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A stepwise pressurization method was proposed for determining the metastable boundary conditions of water-in-oil
emulsions in the hydrate formation region. The metastable boundary pressures of four water-in-n-octane emulsions in the
presence of methane gas were determined at four specified temperatures. The experimental results show that the metastable
boundary pressures increase with decreasing water droplet sizes. A thermodynamic model was developed for calculating
the metastable boundary conditions of a water-in-oil emulsion in which assuming that the collapse of a metastable emulsion
requires the formation of a stable hydrate film with a critical thickness on the surfaces of water droplets. The model was
used to correlate the experimental data and determine the critical thickness of the hydrate film. It was demonstrated that the
calculated results were in good agreement with the experimental data. The determined critical thickness is at nanoscale,
ranging from 14 to 40 nm, which decreases with decreasing water droplet sizes. © 2011 American Institute of Chemical

Engineers AIChE J, 58: 22162225, 2012
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Introduction

Gas hydrates are ice-like solids formed by the insertion of
guest molecules into cage-like crystalline lattices of host
water molecules at elevated pressures and low-temperatures.
In the past decades, most fundamental studies on gas
hydrates have focused on hydrate formation/dissociation
from bulk water. However, in oil and gas production and
transportation, hydrate formation in dispersed aqueous sys-
tems such as water-in-oil emulsions often occurs. For exam-
ple, when surface-active antiagglomerants are added to pre-
vent pipelines from being plugged by hydrates, hydrates usu-
ally form from water-in-oil emulsions." Even though there
are no antiagglomerants added, the naturally occurring sur-
face-active compounds such as asphaltenes in crude oil may
also give rise to forming water-in-oil emulsions in some
multiphase flow systems.” Furthermore, most drilling fluids
in deepwater offshore drilling facilities, where hydrate plug-
ging hazards may occur because of low seabed temperatures,
are in forms of water-in-oil emulsions.> Hence, understand-
ing the characteristic of hydrate formation in water-in-oil
emulsions has drawn much attention in recent years.‘H4

With in-depth studies on hydrate formation/dissociation in
water-in-oil emulsions, the relevant experimental techniques
such as the differential scanning calorimetry (DSC),>>8
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X-ray diffraction,”'® nuclear magnetic resonance (NMR),"
particle video microscope (PVM), focused beam reflectance
measurement (FBRM),'? and dielectric spectroscopy'*'*have
been used to characterize hydrate formation in water-in-oil
emulsions. Dalmazzone et al.” measured the dissociation of
methane hydrate in water-in-oil emulsion systems using the
DSC technique and pressure vs. temperature measurements in
a constant volume cell (pressure—volume—temperature, PVT).
Both DSC and PVT results showed that there are no measura-
ble differences between the bulk solutions and emulsions
from the thermodynamic point of view. Therefore, the atten-
tion of hydrate researches in water-in-oil emulsions has been
paid to other directions because the thermodynamic difference
between bulk solutions and emulsions has been thought to be
negligible. Aichele et al.'' analyzed methane hydrate forma-
tion in water-in-oil emulsions through the NMR technique.
They showed some quantitative information about the rela-
tionship between water droplet-size distributions and methane
hydrate formation. In addition, Boxall et al.'* studied the gas
hydrate formation and dissociation in water-in-oil emulsions
by using the PVM and FBRM. They concluded that water
droplet sizes had a major effect on whether or not agglomera-
tion would occur. The presence of surface water on the par-
ticles can facilitate the agglomeration of hydrates during dis-
sociation. From the studies of Aichele et al.'' and Boxall
et al.,'? it can then be found that water droplet sizes affect
both hydrate formation and agglomeration.

Hydrate particles at nanoscale formed from the micro-
droplets of water in an emulsion usually tend to
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(a)
Figure 1. The process of hydrate formation from a water-in-n-octane emulsion: (a) stable emulsion; (b) initiation of
hydrate formation; (c) mass hydrate particles of macroscopic sizes.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

agglomerate into larger ones to lower their surface free energies
because of the larger interfacial tension between hydrate and
oil. This phenomenon has been observed frequently in our ex-
perimental work, as shown in Figure 1. The agglomerated
hydrate particles might be of macroscopic size and then the
interfacial tension has little effect on the equilibrium dissocia-
tion conditions. That might explain why the equilibrium hydrate
formation/dissociation conditions in a water-in-oil emulsion
system is the same as that in the bulk aqueous phase.” However,
the initial nucleation of hydrate from a small water droplet, e.g.,
a water droplet with a diameter of less than 500 nm, might be
more difficult than that from a large water droplet because of
the higher-surface-free energy of hydrate film formed on the
surface of the water droplet. This means that a water droplet in
a water-in-oil emulsion should be of a wider stable liquid phase
region than bulk water within which stable nucleation of
hydrate is impossible, although it is the rigorously metastable
one. From the technical point of view, one can then inhibit
hydrate formation by forming w/o emulsion with water droplet
size small enough. The objective of this work is to investigate
the metastable boundary conditions of water-in-oil emulsions in
the hydrate formation region, i.e., the initial hydrate formation
conditions in water-in-oil emulsion systems.

Experimental Section
Experimental apparatus and materials

The schematic diagram of the experimental apparatus used in
this work for measuring the initial hydrate formation conditions
in water-in-oil emulsion was shown in Figure 2. It mainly con-
tains a sapphire cell and an air bath. The detailed descriptions
of this apparatus can be referred to our previous works.'>17

Analytical grade (99.99%) methane supplied by the Beifen
Gas Industry Corporation was used in this work. Sorbitan
monolaurate (Span 20), nonylphenol ethoxylates, and
n-octane were purchased from the Beijing Chemical
Reagents Company. The water was distilled twice and its
conductivity is less than 107*Sm .

Preparation of emulsions

The quantities of water, n-octane, nonylphenol ethoxy-
lates, and Span 20 used to prepare the emulsion were
respectively weighed with a balance possessing a precision
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of 0.1 mg. The emulsion was prepared through stirring the
mixture of water, n-octane, nonylphenol ethoxylates, and
Span 20 with a specified composition by using the ULTRA
TURRAX T-18 disperser manufactured by the IKA corpora-
tion in German. The size (diameter) distribution and average
size of water droplets in the emulsion were measured by vir-
tue of the Zetasizer Nano-ZS laser nanoparticle-size analyzer
manufactured by the Britain Malvern Instruments. The diam-
eter range measured by the analyzer can be from 0.6 to 6000
nm. Four different types of water-in-n-octane emulsions
denoted by 1%, 2%, 3% ‘and 4% were prepared. The dosages of
the surfactants added and the details of the emulsion prepa-
rations were listed in Table 1. The water droplet diameter
distributions of four emulsions were measured at 293.2 K
before hydrate formation, and the results were shown in Fig-
ure 3. Except for the main peak, we found a small peak in
Figures 3a, b. It might be caused by the impurity in

top valve

%—’ vent

HEISE
pressure gauge

——air bath

sapphire cell

j magnet
GC E : . []
: : stirrer DAS

piston

i &

hand pump
Figure 2. Schematics of the experimental apparatus:
RTD, resistance thermocouple detector; DPT,
differential pressure transducer; GC, gas cyl-
inder; DAS, data acquisition system.
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Table 1. The Information of Emulsion Preparations

The Dosage of
Surfactant Mixture

Emulsion ~ Water (A + B)*in Mixing  Mixing
No. Cut (v %) Water (wt %) Speed (rpm) Time (min)

1* 10 3.9 6000 6

2 20 3.0 6000 6

3# 30 3.0 7200 6

4* 30 3.0 6000 6

*The mass ratio of A (Span 20) to B (nonylphenol ethoxylates) in the surfac-
tant mixture is 2:1.

measuring systems. For 4*emulsion, there exist two peaks,
indicating that part of small water droplets agglomerate into
larger ones. The average diameters of water droplet for the
two peaks are 691.2 nm (peak A) and 4342 nm (peak B),
respectively. The obtained average diameter of water droplet
of emulsion and standard deviation were listed in Table 2
correspondingly.

Activation and recovery of emulsions

The sapphire cell was loaded with about 20 mL of the pre-
pared emulsion and installed onto the apparatus. Then methane
gas was introduced into the cell until the desired pressure was
achieved. The system temperature and pressure were adjusted to
form and dissociate hydrate repeatedly to eliminate the induc-
tion time of hydrate nucleation. After the last round of hydrate
formation and dissociation, the system was depressurized to
atmospheric pressure, heated to 298 K, and agitated with the
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stirrer for more than 1 h to guarantee the absence of hydrate par-
ticles and recover the stable homogeneous emulsion.

Determination of metastable boundary conditions of
emulsions

After the activation and the recovery of the emulsion, the
system temperature was adjusted to a given value, and meth-
ane gas was charged into the sapphire cell again until the
pressure was close to the equilibrium pressure of hydrate
formation/dissociation in bulk water at present temperature.
During the whole measurement, the emulsion was agitated
with the magnetic stirrer continuously. Once the temperature
was stabilized, the pressure in the cell was then adjusted to this
equilibrium pressure with the piston in the cell and stabilized
at that value for 24 h. If hydrate formation was not observed
during this time period, the system pressure was increased by
0.1 MPa or so, and the cell was kept stirring for another 24 h.
If hydrate formation was not observed still, the system was
pressurized step by step and stabilized for 24 h in each step
until a sudden drop of pressure was observed, as shown in
Figure 4. The pressure step was set to about 0.1 MPa during
the pressurization. The sudden drop of pressure manifests
the formation of hydrate and the destruction of emulsion. In
this work, the average value of the pressure at the final step
and that at the previous one was defined as the metastable
boundary pressure of the emulsion at a given temperature,
which is denoted as P, in Figure 4. Thus, the uncertainty of
P, measurement is 0.05 MPa. After the P,, value at one
specified temperature was determined, the system was dep-
ressurized to atmospheric pressure and heated to above 298
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Figure 3. Comparison of the water droplet diameter distributions before and after repeated hydrate formation/dis-
sociation: (a) 1* emulsion; (b) 2* emulsion; (c) 3* emulsion; (d) 4* emulsion.
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Figure 4. The path of pressurization during searching
the metastable boundary pressure of the

1* water-in-n-octane emulsion system at
282.15 K.

K to dissociate the hydrate thoroughly and recover the stable
emulsion for the next measurement.

Measurement of droplet-size distribution after hydrate
formation /dissociation

After the metastable boundary pressures of a specified
water-in-oil emulsion at a series of specified temperatures were
determined, the recovered emulsion in the cell was sampled
and the diameter distribution of the water droplets in the emul-
sion was analyzed with the Nano-ZS laser nanoparticle-size an-
alyzer to determine the effect of repeated formation/dissocia-
tion of hydrate on structures of the emulsion.

Modeling of Metastable Boundary Conditions

There exist many models for predicting the hydrate forma-
tion conditions in bulk phaselg_24 or in porous media. >
However, there is no thermodynamic model reported for
calculating the metastable boundary conditions of a water-in-
oil emulsion. Taylor et al.*’ proposed a mechanism for the
conversion of a water droplet into hydrate. They suggested
that the first stage of hydrate nucleation is a hydrate film
propagating around the water droplet. Our modeling work is
also based on this mechanism. It is assumed that collapse of a
metastable emulsion requires formation of stable hydrate
films with a critical thickness r. on the surfaces of water drop-
lets, and that the chemical potential of hydrate lattice must be

+ An’w-zﬂ'ﬂg

low enough to equilibrate with that of the residual water drop-
let enclosed by the hydrate film, as shown in Figure 5. The
surface-free energy should be taken into account when formu-
lating the Gibbs free energies of both water droplet and
hydrate film because the water droplet size and the thickness
of the hydrate film are close to or at nanoscale. There exists
an interface, the water/oil interface, before the formation of
hydrate film while there exist two interfaces, i.e., the oil/
hydrate interface and the hydrate/water interface, after the
formation of hydrate film. The Gibbs free energy of water
droplet before the hydrate formation can be formulated as
Gdroplet = nwoluayulk + 47'[)”(2) GW7O (1)

where ,utv’v“'k is the chemical potential of bulk water, ny, is the
molar number of water in the initial water droplet, r( is the
radius of initial water droplet, and VO is the water/oil
interfacial tension.

The Gibbs free energy of water droplet plus hydrate film,
G\, after the hydrate formation can be formulated as

Gy = n ™ + Any i + 426"V + dn(r + o) 60
2
where 4% is the chemical potential of bulk basic hydrate, n,, is

the molar number of water in the residual water droplet,
and An,, is the molar number of water molecules in hydrate film

Ny = Nwo — Anw 3)

H—W H-0 . . .
o and o denote the interfacial tension of hydrate/water
30 _H—-W

and hydrate/oil, respectively. According to the literature,”™ o

is setto 17 mN m ™" in the calculation. " ~ ? is taken as the sum
of ¢/ =" and ¢ ~ V. In this work, the interfacial tensions of
n-octane/water, ¢~ ", were measured in the presence of
different dosages of surfactants as shown in Table 1 using the
“pendant-drop” method.*' Under these experimental conditions,
they are all 4.0 mN m™' because the dosages of surfactants are
higher than the critical micelle concentration. r is the radius of
the residual water droplet. r. is the critical thickness of hydrate
film, which is taken as an adjustable parameter determined by
fitting the experimental data. The relation between r and the
initial radius of the water droplet r is given by

(r+ rc)3 - = 1.25(1‘8 — 1‘3) %)

where coefficient 1.25 is the ratio of the molar volume of the
empty hydrate lattice to that of water.

coeeeep il

.......... » hydrate film

—_—

- » water droplet

Figure 5. The schematics of the equilibrium process of the formation basic hydrate film from a water droplet and

gas component in a w/o emulsion system.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The definition of basic hydrate can be referred to Chen
and Guo.” "% can be expressed as,”
M = b + 2 RT(1 - 0) ©)

where 0 is the fraction of the small cavities occupied by gas
molecules, which can be calculated by the Langmuir
isothermal adsorption theory. u is the chemical potential of
unfilled basic hydrate lattice (0 = 0). 4; denotes the number of
small cavity per water molecules in the hydrate lattice.

If the hydrate formation illustrated in Figure 5 is a reversible
process as we concerned in this work, the variation of Gibbs
free energy of this process should be equal to zero. That is,
Gibbs free energy of the initial water droplet plus that of hydrate
forming gas should be equal to the Gibbs free energy Gy, i.e.,

o ,uglulk + 47'5r(2) "0 + An,dop o = My ,ugl““‘ + Anw,ug“lk
+ 4nr?e™V 4 dn(r + rc)zoﬂ*o (6)

where y, is the chemical potential of gas and A, is the molar
number of large cavities per mole basic hydrate.

It can be derived from the above equation that
bk 4 7, e = pbulk 4 A2t W

+ (r+ rc)onfo — I*SO'W*O]/Anw (7)
An,, = gn[(i + rc)3 — 1‘3]/V,0{ )

where VY is the molar volume of the empty hydrate lattice.
Substituting Eq. 8 into Eq. 7, we obtain,

’ugvulk +)“2ﬂg _ 'ut];ulk +3VI(.)1[r20H7W + (r—l—r(,)zaf#o
— 3O+ re) — 1) )
To simplify Eq. 9, an effective activity of water (a,)

related to the capillary effect on the hydrate formation con-
dition is defined as

RTIna, = —3V0 26"V + (r + r.)26" 0
RO (4~ (10)

Equation 9 then becomes

'ul\svulk + RTlna,, + )~2.ug - 'uléulk an

The chemical potential of gas component (ug) can be
expressed as a function of gas fugacity (f),

pty = 1y(T) + RT In f (12)

Substituting Egs. 5 and 12 into Eq. 11, we have,
"™ + RT Inay, + Zo(ug(T) + RT Inf) = iy + 4 RTIn(1 — 0)
(13)
To simplify Eq. 13, an auxiliary function (/) was defined as>

(14)

0 bulk 0
e )

72RT
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Equation 13 is then rewritten as

f=121-0)a,'” (15)

where 1; and A, denote the number of small cavity and large
cavity per water molecules in the hydrate lattice. oo = 1,/45, 4>
= 3/23, and o = 1/3 for structure I hydrate, e.g., methane
hydrate concerned in this work. The method for calculating f;
can be referred to Chen and Guo.”

Results and Discussion

The metastable boundary pressures of the four emulsions
described in Table 1 in the presence of methane gas were
determined, respectively, at four different temperatures
according to the procedures described previously. The exper-
imental results were tabulated in Table 3 and shown in Fig-
ure 6. For comparison, the equilibrium formation pressures
of methane hydrate from bulk water’> were also listed in Ta-
ble 3 correspondingly. A typical pressurization path during
single measurement was shown in Figure 4. Other pressur-
ization paths were given in Appendix. As shown in Figure 4
and Appendix, search of metastable boundary pressure of an
emulsion is time consuming. A single search usually takes
several days. As expected, P, increases with increasing tem-
perature monotonously for a specified emulsion. The scatter-
ing of Py, values is very low, which manifests that the value
of P, is determined thermodynamically instead of kineti-
cally. More importantly, P,, increases with decreasing water
droplet sizes of the emulsion, which demonstrates that
hydrate formation from a microdroplet of water in a water-
in-oil emulsion is more difficult than from bulk water. The
smaller the water droplet size is, the more difficult to form
hydrate and the wider the metastable region of the emulsion
will be. Obviously, the effect of interfacial tension on the
initial hydrate formation conditions of a water-in-oil emul-
sion should be taken into account when the metastable
boundary conditions of the emulsion are modeled. This was
also affirmed from the metastable boundary pressure of
4*emulsion. For 4*emulsion, some water droplets with small
diameter may agglomerate into large ones due to the high-
water-cut of the emulsion. A multimodal-size distribution
appears for the size distribution of water droplet diameter,
which are 691.2 nm (peak A) and 4342 nm (peak B) before
hydrate formation, respectively, as shown in Figure 3d. If
we only take water droplet diameter of peak A into consider-
ation, the metastable boundary pressure value of 3*emulsion
should be similar to that of 4*emulsion in view that the close
initial water droplet diameters of 620.8 nm (3™ and 691.2
nm (peak A for 4#). However, as shown in Table 3, the

Table 2. The Average Diameters of Water Droplet of
Emulsions and Standard Deviations Before Hydrate
Formation and After Hydrate Formation/Dissociation

Standard
Deviation (nm)

Water Droplet
Diameter (nm)

Before After Before After

Emulsion Hydrate Hydrate Hydrate Hydrate
No. Formation Dissociation Formation Dissociation

1* 229.4 218.8 105.5 88.8
2* 386.7 405.0 140.8 210.9
3# 620.8 658.1 96.9 87.7
4" (Peak A) 691.2 748.4 217.7 297.0
4% (Peak B) 4342.0 4721.0 939.3 778.8
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Table 3. Metastable Boundary Pressures of Four Emulsions
in the Presence of Methane Gas at Four Different
Temperatures of 276.15, 278.15, 280.15, and 282.15 K

Number of Emulsion Temperature (K) P, (MPa)
1* 276.15 4.115
278.15 5.061
280.15 6.146
282.15 7.866
2f 276.15 3915
278.15 4718
280.15 5.955
282.15 7.204
3* 276.15 3.764
278.15 4.614
280.15 5.867
282.15 7.091
4* 276.15 3.663
278.15 4513
280.15 5.698
282.15 6.972
Bulk water*” 276.22 3.55
278.24 433
280.24 5.31
282.23 6.53

actual metastable boundary pressure of 3*emulsion is higher
than that of 4*emulsion, indicating that the P, is dependent
on the large water droplet of 4*emulsion (peak B for 4%). This
can be attributed to the reason that large water droplets have
low-surface-free energy and are more easily to form hydrate.
It is interesting to see from Figure 4 and Appendix that the
system pressure decreases steeply when hydrate formation
occurs, which indicates the collapse of the metastable emul-
sion because of stable hydrate formation. It also shows that
the hydrate growth rate is very fast after the metastable state
of the emulsion is destroyed. The formed nanoscale hydrate
particles tend to agglomerate with each other rapidly and then
become macroscale ones. As shown in Figure lc, one can
clearly see that the opaque emulsion becomes the transparent
oil and the hydrate deposition. If the quantity of water is suf-
ficient, the system pressure may decrease to the equilibrium
formation/dissociation pressure of methane hydrate. For a
comparison of the difference between P, and the equilibrium
hydrate formation pressure, the equilibrium methane hydrate
formation pressures for the water-in-n-octane emulsion 1*
were measured at 276.15 and 282.15 K, respectively. Results
are 3.508 MPa and 6.788 MPa, correspondingly. They are
only a little higher than the equilibrium formation pressures of
methane hydrate from bulk water (3.453 and 6.516 MPa at
276.15 K and 282.15 K, respectively). This kind of difference
should be attributed to the presence of surfactants in water,
which may lower the activity of water. For the pressurization
path of water-in-n-octane emulsion 3* at 282.15 K as shown in
Figure A3, it can be found that the stable pressure after the for-
mation of hydrate is about 6.741 MPa, which is close to the
equilibrium pressures of methane hydrate in surfactant solu-
tion. These results demonstrate that P, is only a kind of meta-
stable boundary pressure of the emulsion instead of the equilib-
rium hydrate formation pressure. However, it is impossible to
form hydrate at pressure lower than P,, unless stable hydrate
particles in the emulsion are present. Thus, P,, is one of the
thermodynamic conditions for hydrate initiation from a water-
in-oil emulsion. To understand this is of significance for pre-
dicting hydrate hazards in gas/oil pipelines or drilling fluids.
The water droplet-size distribution of each recovered emul-
sion after a set of measurements of P, was analyzed to deter-
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mine the effect of the repeated formation/dissociation of
hydrate on the size distribution of water droplets. The results
were shown in Figure 3 and Table 2. As shown in Figure 3
and Table 2, the average water droplet diameters of three
emulsions 1%, 2%, and 3% are 229.4, 386.7, and 620.8 nm,
respectively before hydrate formation. They become 218.8,
405.0, and 658.1 nm after the repeated formation/dissociation
of hydrate occurred in the measurements of P,,. It indicates
that the formation and dissociation of hydrate makes the aver-
age water droplet size change a little in our work. To evaluate
the effect of temperature on water droplet diameter distribu-
tion, we have measured the water droplet diameter distribu-
tion of one additional emulsion in the temperature range of
276.2 to 298.2 K and found that the average diameter of
water droplet increased from 400 to 410 nm. Although these
effects increase the uncertainty in measurement of water drop-
let diameter, their effects on P,, value is negligible with con-
sidering the maximum change of P, is only 0.78 MPa when
the water droplet diameter changes from 620.8 to 229.4 nm at
a specified temperature, as shown in Tables 2 and 3.

The thermodynamic model established in the previous
section was used to correlate the experimental data and
then determine the critical thickness of the stable hydrate
film. To reduce the influence of the uncertainty in mea-
surement of water droplet size on the calculation result,
the water droplet radius ry was taken as the average value
of that before hydrate formation and after hydrate forma-
tion/dissociation in the calculation. The calculation results
as well as the average water droplet diameters at different
experimental conditions were shown in Figure 6 and Table
4. For water droplet of 4*emulsion, the average diameter
indicated by peak B was adopted. One can see that the
agreement between the calculated results and the experi-
mental data is satisfying. The average absolute deviation is
about 1%. The determined critical thicknesses of the
hydrate films for the four different emulsions are 14, 23,
28, and 40 nm, respectively, corresponding to four average
water droplet diameters of 224.1, 395.9, 639.5, and 4531.5
nm. It is interesting to see that the critical thickness of the
hydrate film decreases with a reduction of the initial water
droplet size. This can be attributed to the reason that the
specific surface area of the residual water droplets increases

Pressure, MPa

3 1 I 1 I 1 I 1 n 1 n 1 I 1 n

276 277 278 279 280 281 282 283

Temperature, K

Figure 6. The metastable pressures of four emulsions
in the presence of methane gas at different
temperatures.

DOI 10.1002/aic 2221



Table 4. Comparison of the Experimental Values with
Calculated Results

Average
Water
Droplet Pressure
Emulsion Diameter* Temperature Range e AADP
No. (nm) Range (K) (MPa) (nm) N, (%)**
1* 224.1 276.15-282.15 4.115-7.866 14 4 0.78
2" 3959 276.15-282.15 3.915-7.204 23 4 1.36
3* 639.5 276.15-282.15 3.764-7.091 28 4 0.93
4* 4531.5 276.15-282.15 3.663-6.972 40 4 0.51

*The average value of water droplet diameters of emulsion measured before
and after hydrate fonnation/dissoA?iation.
#*AADP is defined as AADP =" |(Pca — Pc,q,)/chp{/./Np x 100%

more steeply when the hydrate film formed from the surface of
a water droplet with a smaller initial diameter as the specific
surface area of the water droplet is proportional to the reverse
(reciprocal) of its diameter. For example, the increase of the
specific surface area of the residual water droplet is only
7.93% when a hydrate film with a critical thickness of 28 nm
forms from the surface of a water droplet with an initial diame-
ter of 620.8 nm. Whereas, when a hydrate film with the same
thickness forms from a water droplet with an initial diameter
of 229.4 nm, the specific surface area of the residual water
droplet will increase by 25.67 %. The steeper increase of the
specific surface area will result in a steeper increase of the spe-
cific surface free energy or the chemical potential of the resid-
ual water droplet. To balance the chemical potential of the re-
sidual water droplet and that of the hydrate film, the actual crit-
ical thickness of hydrate film must be thinner for a smaller
water droplet than for a larger one. Englezos et al.** evaluated
the critical diameters of hydrate particles formed from bulk
water and found they are from 6 to 34 nm. Their results are in
the same magnitude as ours. As the metastable boundary pres-
sures increase with the decreasing water droplet sizes of the
emulsion, the hydrate film formed from a smaller diameter of
water droplet should be under a higher driving force. There-
fore, from the relationship between the hydrate film thickness
and the driving force by Peng et al.,** the hydrate film thick-
ness will also be thinner for a smaller water droplet.

Conclusions

Four water-in-n-octane emulsions were prepared by adding
suitable dosages of surfactants (Span 20 and nonylphenol
ethoxylates with a mass ratio of 2:1) to water + n-octane mix-
tures with different water cuts. The stepwise pressurization
method was proposed for determining the metastable bound-
ary conditions of water-in-oil emulsions in the hydrate forma-
tion region. The metastable boundary pressures of the four
emulsions in the presence of methane gas were then deter-
mined at four given temperatures. The experimental data
show that the metastable boundary pressure increases with
increasing temperature monotonously for a specified emulsion
and also increases obviously with a reduction of the water
droplet sizes at a given temperature. When the system pres-
sure exceeds the metastable boundary pressure, hydrate for-
mation occurs, and the metastable state of the emulsion col-
lapses. The formed nanosale hydrate particles then tend to ag-
glomerate with each other rapidly and become macroscale
ones for decreasing the surface free energy. If the system
pressure is lower than P, it is impossible to form hydrate
unless stable hydrate particles in the emulsion are present.
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A thermodynamic model was developed for calculating the
metastable boundary conditions of water-in-oil emulsions by
assuming that the collapse of metastable emulsions requires
the formation of stable hydrate films with a critical thickness
on the surfaces of water droplets. In addition, it is assumed
that the chemical potential of the hydrate film must be low
enough to equilibrate with that of the residual water droplet
enclosed by the hydrate film. The model was then used to
correlate the experimental data and determine the critical
thickness of the hydrate film. The calculated results were in
good agreement with the experimental data. The determined
critical thickness ranges from 14 to 40 nm which decreases
with decreasing water droplet sizes. This finding might be
helpful for revealing the mechanism of hydrate nucleation.

The results obtained in this work should be of significance
for predicting or preventing hydrate hazards in oil/gas pipe-
lines or petroleum drilling facilities offshore. They reveal
that it is more difficult to form hydrate from w/o emulsion
than from bulk water, and the difficulty increases with
decreasing water droplet size. This finding suggests that one
can inhibit hydrate formation by forming w/o emulsion with
desirable small water droplet size.
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pendix

Sixteen pressurization paths in searching the metastable
boundary pressures of four water-in-n-octane emulsions
(denoted by 1%, 2% 3* and 4* in Table 1, respectively) at
four different temperatures in the presence of methane gas

are

given in Figures Al to A4, respectively.
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Figure A1. Pressurization paths for emulsion 1*.
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Figure A3. Pressurization paths for emulsion 3*.
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rization paths for emulsion 4%,
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