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A B S T R A C T   

Hydrate surface wettability is a fundamental aspect to better understand agglomeration present in oil bearing 
petroleum pipelines. Coupling these measurements with hydrate film growth gives further information on kinetic 
effects that may also be present from natural surfactants in different oils. In situ measurements of wettability 
(quantified by the contact angle) and film growth rates were performed on cyclopentane hydrate surfaces at 
atmospheric pressure and subcooling of 4 ◦C. Contact angle and film growth results were obtained for the 
baseline system (pure cyclopentane), one model oil, and seventeen natural oils (diluted to 0.02 vol% in cyclo
pentane). Results showed a wide variety of contact angles and film growth values where higher asphaltene 
contents in the oils corresponded to higher contact angles and lower film growth rates, thought to be from better 
alignment of natural surfactant molecules at the hydrate/hydrocarbon interface. It was also shown for select oils 
that increasing the oil concentration in the cyclopentane increases the contact angle and decreases the film 
growth rate compared to the baseline system. For select oils that had higher contact angles, increasing the water 
content of the system decreases their contact angle and film growth compared to the baseline system. Isolating 
different oil fractions for select oils also shows which fractions tend to play a larger role in wettability behavior. 
Typically, the fractions with more surface active components (asphaltene and resins) are shown to contribute to 
the higher contact angle and slower film growth rates for select oils. Evidence of the competition between film 
growth and capillary suction of water into the hydrate has been shown, and a mechanistic breakdown of three 
different transient scenarios has been proposed. Each of these observed interfacial behaviors gives information 
on what can be expected from larger scale phenomena, including hydrate agglomeration, with very small oil 
samples.   

1. Introduction 

Gas hydrates are solid inclusion compounds with a hydrogen bonded 
cage structure of water molecules that trap small guest molecules, 
discovered in 1811 by Sir Humphry Davy [1]. Generally, hydrates form 
under high pressure and low temperature conditions. This makes it 
possible for their formation naturally [2–6] and in laboratory and in
dustrial applications including desalination [7,8], gas or liquid separa
tion [9,10], and production [11,12], or storage [13,14]. Hydrates also 
form in oil and gas pipelines [15] and are considered an acute problem 
facing the oil and gas industry today. Hydrate unit cells are comprised of 
different molecular cages (including the most common 512, 51262, and 

51264 cages) that associate in different combinations to form structure I 
(sI) or structure II (sII) hydrates. The cage name base number indicates 
the 2-dimensional shape of the face, and the exponent indicates the 
number of sides. For example, a 512 cage has 12 pentagonal faces that 
combine to create a dodecahedron. Gas hydrates formed in industrial 
pipelines are generally of the sII form since natural gas contains larger 
molecules (e.g., propane) that are able to stabilize the larger cages of sII. 
The high pressure requirement to study natural gas or methane hydrates 
has led to the use of some analogs to study sII hydrates at lower pres
sures. This includes tetrahydrofuran (THF) hydrates [16,17] and 
cyclopentane (CyC5) hydrates. Recently, it has become more common to 
use CyC5 instead of THF as the hydrate former due to concerns of ice 
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contamination and CyC5 hydrate having a larger subcooling range 
above the ice point [18]. For this reason, CyC5 hydrates were used for 
the experiments presented in this study. 

An important interfacial parameter used to study hydrates is surface 
wettability, quantified through the contact angle. Having a high 
wettability (i.e., small contact angle) indicates that the hydrate surface is 
more water-wet and is more likely to promote hydrate agglomeration 
through capillary bridging, as described by Webb et al. [19]. The contact 
angle can be calculated using the Young equation [20], but since a hy
drate surface does not meet the ideality requirements it cannot be 
calculated from interfacial and surface tensions. The contact angle on a 
hydrate surface must be measured directly. The contact angle and film 
growth behavior of water on CyC5 hydrates has been of interest because 
of their use as a low-pressure analog to gas hydrates. Differing results of 
contact angle have been reported by Brown et al. [21] and Thomas et al. 
[22]. These results were reconciled by Stoner et al. [23] who showed 
that the contact angle is highly dependent on the conditions of the hy
drate surface (i.e., roughness and porosity), which can change with 
subcooling and annealing (conversion) time [24]. Stoner et al. also 
measured the film growth rate of cyclopentane hydrates, which showed 
a dependence on the magnitude of subcooling. The hydrate surfaces 
used by Brown et al.[21], Stoner et al.[23], and in this work are more 
representative of hydrate surfaces in pipelines, as they are not artificially 
leveled. Other studies have reported similar thermodynamic behavior 
for CyC5 [25], methane [26], and CO2 hydrates [27]. This interfacial 
behavior also can dictate hydrate agglomeration tendencies at a larger 
scale, making it very important to understand. 

There are many different commercial additives that can be added to 
pipelines that will affect interfacial hydrate behavior in different ways. 
This includes: thermodynamic hydrate inhibitors (THIs) which shift the 
hydrate phase-boundary, and low-dosage hydrate inhibitors (LDHIs) 
[28,29], such as kinetic hydrate inhibitors (KHIs) which delay the onset 
of hydrate formation, or anti-agglomerants (AAs) that prevent extensive 
agglomeration allowing the system to flow as a hydrate slurry. THIs for 
hydrate mitigation can be challenging to use for full inhibition, how
ever, as the amount of THI needed is on the order of 20–50 wt% or more 
of the water phase to be effective [28]. This can become quite cost- 
prohibitive for high water content (WC) systems. LDHIs, on the other 
hand, are needed in much smaller doses (<5 vol% of the oil phase [30]), 
but can be quite expensive, even for small quantities. AA performance (i. 
e., ability to prevent extensive hydrate agglomeration) has been sug
gested to be closely related to the compatibility of the AA structure with 
the oil phase [31]. 

There has also been observation of oils that do not form hydrates 
plugs, even when within the thermodynamic hydrate range. These oils 
have been termed “magic oils” or non-plugging oils. They display similar 
behavior to an oil system that has been dosed with a commercial AA. It is 
thought that the presence of natural surface active components in the oil 
(i.e., asphaltenes [32], resins [33]) critically affects interfacial behavior 
of hydrate bearing systems. A similar concept has been proposed by 
Høiland et al. [34] and Sjöblom et al. [35] who emphasized the 
importance of surface chemistry, emulsion stability, and shear on this 
behavior. Other studies have shown that emulsion stability alone may 
not be an indicator of an oil’s non-plugging ability [36]. The effect of 
asphaltenes have been further studied for CO2 hydrate systems in a high- 
pressure rheometer [37], CyC5 systems using an integrated thin film 
drainage apparatus to measure adhesive force [38], natural gas hydrates 
in a rocking cell [39], and CyC5 systems in a micro-mechanical force 
(MMF) apparatus [25] drawing similar conclusions to Sjöblom et al., 
where asphaltenes can decrease agglomeration and plugging [40]. 
However, it has also been suggested that asphaltenes may actually 
promote gas hydrate formation by acting as a nucleation site in a 
pipeline, both in experiment [41] and molecular dynamic (MD) simu
lations [42]. Further experiments have since highlighted the importance 
of the aggregation state of the asphaltenes present in the oil phase [43] 
and the presence of other components such as alcohols [44] in terms of 

the extent of agglomeration, which explains the varying effects of the 
asphaltene fraction. 

In this paper, studies have been designed to understand the effects 
that the asphaltene fraction has on both the wettability behavior (con
tact angle) and film growth rate of CyC5 hydrates. It is suggested that the 
measurement of these properties, particularly contact angle, can act as 
an early indicator/first-pass test for determining the agglomeration/ 
plugging probability of an oil system, as shown in Fig. 1. Similar logic 
has been applied to other studies performed on commercial surfactants 
and their effects on cohesive force [45], where oils that reduce the 
cohesive force between hydrate particles correlate to oils that do not 
plug as easily [46]. Depending on the change in measured contact angle 
values with a natural surfactant (in an oil) present compared to a 
baseline CyC5 system with no presence of natural surfactant, an estimate 
could be made of the need for further evaluation of the oil’s behavior. 
Even though similar reasoning has been applied to other lab-scale ap
paratuses to test the potential non-plugging oil properties as described 
above, this technique is comparatively low-cost, easy to learn, and gives 
results quickly with ultra-low volumes of oil sample (micro-liters). It 
also removes the inherent risks of working with a high-pressure system, 
while maintaining the ability to work with a hydrate system directly. 
The studies presented here include measuring the contact angle and film 
growth rate of CyC5 hydrate systems dosed with different oils, different 
oil fractions, and un-treated oil at varying water contents to show the 
extent that asphaltenes could be responsible for altering the surface 
chemistry of the hydrate system. The results of this study have large 
implications on the techniques used to study the agglomeration behavior 
of oils and how a system under hydrate forming conditions can be 
treated. 

2. Methods and materials 

2.1. Materials and apparatus 

CyC5 (OmniSolve® CX2414-1, 99% purity) was used as a stable, low- 
pressure analog to sII natural gas hydrates. CyC5 hydrates form at mild 
conditions (atmospheric pressure, below 7.7 ◦C), making them relatively 
simple to create while also removing the safety concerns of using a high- 
pressure system. Spontaneous nucleation of CyC5 hydrates from liquid 
water can take days [48], so an ice seed is used to accelerate hydrate 
formation and growth consistent with other experiments [21]. The 
apparatus used here is the same as used by Stoner et al. [23] The oils and 
some of their relevant properties are summarized in Table S1. 

2.2. Oil and water dosing technique 

The technique used here has been slightly modified from Stoner et al. 
[23] to include preparation steps specific to adding a water phase and/ 
or an oil component to the hydrocarbon phase. For each experiment, the 
total volume of the mixture remains the same, but the overall volume of 
water and cyclopentane is changed to achieve the desired water content 
(0, 0.1, 0.25, 0.4 vol fraction). To dose the CyC5 with the desired oil, 
first a concentrated solution of 0.2 vol% oil in CyC5 is prepared, then 
diluted further with CyC5 to create a 0.02 vol% oil in CyC5 hydrocarbon 
phase. An ultra-low volume of 0.02 vol% oil is used to reduce visibility 
issues from the dark oils when viewing the samples under the micro
scope, and it allows for many repeated experiments using < 1 mL of oil. 
When performing experiments with both water and oil, the two phases 
are mixed for 10 min using a magnetic stirring plate to simulate the 
turbulence and phase mixing they would experience in a pipeline. Next, 
they are allowed to phase separate gravitationally for another 10 min to 
simulate a shut-in period. The water phase is extracted from the CyC5/ 
oil mixture and set aside. This water is used to form the ice particle and 
water droplet to create the hydrate particle as performed by Stoner et al. 
[23] In the case of 0 WC, deionized (DI) water is used to form the ice 
particle and water droplet. The contact angle is measured as shown by 
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Fig. 1, and the film growth rate is measured as described by Morrisey 
et al. [25] and Stoner et al. [23]. 

2.3. Oil fractionation 

For some experiments, the oil was fractionated to isolate the effect of 
different fractions on the wettability and film growth. Asphaltenes were 
precipitated with n-heptane by using a heptane/oil ratio of 40 (ml/g) as 
described in Aguilera et al. [49]. The solids obtained here are the iso
lated asphaltene fraction, and the leftover liquid was evaporated under a 
vacuum to remove residual heptane to obtain the liquid de-asphalted oil. 
The isolated asphaltenes and binding resins were obtained using an oil 
separation scheme similar to that described by Graham et al. [50]. To 
create the model oils from the separated solid fractions (i.e. asphaltenes, 
asphaltenes + binding resins), the designated solids were added to 
toluene in a weight percentage reflective of their natural occurrence in 
the full crude oil. This toluene solution was then diluted in cyclopentane 
as described in the previous subsection. For the deasphalted fraction, the 
resulting liquid is used in place of the full crude for the same dilution. 

Due to their varied nature, oils D, G, H, and O were chosen to cover a 
range of interfacial behavior and asphaltene content (low, intermediate, 
high) to understand how their polar fractions may change wettability 
and film growth. 

3. Results and discussion 

3.1. Addition of oil 

As shown in Fig. 2, the addition of a non-plugging oil to CyC5 can 
change the wettability (i.e., the contact angle) of the hydrate surface. 
This could be attributed to the adsorption of the natural surfactant 
molecules (i.e., asphaltenes) at the interface [51]. These molecules can 
align to create a physical barrier between the hydrate surface and the 
water droplet, and since the surfactant molecules are hydrophobic, this 
makes it more difficult for the droplet to spread (Fig. 3) compared to the 
CyC5 baseline. This type of alignment has been shown with MD simu
lations [52] and is thought to be similar to the mechanism seen with 
commercial AAs [53,54].The differences in contact angle behavior can 

Fig. 1. Illustrations and an example of the qualitative information the value of the contact angle can give about its interaction with the oil phase, and ultimately its 
non-plugging potential. Here, contact angles less than 90⁰ indicate a water-wet hydrate with a higher plugging potential, a contact angle of approximately 90⁰ 
indicates neutral wetting ability, and a contact angle of greater than 90⁰ indicates an oil-wet hydrate with a lower plugging potential, as shown by rocking cell results 
from Delgado-Linares et al. [47]. Modified from Bormashenko [20] and Stoner et al. [23]. 

Fig. 2. Plot of contact angles of cyclopentane hydrate surfaces in the presence of different oils containing natural surfactants. Here, cyclopentane represents the 
baseline system with no presence of surfactants, MO70T is a commercially available model mineral oil, and each letter represents a different natural oil. Each bar 
represents the average contact angle measurements on a minimum of six DI water droplets and a minimum of three different hydrate particles (i.e., 12 angles). These 
experiments were performed at atmospheric pressure, a ΔTsub of approximately 4⁰C, and an annealing time of 1 h. Error bars represent the 95% confidence interval. 
Images show examples of some contact angle measurements, labeled in red text. The images show examples of the baseline system (CyC5), a wetting oil (B), and two 
non-wetting oils (G, Q). 
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be attributed to the polar content (typically the asphaltene fraction [55]) 
of each oil. A visual representation of example contact angles can be 
seen in Fig. 2. It should be noted that the droplets in the images appear to 
be on an incline. However, the images are taken from the top view of the 
hydrate particle and the droplets are on a horizontal surface. The 
baseline CyC5 value for contact angle and FGR are in line with the value 
published by Brown et al. [21], Stoner et al. [23], and Morrisey et al. 
[25]. The model oil Mineral Oil 70 T is represented by the abbreviation 
MO70T. 

As shown in Fig. 4a, oils that did not have a large effect on the 
contact angle, also did not have an effect on the Film Growth Rate (FGR). 
This can be attributed to two potential phenomena, the first being that 
more spreading of the droplet results in more points of contact where 
seeding of the hydrate film can occur on the surface to induce film 
nucleation. Second, if the surface active components are aligning poorly 
and/or sparsely at the interfaces, there are little to no mass transfer 
limitations or kinetic inhibition mechanisms affecting the film growth, 
and it proceeds in the same way as the baseline system. For some oils 
with higher contact angles, the FGR was decreased (Fig. 4(a)). The more 
non-wetting oils have a larger presence of surface active components), 
which can align at the interface, causing both a higher contact angle and 
in some cases lower rates of film growth (Fig. 4(a)). Hence, the potential 
relationship between the natural AAs in an oil and natural KHI potential 
based on contact angle and film growth values is oil dependent. There is 
a potential relationship between contact angle and asphaltene content of 
the oils, where higher amounts of asphaltenes tend to have higher 

contact angles that approach 180◦ (Fig. 4b). 
The relationship between asphaltene content, contact angle, and 

FGR indicates that some oils not only display interfacial characteristics 
similar to commercial AA additives (through contact angle), but can also 
delay the growth of hydrate films similar to KHIs. Similar behavior has 
been noted for methane hydrate formation in MD simulations [56] and 
in experiment with commercial AAs [57]. As changes in contact angle 
behavior are observed at such small concentrations (0.02 vol% oil in 
CyC5), a complementary study was also performed to see if this behavior 
is exaggerated at higher concentrations of oil for 6 oils. 

3.2. Varying concentration of oil 

For this set of experiments, higher concentrations of oil were tested 
to determine the effect of adding more surface active components to the 
system. Ultra-low oil concentrations are used in part due to the affect 
oils have on visibility. As many of the oils are very dark, higher con
centrations give significantly decreased or completely non-visible hy
drate particles. For the darker oils (O, D, and C), the contact angles and 
film growth were measured at additional concentrations of 0.2 and 2 vol 
%. For the lighter oils with less visibility limitations (MO70T, A, and B), 
contact angles and film growth were measured at concentrations of up to 
5 vol%. Oil O approaches complete de-wetting (contact angle of 180◦) at 
0.2 vol%, so contact angle and film growth behavior was measured at 
intermediate volumes (0.04, 0.08, and 0.16 vol%). A summary of the 
wettability and film growth results as a function of oil concentration can 

Fig. 3. Illustration of how natural surfactant molecules align at the interface and how it may affect the spreading of water over a hydrate surface. Modified from 
Hu [31]. 

Fig. 4. (a) Plot of contact angle vs. film growth rates (b) Plot of contact angle vs. asphaltene content of the oil. The error bars for both plots (horizontal and vertical) 
represent 95% confidence intervals from a minimum of 6 water droplets on 3 or more hydrate particles. The dotted line is only to guide the eye. The red points on 
both graphs represent the cyclopentane baseline system. 
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be seen in Fig. 5 a and b, respectively. A list of the contact angle values 
can be seen in Table S2. For all oils tested, increasing the concentration 
of oil in CyC5 resulted in a higher contact angle. The lighter oils start out 
with significantly lower contact angles (<100◦) than the darker oils 
(greater than 110◦), but the addition of more oil did increase the contact 
angle. The darker oils had a more drastic increase, where the value of 
their contact angles approached 180◦ by 2 vol%. This behavior is 
attributed to a larger concentration of surface active components that 
are aligning and adsorbing at the interface resulting in less spreading of 
the droplet. 

Increasing the concentration of oil affected the film growth in a 
similar way to contact angle, where addition of more oil resulted in a 
slower film growth rate. For all oils tested, the FGR was reduced when 
the amount of oil in the system was increased, as shown in Fig. 5b. 
Again, this can be attributed to an increase in surface active components 
that act as a mass transfer barrier, as well as lower areas of contact to 
seed hydrate film growth over the surface of the droplet. A visual rep
resentation of an example oil at varying concentrations can be seen in 
Fig. 5c. 

3.3. Addition of oil and water 

To simulate an environment more similar to the field, a water phase 
was added as described in the methods section. Four water contents (0, 
0.1, 0.25, 0.4 in volume fraction) were tested. In larger scale rocking cell 
tests, oils typically fail between 0.3 and 0.4 WC, which dictated the 
upper limit of water contents tested [58]. For the two potential non- 
plugging oils tested (O and K), the contact angle was decreased as 
more water was added. For potential plugging oil C, the addition of 
water did not affect the contact angle, indicating the poor performance 

of any surface active components in the oil phase. This data is shown in 
Fig. 6a. A list of the contact angle values can be seen in Table S3. Here, 
not only are the surface active components being diluted with the 
addition of more water (overall volume stays the same between water 
contents), but small amounts of water that may be trapped in the oil 
phase after mixing may be aligning at the interface. This would increase 
the height of the quasi-liquid layer [59] and result in further spreading 
of the water droplet on the hydrate surface. Trends in the FGR from 
varying WCs were not seen, the data is present in figure S1. Visual 
representation of selected oils at varying WCs can be seen in Fig. 6b. 

3.4. Effect of different oil fractions 

Typically, changes in wettability/morphology and nucleation/ 
agglomeration behavior of a hydrate system are thought to be affected 
by the asphaltene phase [60,61], but can be also affected by other 
fractions, including resins [62,63] and waxes [64,65]. To separate the 
effect from different fractions, both contact angle and film growth were 
measured for different portions of the oils. This includes the full oil, 
isolated asphaltene and binding resin fractions dissolved in toluene, 
isolated asphaltene fraction dissolved in toluene, and the deasphalted 
portion of oil. It is assumed that the full crude oil has the most surface 
active components followed by the combined asphaltene and resin 
fractions, the asphaltene fraction, and then the deasphalted oil. Removal 
of certain fractions can alter the behavior of the interfacial behavior of 
the oil [66]. 

For oil O, the removal of more surface active components resulted in 
a steady decline in the contact angle and an increase in the FGR 
approaching the baseline. Oil O has a very high contact angle which 
indicates that its surface active components adsorb and align well at the 

Fig. 5. (a) Plot of contact angle as a function of oil concentration in cyclopentane. (b) Plot of film growth rate as a function of oil concentration in cyclopentane. For 
each plot, every point represents the average contact angle measurements on a minimum of six DI water droplets and a minimum of three different hydrate particles 
(i.e., 12 angles). These experiments were performed at atmospheric pressure, a ΔTsub of approximately 4⁰C, and an annealing time of 1 h. Error bars represent the 
95% confidence interval. Dotted lines are to guide the eye. (c) Examples of contact angle images at varying concentrations of oil. The images show examples of oil D. 
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interface which changes both wettability and film growth behavior. For 
oil H, both the contact angle and FGR stay approximately the same when 
more oil fractions are removed. This indicates that the surface active 
components in the asphaltene and resin phases are not contributing as 
much to its wettability and film growth behavior. For oils G and D, the 
behavior of the isolated asphaltene/resin fractions and the isolated 
asphaltene fraction is not in line with the full oil and deasphalted oil, 
which have approximately the same contact angles and similar FGRs. 

This is attributed to the addition of toluene, as isolated asphaltenes and 
resins are solids. The addition of toluene has been shown to change the 
aggregation state of the oil [67,68], which will change its interfacial 
behavior. A summary of the contact angle results and FGR results can be 
seen in Fig. 7a and 7b, respectively. Images of the contact angle of a 
select oil can be seen in Fig. 7c. 

Fig. 6. (a) Plot of contact angle vs. water content. Here, each point represents the average contact angle measurements on a minimum of six DI water droplets and a 
minimum of three different hydrate particles (i.e., 12 angles). These experiments were performed at atmospheric pressure, a ΔTsub of approximately 4⁰C, and an 
annealing time of 1 h. Error bars represent the 95% confidence interval. Dotted lines are to guide the eye. (b) Examples of contact angle images at varying water 
volume fractions. The images show examples of oils O and C. 

Fig. 7. (a) Plot of contact angles of different oil fractions. (b) Plot of film growth rates of different oil fractions. Here, each bar represents the average contact angle 
measurements on a minimum of six DI water droplets and a minimum of three different hydrate particles (i.e., 12 angles). The experiments in plots a and b were 
performed at atmospheric pressure, a ΔTsub of approximately 4⁰C, and an annealing time of 1 h. Error bars represent the 95% confidence interval. (c) Examples of 
contact angle images for each crude oil fraction. The images show examples of oil O. 
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3.5. Effect of film growth on droplet morphology 

Stoner et al. [23] introduced the concept of the crystallization angle. 
The crystallization angle is the angle at the original three-phase line 
after film growth has occurred, and it may be different than the contact 
angle. Here, the initial film growth that propagates from the three phase 
line (hydrate, water droplet, bulk oil) can change this angle, as the film 
is weak and pliable. They showed that in pure cyclopentane systems, the 
crystallization angle was higher than the contact angle, regardless of 
annealing time or subcooling. Here, the addition of oil slightly decreases 
or does not change the crystallization angle compared to the contact 
angle for most oils, as shown in Figure S2. This is attributed to the 
alignment of surface active components at the interface that discourage 
spreading of the water droplet, as shown by the difference in contact 
angles of CyC5 with oil compared to CyC5 without oil. Although the 
angle may be altered over time with film growth or capillary suction that 
changes the shape of the droplet, the final crystallization angle is still 
similar to the contact angle. However, for CyC5, MO70T, and oil B, the 
crystallization angle is higher than the contact angle. This is due to the 
capillary suction pulling the water into the hydrate. The inward force 
felt by the film is strong enough to bend the film toward the surface 
before it completely covers the droplet and stabilizes the shape which 
results in a higher angle (see Stoner et al., Fig. 9). 

Stoner et al. also noted a dimpling effect on some of the film covered 
water droplet. The final shape of the film covered droplet would have a 
concave center. Here, the capillary suction of the water into the porous 

hydrate surface was fast enough compared to the film growth that the 
film eventually folded in on itself, resulting in the dimple. Dimpling was 
not always present with different oils. In this work, three morphology 
change scenarios were observed. 

The first scenario is when film growth and capillary suction start at 
approximately the same time, or suction begins before film growth. 
Here, the droplet height steadily decreases until film growth is complete. 
The capillary suction pushes the film outward (as described in the pre
vious paragraph) which changes the shape of the film covered droplet. 
The final shape does not resemble the initial water droplet. This results 
in a very slightly convex shape across the top of the shell, a shell with a 
flat top, or a dimpled shell as described by Stoner et al. This scenario is 
shown in Fig. 8a. 

The second is when film growth begins before capillary suction is 
observed. The height of the droplet stays consistent (only moving 
slightly up or down) until suction starts, while the film maintains the 
shape of the original droplet. Next, the droplet height decreases sharply 
as capillary suction begins. This results in the bottom half of the 
remaining hydrate shell appearing to look about the same shape as the 
initial droplet, and the top half losing its initial shape as the height of the 
droplet decreases. As film growth completes, the bottom half maintains 
its shape compared to the initial droplet. The top half appears flat or 
dimpled. This scenario is shown in Fig. 8b. 

The third scenario is when there is no capillary suction and only film 
growth. Here, the droplet height steadily increases as it is pushed up
ward by film growth. The film will maintain its initial shape. The growth 

Fig. 8. Typical droplet height profiles over time along with film growth visuals and mechanistic diagrams of different scenarios regarding hydrate film growth and 
capillary suction. (a) approximate simultaneous start of film growth and capillary suction, or capillary suction occurs before film growth (b) film growth occurs 
before capillary suction; (c) no capillary suction, film growth only. 
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of the film slowly pushes the remaining water droplet upward until film 
growth completes and no dimpling occurs. The final shell appears more 
ellipsoidal than the original spherical droplet. This scenario is shown in 
Fig. 8c. Scenarios one and two are the most common and were seen 
regardless of the type of oil. Scenario three was less common and was 
only observed for some trials with oils that had very high contact angles. 

Each oil showed one or more of these scenarios during the contact 
angle experiments. The breakdown of the scenarios seen for each oil is 
shown in Fig. 9. Oils CyC5, MO70T, A, and B only displayed scenario 1, 
and also had the lowest contact angles of all oils tested. Scenario 2 was 
the most common, and scenario 3 was the least common. The changes in 
droplet morphology can give information on the competing effects of 
capillary suction of water into the hydrate vs. the film growth rate. 
Although the oils with the higher wettability (i.e., lowest contact angle) 
are considered more at risk for plugging, they may also be removing free 
water from the bulk which can affect their bedding and deposition 
behavior [69]. 

4. Conclusions 

Multiple sets of experiments were performed to examine wettability 
behavior (quantified using the contact angle) and film growth of 
cyclopentane hydrates in the presence of oil, varying oil concentrations, 
varying water contents, and varying isolated fractions of crude oil. The 
addition of oil showed a relationship between low wettability and 
slower film growth rates compared to the baseline system which was 
attributed to asphaltene content and better adsorption/alignment of 
natural surfactants at the hydrate interface. The natural surfactant 
alignment is thought to reduce points of contact for nucleation and can 
also act as a mass transfer barrier to slow the film growth over the 
droplet. Here, oil samples contained asphaltene fractions that mostly 
were between 0 and 4.5 wt%. It would be interesting in the future to test 
oils with higher asphaltene contents to extend such analyses. 

The next set of experiments looked at the effects of varying oil con
centration on the wettability and film growth. As the concentration of oil 
added was increased, the wettability and FGR both decreased. The 
decrease was more drastic for the potential non-plugging oils and was 

Fig. 9. Top: Breakdown of the percentage of each morphology change scenario seen for each oil. Bottom: Illustration of each scenario, as explained in detail by Fig. 8.  
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attributed to better alignment/adsorption at the hydrate interface. 
When water content was varied for a select set of oils, the wettability 
increased with increasing water contents while FGR remained relatively 
unchanged. The increase in wettability is attributed to an overall 
decrease in concentration of natural surfactants as the water content 
increases. 

When different oil fractions were isolated and tested, it showed how 
certain fractions are responsible for the change in wettability and film 
growth behavior of hydrate surfaces. For the better performing non- 
plugging oil (O), the more surface active components that were 
removed (i.e., full crude, asphaltene + resins, asphaltenes, deasphalted) 
the higher the wettability and higher the FGR. For one of the interme
diate performing non-plugging oils (H), the surface activity seemed to 
stay approximately the same when different fractions were isolated, 
which resulted in little to no change in wettability and FGR. For the 
other intermediate performing non-plugging oils (D and G), the addition 
of toluene to the isolated oil fractions changed the aggregation state of 
the surface active components, which results in a lower wettability and a 
slower film growth rate than the full crude oil. 

A conceptual picture of the transient change in droplet shape/height 
during hydrate film growth and capillary suction was also proposed. 
Depending on the order of the start of film growth or capillary suction, 
the film covered droplets are eventually either flat/dimpled and do not 
(or only partially) resemble their initial droplet shape, or they become 
more ellipsoidal with no dimple and mostly maintain their initial droplet 
shape. Droplets that do not maintain or partially maintain their shape 
are typically plugging to intermediate non-plugging oils (based on 
wettability) and droplets that maintain their shape are typically good 
non-plugging oils with very low wettability). 

The results described here highlight the vast amount of information 
of wetting ability and film growth that can be obtained from measuring 
the contact angle. Each of these observed interfacial behaviors gives 
information on larger scale phenomena including hydrate agglomera
tion, and could be used as a tool to estimate the plugging probability of 
an oil using a very small sample volume. 
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