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Abstract

Video recording of methane hydrate growth in three-phase water — oil — methane systems was carried out
for three crude oils. It was found that the formation of unconventional gas hydrate — oil associates germinating
into the aqueous phase volume was likely for two of these oils in the late steps of growth. The paper discusses

probable formation mechanisms for these associates.
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INTRODUCTION

Gas hydrates are crystalline compounds of gas
and water. One hydrate volume may contain as
high as 170 volumes of water. Relatively high pres-
sure of a hydrate-forming gas and reduced tem-
perature are required for the existence of the ma-
jority of gas hydrates [1]. Natural gas hydrates are
currently regarded as a promising source of hy-
drocarbons with resources not less than 10** m3 [2].
Industrial technologies of natural gas production
from gas hydrate accumulations have been de-
veloped in the USA and Japan [3]. The most im-
portant technical issue in oil and gas industries
related to gas hydrates is the formation of gas
hydrate plugs during production and infield trans-
portation of oil and natural gas [4—6]. Preventing
the formation of gas hydrates in Russia is an ur-
gent problem, as the main oil and gas production

is carried out in cold climate areas. The develop-
ment of hydrate prevention during oil production
and ways to eliminate them require intensive fun-
damental research of formation and decomposition
processes of hydrates in oil media, which causes
the interest of a number of large research teams
towards this issue (see the review in [4—8]).
During production and infield transportation,
gas hydrates are formed in the course of cooling
multiphase flows containing oil, associated gas,
and water (brine). Currently, the most common
model of hydrate formation in systems of this
kind assumes that water emulsification in the oil
takes place in the first step of the process. Fur-
ther, the surface of water droplets is covered
with a hydrate film; there are its grows up to the
complete transformation of water into hydrate
and, finally, the adhesion of the generated hy-
drate particles to form a gas hydrate plug [5—8].
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To avoid hydrate formation, so-called thermody-
namic inhibitors (methanol, glycols, etc.) displac-
ing the thermodynamic conditions of hydrate for-
mation to the range of lower temperatures and
high pressures are used [4—6]. In recent decades,
“low-dose inhibitors” that slow down the formation
of hydrates (kinetic inhibitors) or prevent the adhe-
sion of hydrate particles between themselves (an-
tiaglomerants) have been increasingly used [9, 10].
In some cases, crude oil already contains compo-
nents that can prevent both the formation and ag-
glomeration of hydrate particles [11-13].

In heterogeneous systems, gas hydrates for-
mation occurs at the phase boundary [14—17].
Visual observing and recording of hydrate nu-
cleation and growth in such systems are powerful
research method that allows determining the
main regularities and peculiarities of hydrate for-
mation in such systems. It was found that the
film growing at the gas-water phase boundary
was completely localized in the aqueous phase [18].
As demonstrated in [16, 17, 19—22], the crystal-
lite size of the hydrate film and its thickness are
reduced with increasing of the process moving
force (overcooling), while the growth rate is in-
creased. Depending on the level of overcooling
and growth time, the thickness of the hydrated
film ranges from several pm to 100 um [23, 24].
Herewith, the variation in the overcooling value
results in a change in the morphology of the ge-
nerated crystals [25]. The step of hydrate film
growth on the water surface is followed by the
stage of sprouting of needle-like crystals in the
volume of the aqueous phase [25—30]. It was dem-
onstrated that under the influence of surfactants
dissolved in the aqueous phase and kinetic in-
hibitors of hydrate formation, the morphology of
growing hydrate crystals might change [14, 31—33].
In particular, the presence of surfactants leads to
the disappearance of a thick film on the water
surface and the growth of needle/whisker crys-
tals, both in the volume of water and gas/organic
phases. The growth of hydrate crystals at the
boundary of water and organic liquid saturated
with hydrate-former is similar to their growing at
the water-gas contact surface [34—36].

Our research team carries out systematic re-
search on gas hydrates formation in hydrate-for-
mer — oil — water systems. During experiments
on visual observations of methane hydrate growth
in the oil-water surface, a phenomenon related to
the formation of hydrate-oil associates in the
water volume was recorded. This research paper
describes observations made during these ex-
periments.

EXPERIMENTAL

Visual observations of hydrate nucleation and
growth were carried out in a high-pressure ap-
paratus with a cylindrical operating chamber of
32 mm diameter and 45 mm height (NIIC SB
RAS design and manufacture, Fig. 1). From butt
ends, the device is closed by leikosapphire windows
that allow observing processes taking place inside.
The video camera coupled with the cathetometer
optical system recorded all events occurring in the
cell (Fig. 1). Continuous video recording and photo-
graphing were carried out in the transmitting
geometry. The apparatus is equipped with a gas
inlet/outlet system and a thermocouple that allows
monitoring the temperature inside the cell with an
accuracy of £0.2 °C. The instrument pressure was
measured by a Bourdon pressure gauge with an
accuracy of 0.1 MPa. Samples were placed in an
open glass cuvette with parallel walls. The internal
cuvette size is 3 mm thickness x 18 mm width.

Water was poured into the cuvette, after which
oil was layered on the top. Next, the cuvette was
placed in the high-pressure apparatus, cell vol-
ume was purged with methane, and the operat-
ing pressure of CH, was set. The sample was kept
for 6—12 h to saturate oil and water with meth-
ane, after which a predetermined temperature
was set. Experiments were carried out at 12.5—
13.5 MPa and =5 °C, overcooling, in this case, was
19.8—20.4 °C. Methane with a purity of 99.98 %,
distilled water, Span 80 surfactant (Sigma-Aldrich),
and three types of crude oils hereinafter referred
to as KA, CK and CH were used (Table 1).

RESULTS AND DISCUSSION

Hydrates in water — oil systems (CH, CK, and
KA) were produced during the long-term iso-
thermal ageing of samples at =5 °C and methane
pressure of 12.5—13.3 MPa. Hereafter, a stepwise
increase in temperature up to the complete dis-
sociation of the generated hydrate was carried
out. In all cases, the formation of hydrate began
after the induction period (from a few hours to a
day or more).

The initial hydrate formation and growth
were carried out in a similar fashion (Fig. 1). Hy-
drate nucleation began near the water-oil contact
surface. It was impossible to observe the film it-
self using the available optical devices due to oil
non-transparency and a small thickness of the
hydrate film. Therefore the hydrate formation
and growth was recorded by the appearance and
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Fig.l. a — Schematic representation of the experimental setup (I — thermostat, 2 — pressure and temperature
sensors, 3 — computer, 4 — high pressure cell, 5 — illuminator, 6 — cell with oil and water, 7 — cathetometer
with video camera, 8 — optical bench); b — typical frame showing the interface between oil and water during
the hydrate formation process (arrows show the boundary of spreading massive of whisker crystals); ¢ — cell

with oil and water.

growth of a colony of whisker crystals spreading
along the water-oil interface and growing to-
wards cuvette bottom. Hydrate growth continued
for 2—3 minutes. Note that the observed crystals
were hydrate, not ice, as they did not disappear
at temperatures above 0 °C (the temperature of
hydrate decomposition under these conditions is
not less than 14.8 °C). There was water freezing
only in one experiment, herewith, the sample lost
transparency. A more detailed description of hy-
drate growth processes is beyond the scope of
this work.

Further changes in the appearance of the sam-
ples under investigation were much slower. There
was a change in the appearance of the colony of
whisker crystals within a few hours in all cases.
This was related to their overgrowing and en-
largement. After hydrate formation in the sample,
its temperature rose stepwise, as a rule, to 5 and

11 °C. Sample ageing duration at each of these
temperatures ranged from 12 h to several days.
Herewith, there were no significant changes in

TABLE 1

Composition and properties of oils used in the study

Parameter Sample number
1 2 3

Asphaltene, mass % 3.46 0.22 0.67
Paraffins, mass % 4.84 5.83 4.39
Resins, mass % 1023  4.36 5.07
Oils + aromatics, mass % 86.31 95.42 94.26
Temperature of the fluidity loss, °C  —7.6 -11.0 -104
Density, kg/m? 0.845 0.841 0.835
Viscosity, mPa - s (20 °C) 5.95 1.85 7.29
Acidity, mg KOH/g 0.21 abs. abs.

Note. abs. — absent.
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sample appearance. Experiments with CH and CK
oils at this stage demonstrated an intense growth
of hydrate layers on the inner surfaces of the cu-
vette lying above the oil layer. Furthermore, there
was the formation of unconventional oil associates
in the aqueous phase. This is the formation that is
the subject of the present report.

The considered associates were oil drops grad-
ually germinating into the aqueous phase (Fig. 2).
These drops appeared only several hrs after hy-

drate formation in the system and, as a rule, at
temperatures above 0°C. In two cases, it was pos-
sible to observe the formation of oil “snakes” of
sufficiently complex shape in the aqueous phase
(Fig. 3, 4). As demonstrated by analysis of video
records, there was the quickest growth of oil
drops at the start (up to 1.5 mm/min); further
growth slowed down to a complete halt. The rate
at the intermediate steps of the process was sev-
eral hundredths of mm/min. The growth rate of

a b
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28 h 38 min
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Fig. 2. Formation of oil inclusions (“snakes”) into aqueous phase in the experiment with the oil sample No. 3 (time passed
since the beginning of the experiment is shown): a — cell appearance at the experiment beginning, b — cell appearance with
the formed hydrate (it shows itself as light ripple on the cell wall in the region of aqueous phase), c—d different stages of
the “snakes” growth till its complete stop (d); e—g — different stages of the new “snakes” growth; h — oil snakes during the
hydrate decomposition; ¢ — cell appearance after the hydrate decomposition. Arrows show on oil inclusions into the aqueous
phase. Methane pressure, MPa: 13.3 (a, b), 14.2 (c—%). The hydrate was formed at ca. =5 °C (a, b), the inclusions growth took

place at =5 °C (c—i).
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oil “snakes” at the beginning of the increase was
0.02—0.05 mm/min; the growth stopped in 3-=5 h.
After the temperature increase, the oil drops ei-
ther merged with oil volume (Fig. 2) or turn into
petroleum balls stuck to cuvette bottom or walls.

Analysis of conditions of formation of the as-
sociates under discussion unambiguously points
to their close relation with gas hydrates forma-
tion in the corresponding systems. Indeed, the
spontaneous embedding of oil droplets into the
water volume is nonsense. Accordingly, in order
to form such formations, the formation of a solid
phase, the crystals of which would penetrate into
the water and tighten the oil, is required. Fig. 5
gives the schematically assumed formation mech-
anism of oil host-guests in water.

34 h 20 min

34 h 37 min

35 h 02 min

36 h 15 min

39 h 26 min

0 5 mm
I — |

The sole solid phase that may form in the cu-
vette under our experimental conditions is meth-
ane gas hydrate. An opportunity to form long
(whisker) crystals and their bundles is well known
for gas hydrates (for example, [37]). It is most like-
ly that there was their formation in our experi-
ments, too. We assume that in order to form hy-
drate — oil associates in the aqueous phase, a com-
bination of three circumstances is required. First
of all, P—T conditions of the experiment and the
composition of the oil phase should be in favour to
the growth of colonies and/or beams of whisker
hydrate crystals growing into the aqueous phase.
As far as we know, there are no current satisfac-
tory ways to purposefully produce whisker crys-
tals of gas hydrates; accordingly, the fulfilment of

Fig. 3. a — Stages of the growth of oil inclusions (snakes) into the aqueous phase in the experiment with the oil sample No. 2
(time passed since the beginning of the experiment is shown); b — appearance of the inclusion at a late stage of the growth
(the snake growth occurs in the volume of the aqueous phase). The growth took place at 4.9 °C and 13.0 MPa.
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37 h 49 min
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39 h 12 min
d

44 h 52 min
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46 h 51 min

g
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49 h 34 min

Fig. 4. Formation of oil inclusions (“snakes”) into aqueous phase in the experiment with the oil sample No. 3 (with ice freez-
ing, time passed since the beginning of the experiment is shown): a — cell appearance immediately after ice melting; b—c —
different stages of the inclusions growth; d—g — different stages of the growth of oil snakes (shown by red arrows); h — cell

appearance at the stage of the growth of the oil inclusions. The growth took place at 5.5 °C and 13.4 MPa.

the first condition is a matter of chance. Secondly,
hydrophobic-hydrophilic components that may
be sorbed on the hydrophilic surface of hydrate
crystals and make this surface wetted with oil
should be a part of the oil. This opportunity has
been repeatedly discussed in the literature. It is
assumed that the oils showing anti-agglomerat-
ing properties do not form hydrate plugs [11—13].

Observations that testify an opportunity to
wet out hydrate surfaces with oil are described in
the literature. For example, the authors of [14]
observed pulling on an oil film on the growing
surface of the hydrate. Reference [38] describes
oil capture into the inter-crystalline space. At last,
the film grown on the oil-water interface should
have defects that ensure growth contact of the
colony of whisker crystals with bulky oil and tight-

ening this oil into the inter-crystalline space. Note
that the mechanical movement of oil occurring
herewith may facilitate hydrate crystal growth
due to methane-rich oil portions feeding to a
growth area. The above discussion gives us the
right to refer to the observed objects as gas hy-
drate-oil associates.

We acquired an interesting opportunity to il-
lustrate a model for generating hydrate-oil asso-
ciates during one of the experiments with oil CH,
whereat aqueous phase freezing occurred (Fig. 4).
After ice melting, in the liquid water volume,
there were left several dark fibres identified as
beams of whisker crystals with a small amount of
oil tightened up there between. These beams were
able to be formed during water freezing, for in-
stance, due to the presence of the earlier gener-
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Fig. 5. Schematic representation of the mechanism of the growth of the oil inclusions into the aqueous phase: a — initial
state, b — ingrowth of the bunch of needle crystals into the volume of the aqueous phase, ¢ — capillary dragging of oil into
the bunch of needle crystals, d — further growth of hydrate-oil associates.

ated whisker crystals of growing frost mass or
during ice melting. Figure 4 demonstrates the
formation of a large number of hydrate-oil asso-
ciates in these samples resulting from these crys-
tals outgrowth. Here, we also observed the growth
of one of the hydrate “snakes” (Fig. 4, d—f). The
findings prove the suggested model.

An opportunity to generate hydrate-oil associ-
ates in experiments with CH and CK oils and the
lack of these associates in experiments with the
KA oil catches the eye. As it can be seen from
Table 1, a differential characteristic of KA oil is
(1) higher contents of resins and asphaltenes, and
also (2) the presence of acid components in oil
composition that are naphthenic acids with sur-
factant properties. In order to discuss the issue
regarding the effect of the contents of resins and
asphaltenes on generating gas hydrate — oil asso-
ciates in the aqueous phase, there are not enough

experimental data. In order to elucidate the effect
of surfactant additives on crystals growth in wa-
ter-oil systems, several experiments with CH oil,
whereat the addition of 1 mass % of Span 80 sur-
factant was added to the oil, were performed. As it
turned out, hydrate-oil associates were not formed
in experiments with Span 80 additives. The result-
ing outcome points to the significant effect of oil
surfactant content level on generating associates of
this type. One may assume that surfactant ad-
ditives (both natural and artificial) result in a
changed nature of hydrate crystal growth. This
may be related to the competitive nature of sorp-
tion on hydrate and cuvette walls surface, on the
one hand, and carboxylic acids/Span 80 molecules,
on the other one, and changes in the nature of
wettability of cuvette walls and hydrate crystals
surface with oil and water related thereto. We do
not have enough data at the present time to dis-
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cuss this issue in detail. Additional research is re-
quired for further understanding of this effect.

CONCLUSION

In this manner, an opportunity to generate gas
hydrate — oil associates embedded into the aque-
ous phase was demonstrated in our experimental
research. As it turned out, the presence of natu-
ral surfactants in oils might change the hydrate
particles growth mode. This results in generating
such formations in oil disperse systems and has
an effect on the dynamics of the corresponding
processes.
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