCLUSION

Fourteen polymers selected from drilling fluid additives were
tested at low water cut (20%) by using the high-pressure rocking
cell for their anti-agglomerating capability. The following
conclusions could be drawn:

Two polymers (AAP and HAPS) had been found to be efficient
anti-agglomerations according to the experimental results. In the
20% water cut oil-water—gas system, AAP could prevent hydrate
agglomeration as hydrate concentration lower than 2.36% and
avoid hydrate plug until the concentration lower reached 15.12%.
Another level B polymer HAPS could increase Hp,g to 16.92%
and homogeneously disperse hydrate until hydrate concentration
reaches 2.36%. Besides, several C level polymers were efficient at
much more hydrate concentration compared with B polymers:
MS could disperse hydrate homogeneously at 4.12% hydrate

concentration, and SP can disperse hydrate particles effectively
at 4.45% hydrate concentration.

It had been found that the number of hydrophilic groups does
not directly affect the anti-agglomerating capability performance of
the polymer. The influence of functional groups on the anti-
agglomerating capability performance is mainly reflected in: 1)
hydrogen bonding capability of hydrophilic groups, which will
influence the adsorption capability of polymer molecules on the
surface of hydrate crystals and the capability to break the cage
structure, and 2) the type and length of hydrophobic groups. Longer
hydrophobic tail chains have a greater effect on mass transfer but
also increase perturbation and promote hydrate formation; 3) the
antagonism between different functional chemical groups.

In the future screening work of hydrate inhibitors, drilling
fluid additives with strong hydrophilic group should be selected
based on their applications in drilling fluids to reduce the cost of
hydrate control and improve the screening efficiency.
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