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Hydrate inbibition in natural gas production by antiagglomeration is promising
because of effectiveness at high subcoolings encountered in many offshore operations.
There are various mechanisms that are believed to contribute to the repulsion and
attraction of hydrate particles. These include: (1) steric, (2) dispersion, (3) capillary,
and (4) shear forces. Some of the expressions derived, and some formulas are used
from the literature to provide a theoretical analysis of the forces between two hydrate
particles to examine antiagglomeration using surfactants. Results show that hydrate
particle size has the most important effect on antiagglomeration. Results also show
that the contact angle increase and the oil-water interfacial tension decrease will ei-
ther reduce capillary forces significantly or eliminate it. Effective antiagglomerants
reduce the size, decrease interfacial tension, and increase contact angle through the
water phase. � 2007 American Institute of Chemical Engineers AIChE J, 54: 565–574, 2008

Keywords: gas hydrates, antiagglomeration, capillary force, steric repulsion, natural
gas production

Introduction

The undesirable formation of gas hydrates in natural gas
pipelines, and their prevention is a problem that has received
considerable interest. In subsea pipelines, the presence of
water combined with low-temperatures and high-pressures
provides conditions that are favorable for the formation of
hydrates. These crystalline compounds can agglomerate and

form plugs in the pipelines. The costs associated with pro-
duction loss and plug removal can be substantial. Tradition-
ally, large quantities (15–50% of the free water) of a thermo-
dynamic inhibitor (e.g., methanol or ethylene glycol) are
added to shift equilibrium conditions, such that hydrate for-
mation is no longer thermodynamically favorable. The large
quantities of added chemicals present both economic and
environmental concerns. Much research has been conducted
to identify and develop low-dosage hydrate inhibitors
(LDHI) that may be used at lower concentrations, and that
affect the interfacial properties of a hydrate-forming system
rather than the bulk phase properties as do thermodynamic
inhibitors. LDHI interact with the hydrate surface to prevent1
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or slow the formation of hydrate plugs. There are two types
of LDHI that act by very different mechanisms. Kinetic
inhibitors (KI) adsorb onto growing hydrate crystals at the
hydrate/water interface to slow the rate of growth; they may
also slow the rate of nucleation of hydrate crystals. Antiag-
glomerants (AA) disperse the hydrate particles in oil that is
present and keep the particles from adhering together. AA
generally do not affect the rate of formation of hydrates.
They prevent the particles from agglomerating and forming a
plug, and appear to hold the most promise because of effec-
tiveness at the large subcoolings experienced in subsea pipe-
lines and for prolonged shutins when pipline flow is stopped.

Despite the promise of AA, many aspects of the funda-
mental mechanisms by which hydrate particles agglomerate
and form blockages, and by which AA are effective have
remained unclear. The focus of this work is on the examina-
tion of the mechanisms of hydrate agglomeration and of the
effects of surface-active additives on antiagglomeration.

Particle adhesion

To understand the mechanism by which AA act, one must
first understand how hydrate particles adhere to each other.
There are two main types of forces acting to hold the par-
ticles together—dispersion forces (London—van der Waals)
and capillary forces. The dispersion forces depend primarily
on the particle size, the particle composition, the composition
of the medium, and the distance between particles. Capillary
forces are present when a liquid bridge connects two par-
ticles. These forces will depend on the particle size, the inter-
facial tension between the bridging liquid (water), and the
liquid in which the particles are dispersed (oil), the contact
angle at the particle surface, the distance between particles,
and the volume of bridging liquid.

For gas hydrates, Lund and Larsen2 have observed that low-
ering temperature leads to reduced particle adhesion, and have
developed a cold flow approach to preventing hydrate block-
age. They observed that during cooling and hydrate formation,
hydrates go from a slushy stage, to a sticky stage (where par-
ticles adhere to each other readily) to a nonaggregating partic-
ulate stage. Lund and Larsen (and others3) have investigated
the use of flow loops to create these ‘‘dry’’ particles in a con-
trolled way rather than allow for ‘‘sticky’’ particles in the flow
lines. Adhesion studies on hydrate and ice particles show the
same effect where particle adhesion decreases as the subcool-
ing (the difference between hydrate melting or dissociation
temperature and system temperature) increases.4–6

It has been suggested that dispersion forces between sepa-
rated spheres would not be strong enough to describe the attrac-
tive force that causes aggregation, and that solid-solid adhesion
forces (dispersion forces for deformed spheres in contact
accounted for in models, such as Derjaguin-Muller-Toporov
(DMT)7 or Johnson-Kendall-Roberts (JKR)8 theories), present
at particle contact, cannot explain the temperature effects.4,5

The strong adhesion and the temperature effects are believed to
be due to capillary forces, which also can describe forces meas-
ured in rheological studies and particle interaction studies.2,4–6,9

Antiagglomeration

AA are surface-active molecules which are hydrophobic,
and adsorb at the water-oil and hydrate-oil interfaces, and dis-
perse the water as droplets and stabilize the particles against

permanent adhesion. Both water and oil (or condensate liquid)
are naturally present in the wellstream. In some cases surface-
active molecules are also naturally present in the oil (not in
the natural gas), but usually they are added to the system to
prevent agglomeration. In the following, the term ‘‘surfactant’’
will be used in a general sense and could refer to a polymer,
a naturally occurring AA, or a traditional surfactant. Kelland10

has an extensive review of AA and KI development with
many examples of molecules that have been studied as AA.

Surfactants are frequently used to alter particle adhesive
properties; however, there are many mechanisms by which
the surfactants can affect interfacial forces.11,12 The main
mechanism by which AA are thought to work is by introduc-
ing steric repulsion between adsorbed surfactants on the
hydrate particles in order to prevent contact.13 However, if
capillary forces are a primary cause of agglomeration, AA
must also reduce or eliminate capillarity through adsorption.
Surfactants may also provide repulsion through electrostatic
and structural forces; these forces may not contribute signifi-
cantly in hydrates for AA. In addition to affecting the forces
between particles, AA may affect the dispersion of the
hydrate particles by adsorbing on the hydrate surface.10,14

The purpose of this article is to examine the forces in
agglomeration and stabilization of hydrate particles and the
effects of AA adsorption at interfaces. In this work, we will
first present theory behind repulsive forces (steric forces) and
attractive forces (dispersion and capillary forces), to provide
a quantitative analysis of the mechanism by which AA act.
We will also briefly examine simple shear forces to deter-
mine the degree to which overall adhesive forces need to be
reduced for flow to separate particles. Then we will present
results from the theory to illustrate how AA may influence
the interaction between particles followed by a discussion on
the effects of AA adsorption and wettability. At the end we
will draw a few conclusions. In this paper, we will not exam-
ine the chemistry of various AA or the mechanism of AA
adsorption as has been examined by others.10,13–15

Theory

Steric forces

When adsorbed layers of surfactant or polymer on particle
surfaces come into contact, the interactions between the
chains can lead to a net repulsion between particles. By pre-
venting contact between hydrate particles, the strong adhe-
sive forces (solid-solid adhesion and capillary adhesion) may
be reduced or prevented.

A full, quantitative model may be developed to describe
the interactions. However, the system is very complex and
involves not only interactions between chains, but also
equilibrium adsorption effects. Fleer et al.16 describe some
in-depth modeling of polymer adsorption and interactions.
Simple models of chain overlap and the balance of repulsive
and attractive forces can also be used to highlight the effects
of important parameters and estimate the magnitude of repul-
sive forces (or energies) relative to attractive ones. These
models can give estimates of interaction energies or forces
for small overlap distances, but they would be expected to
become less accurate as the degree of overlap increases.

One theory is based on the superposition of chains in the
region of overlap. The concentration of chains in this region
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is assumed to be twice the concentration in the adsorbed
layers where the concentration of chains is constant. Any
chain rearrangement effect on adsorption is neglected. The
free energy change for repulsion (or the potential between
two spheres fs) from chain overlap is given by17

DG ¼ Us ¼ DGm;2/2
� 2DGm;/2

(1)

where DGm is the Gibbs free energy of mixing, and f2 is the
volume fraction of surfactant chain in the adsorbed layer
(assumed to be uniform), which doubles in the overlap
region. Without overlap, DG 5 0. The free energy change in
the layers is calculated from Flory-Huggins theory, and for
two spheres of radius a, the change in free energy due to
overlap (or the potential fs) is given by16–18

DG ¼ Us ¼ 4pkT/2
2

3v1
ð1=2� v12Þðd� h=2Þ2ð3aþ 2dþ h=2Þ;

h � 2d ð2Þ
where all terms greater than second order in f2 are
neglected, and where v1 is the molecular volume of solvent
(the volume of a lattice site), k is Boltzmann’s constant, T is
temperature, v12 is the Flory-Huggins interaction parameter,
d is the thickness of the adsorbed layer, and h is the closest
distance between particles. Neglecting any free polymer/sur-
factant in the adsorbed layer, the surface concentration (mol-
ecules per area) of adsorbed material is given by

C ¼ /2d
rv2

(3)

where v2 is the volume per repeat unit of the chain, and r is
the number of repeat units in the adsorbed molecule. The re-
pulsive force can be found from

Fs ¼ � @Us

@h
¼ 4pakT/2

2

v1
ð1=2� v12Þðd� h=2Þ (4)

with the assumption that a[[ d.
An alternative theory for the Gibbs free energy change of

repulsion has been suggested by Everett.18,19 In this theory,
the change in free energy is computed for two parallel plates
with adsorbed polymer or surfactant as a function of the dis-
tance (see Appendix). We derive, using the Derjaguin
approximation,20 the repulsive potential between spheres

Us ¼ pakT

4C2v2r
2 ln

2d
h

� �
� 2d� h

2d

� �
ð1=2� v12Þ

þ ð8=3ÞC3r3v22v12
1

h
� 1

2d
� 2d� h

4d2

� �
2
6664

3
7775;

h � 2d ð5Þ

The repulsive force is then derived to be

Fs ¼ pakT

"
4C2v2r

2 1

h
� 1

2d

� �
ð1=2� v12Þ

þ ð8=3ÞC3r3v22v12
1

h2
� 1

4d2

� �#
ð6Þ

The expressions in Eqs. 2 and 5, and those in Eqs. 4 and 6
are different in form, but interestingly they show the same
basic trend at small overlap distances. We will use the super-
position model in later analyses except when we compute the
potential between two particles for the combined effect of
thermodynamic inhibitors and AA.

As can be seen from Eqs. 2 and 5, the interaction energy
is strongly dependent not only on the layer thickness and dis-
tance of separation, but also on the concentration of adsorbed
material and interaction of solvent and stabilizing chain. In a
good solvent, chain segments favor contact with the solvent
and v12 \ 0.5. The quality of solvent improves with a
decrease in v12, and the interaction energy becomes more
positive (repulsive) as Eq. 2 indicates. The interaction
between solvent and stabilizing molecule may also have a
large effect on the amount of adsorbed material. Thus, varia-
tions in solvent composition from the presence of thermody-
namic inhibitors such as methanol may affect the repulsion.

To study the effect of both AA and thermodynamic inhibi-
tors, one would need to account for the presence of the sec-
ond solvent in the free energy of mixing using a modified
Flory-Huggins theory21,22

DGm ¼ kT
n1 ln/1 þ n2 ln/2 þ n3 ln/3 þ v12n1/2

þ v13n1/3 þ v23n2/3 þ vTn1/2/3

 !
(7)

where ni are the molecules of species i (1 and 2 are the sol-
vents, and 3 is the surfactant segment), fi are the volume
fractions of species i, vij are the interaction parameters
between species i and j, and vT is the ternary interaction
parameter. The ternary interaction parameter accounts for
anisotropic interactions (deviations from Flory-Huggins
theory); it typically appears as a correction factor, and in
some cases good agreement between theory and data is found
only by including the ternary interaction term.22 In this work,
we assume that the ternary interaction parameter can be
neglected.

Equation 7 can be used with the superposition method for
the two spheres (Eq. 1). Combining Eq. 7 with Eq. 1 (taking as
a reference state the premixed solvents), while neglecting any
terms higher than second-order in f3, and using the volume of
the overlap region gives an equation similar in form to Eq. 2

Us ¼
4pkT/2

3

3v1
1=2� v13

1þ m
� v23m
1þ m

þ v12m

ð1þ mÞ2
 !

3 ðd� h=2Þ2ð3aþ 2dþ h=2Þ ð8Þ
where m is the ratio of solvent 2 to solvent 1; m 5 f2/f1.
Using the method of Everett rather than superposition (see Ap-
pendix), the force between spheres is found to be

Fs¼

pakT

4C2r2v3
1

h
� 1

2d

� �
1

2
� v13
1þm

� v23m
1þm

þ v12m

ð1þmÞ2
 !

þð8=3ÞC3r3v43
1

h2
� 1

4d2

� �
v13
1þm

þ v23m
1þm

� v12m

ð1þmÞ2
 !

2
666664

3
777775

ð9Þ
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For hydrocarbon stabilizing chains in an aliphatic hydrocarbon
solvent (1), with an alcohol (2), v23 and v12 may have quite
comparable values, and Eqs. 8 and 9 would predict only a
small effect assuming that G remains constant. The second sol-
vent is also likely to affect interfacial properties and the size of
water droplets dispersed in the oil (and, thus, the size of the
particles).

The main issue relating to hydrate particle stability is how
the surfactant affects the total interaction energy and not just
the repulsive interaction energy. As it will be seen, some-
times even large changes in the repulsive force have little
effect on the net attractive force holding particles together.

Next the expression for attractive potential between
spheres due to dispersion forces will be presented.

Dispersion forces

The attractive potential due to dispersion forces between
two spheres of radius a separated by h is given by23

Us ¼ � 1

6
A

2a2

4ahþ h2

�
þ 2a2

4a2 þ 4ahþ h2

þ ln
4ahþ h2

4a2 þ 4ahþ h2

� ��
ð10Þ

where A is the Hamaker constant. The force between spheres
can be found from Eq. 10

Fs ¼ aA

12h2
(11)

where we have assumed that a � h. As an estimate it can be
assumed that the attractive potential from dispersion forces,
and the repulsive potential from steric forces are additive,
and that the presence of the hydrocarbon stabilizing chain
will not affect the behavior of the hydrocarbon medium (i.e.,
the Hamaker constant will not vary with h). A is estimated to
be about 5 3 10221 J for hydrates in oil,9 and for the pur-
poses of illustration retardation effects (a decrease in A with
increasing h) will be ignored. Solid-solid adhesion theories
such as DMT and JKR are not examined in this article,
because the focus of analysis will be on particles separated
by a steric layer and not in contact.

Capillary forces

Liquid water, from either a liquid-like layer on the surface
of the hydrate (as found on ice), or from water outside of the
hydrate particles, can bridge two hydrate particles and give
rise to an attractive force.4 The idea behind this proposed
mechanism in the absence of free liquid water is capillary
condensation.24–27 Liquid water can form a liquid bridge at
the contact point between hydrate particles (as shown in Fig-
ure 1) when the curvature of the oil/water interface is high-
enough (if the water preferentially wets the hydrate particle).
Then the reduced pressure of the liquid water due to the curved
interface (compared to pressure of the hydrate particle) could
cause the chemical potential of water to be lowered to the point
where liquid water is thermodynamically stable, and at equilib-
rium with the water in the hydrate. This reduced pressure in the
liquid neck compared with the oil pressure gives rise to an
increase in attractive force between hydrate particles. A simple

estimate of this attractive force between two spheres of radius
a at contact is given by24

Fs

a
¼ 2pr cos hp (12)

where r is the interfacial tension between the water and the oil,
and yp is the contact angle of the water on the hydrate particle.

To model the effects of capillary forces on hydrate particle
adhesion, hydrate particles will be modeled as spheres. Fig-
ure 1 shows a liquid bridge connecting two spherical par-
ticles separated by a distance h. Eq. 12 gives an estimate of
the attractive force due to capillary adhesion based on the
assumption of perfect spheres at contact. The expression for
the force between two spheres separated by distance h can
be derived following the work of de Lazzer et al.28 (these
authors provide an expression for the force between a sphere
and plate). We assume the cross-section of the liquid/liquid
interface (between the water bridge and the surrounding oil)
to be circular and derive the following expression for the
attractive force (positive if attractive)

Fs ¼ �px2pr
1

xp
� 1

r

� �
þ 2pxpr sin

�
hp þ hs

�
(13)

where xp, r, yp, and ys are defined in Figure 1, and r is the
interfacial tension between the oil and water (as defined
before). The first term on the righthand side in Eq. 13 gives
the force arising from the capillary pressure across the
curved interface (a lowered pressure between particles), and
the second is from the interfacial tension forces acting tan-
gentially to the interface along the contact line which is

Figure 1. Liquid water bridge connecting two spherical
hydrate particles dispersed in oil.
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usually small except at large xp. The radii of curvature, xp
and r, are related by

r ¼ ðh=2Þ þ 1� �a2 � x2p
�1=2

cos
�
hp þ hs

� (14)

with

hs ¼ arctan
xp�

a2 � x2p

�1=2
0
B@

1
CA (15)

Then from Eqs. 13 to 15, the attractive force can be calcu-
lated for any xp given a, h, yp, and r.

For a stable liquid water bridge connecting hydrate (or
ice) particles, the chemical potential of the liquid water must
be the same as that of the water in the particle. This means
that for any subcooling (Tm 2 T), where Tm is the melting
point temperature or dissociation temperature), xp and r will
be fixed for a given h. For a single component system (ice)
the equilibrium relationship is given approximately by

r
1

xp
� 1

r

� �
¼ � LDT

TmV
(16)

where L is the latent heat, and V is the molar volume of
water. For hydrates, L should be replaced by DHw, the
change in enthalpy of water between the two phases.

We mentioned in the Introduction that adhesion forces
between hydrate particles have been measured to increase as
subcooling decreases.4–6 As Eq. 16 shows, temperature
affects curvature. The temperature may also affect the attrac-
tive force through a change in both r and yp (which is a
function of both r, and the solid surface energies). These lat-
ter effects are not accounted for in the results presented later.

Shear forces

As Figure 2 shows, the net attractive potential between
very small particles may be quite small (\kT), such that
Brownian motion could allow separation. For particles larger
than 100 nm in radius, the attractive potential would be
greater than 2kT for the case of particles stabilized with C16

chains (see Results section). However, the forces experienced
during flow may be enough to break apart the flocs.

The shear force necessary to separate a pair of particles
can be estimated assuming simple shear flow. The shear
force in this case would be23

Fshear ¼ 6pla2c (17)

where c is the shear rate, and l is the viscosity. For a pair of
particles being held by dispersion forces (Eq. 11), the particle
size necessary for forces to balance is given by

a ¼ A

72ph2lc
(18)

In the Results and Discussion section these equations will
be used to compare with the magnitude of capillary, and dis-
persion forces to see if irreversible aggregation (agglomera-
tion) would be expected.

Results and Discussion

Combined effects of steric and dispersion forces

Figure 2 shows a comparison of the effects of various pa-
rameters on the net potential from adding Eqs. 2 and 10. The
parameters used in the plots are v1 5 2.7 3 10228 m3

(approximately the molecular volume of octane), m2 5 6 3
10229 m3 (approximately the volume of an ethylene mer), d 5
2 nm (about the distance of a fully extended C16 chain), r 5
8 (repeat units in the C16 chain). As a reference condition
(curve A) we choose a 5 1 lm, v12 5 0.3 (conservative esti-
mate for the value for polyethylene in octane), and G 5 5 3
1017 molecules/m2. Curve B shows the effect of particle size
with a 5 100 nm. Curve C shows the effect of solvent qual-
ity with v12 5 0.4. Curves D and E show the effects of sur-
face concentration with G 5 2 3 1018 molecules/m2 for D
and G 5 1 3 1017 molecules/m2 for E. Potential is approxi-
mately proportional to particle size, so an order of magnitude
change in particle size gives rise to about an order of magni-
tude change in the attractive minimum potential as seen from
curves A and B. The system with a 5 100 nm has an attrac-
tive minimum of approximately 22kT (a relatively weak
attraction), while the system with a 5 1 lm has an attractive
minimum of approximately 226kT (a strong attraction).
However, the increase in adsorption concentration (curve D),
and the decrease in solvent quality (curve C) have a signifi-
cant effect on the repulsive potential and repulsive force in
the stabilizing layer, but they do not significantly affect the
attractive minimum potential or the maximum attractive
force between particles (smallest value of dFs/dh). The
effects of surface concentration and solvent quality on d are
neglected (it is assumed that the chains are always fully
extended). The main point is that as long as there is a suffi-
cient amount of adsorbed material, additional amounts of
adsorbed material or relatively small changes in solvent

Figure 2. Net potential between spheres using Eqs. 2
and 10.

Curve A: a 5 1 lm, v12 5 0.3, G 5 5 3 1017 molecules/
m2; B: a 5 100 nm, v12 5 0.3, G 5 5 3 1017 molecules/
m2; C: a 5 1 lm, v12 5 0.4, G 5 5 3 1017 molecules/m2;
D: a 5 1 lm, v12 5 0.3, G 5 2 3 1018 molecules/m2; E:
a 5 1 lm, v12 5 0.3, G 5 1 3 1017 molecules/m2. Other
parameters are given in the text.
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quality will not have large effects on the net adhesion force
between particles. Of course if the surface concentration is
reduced too far (curve E), the repulsive force is not sufficient
to overcome the attractive dispersion forces.

The effect of solvent quality for a binary solvent (with the
second solvent being a short chain alcohol, such as metha-
nol) is also shown in Figure 3 for Eq. 8 added to Eq. 10.
The parameters used here are v13 5 0.3 (as previously),
v12 5 0.8 (estimated for octane-methanol), and v23 5 1.5
(estimated for methanol-polyethylene). The other parameters
are the same as those for Figure 2 curve A. Figure 3 shows
that for moderate levels of the addition of poor solvent, the
change in the net attractive force at the interaction potential
minimum is small assuming that the presence of the second
solvent does not affect adsorption. However, even if the pres-
ence of the poorer solvent increases the adsorbed amount of
surfactant, this would not significantly affect the net attrac-
tive force. The second solvent may also affect the water
droplet diameter in emulsions prior to hydrate formation. We
have assumed no change in particle size.

The models discussed previously for steric repulsion are
fairly simplistic, but they do give an idea as to how various
parameters affect the interactions between particles and what
is necessary to prevent the particles from coming into con-
tact. For all of these examples, even those where contact
between the particles themselves is prevented, there exists a
net attractive force between particles. A 2-nm thick steric
barrier would not be sufficient to prevent flocculation except
for very small particles. An attractive force (Fs/a) of about
2.6 3 1025 N/m would exist at a particle separation of 4
nm. Next, we will compare steric repulsion with capillary
forces, examine the ways that surfactants can affect capillary
forces, and then we will examine the strength of these forces
relative to shear forces in flow.

Capillary forces

Figure 4 shows capillary adhesion force as a function of
subcooling for various values of h using Eqs. 13 to 16 (with

yp 5 08 and r 5 35 mN/m). These are compared with the
force calculated from Eq. 12 for h 5 0 and for relatively
small subcoolings. A value for a of 250 lm was chosen to
compare with hydrate particle adhesion studies.5 The interfa-
cial tension used is for the system in reference 5 (mixtures
of THF with water and decane). Fs/a values in Figure 4 are
of similar magnitude compared with those in adhesion stud-
ies.4,6 Note that these values are approximately four-orders
of magnitude larger than attractive forces arising from dis-
persion forces with particles separated by 2 nm steric layers
(see above). As mentioned before, the measured adhesion
force has been found to decrease as subcooling increases,
and this would not be expected for perfect spheres at contact
(see Figure 4) if temperature effects on r and yp are
neglected. However, surface roughness (small asperities)
could give rise to an effective separation between particles,
and as shown in Figure 4 this could lead to a decrease in ad-
hesion force with increased subcooling. Asperities of only a
few nanometers (modeled in Figure 4) could give rise to
decreases in adhesion force comparable to results in referen-
ces 3 and 5. Further discussion of the effects of surface
roughness on capillary forces can be found elsewhere.4,26,29

The effect of particle size (with constant h) on Fs/a is quite
small, and Figure 4 shows that a decrease in a of over two-
orders of magnitude leads to only a small change in Fs/a.

AA would be expected to have three possible effects on
capillary adhesion. First, the steric layer would separate the
particles. Figure 4 shows that an increase from 3 nm to 7 nm
in h does lead to a decrease in adhesion force, but this
decrease is relatively small especially at small subcoolings.
So, this effect alone could not explain the effect of AA. Sec-
ond, adsorbed surfactant could affect the contact angle of
water on the hydrate yp. The contact angle through water is
given by Young’s Equation

cos hp ¼ rho � rhw
r

(19)

Figure 3. Net potential between spheres using Eqs. 8
and 10 to show the effects of a binary sol-
vent with m increasing from 0 to 0.1 to 0.2.

v13 5 0.3, v12 5 0.8, and v23 5 1.5. The curve for m 5 0
is equivalent to curve A in Figure 2.

Figure 4. Capillary adhesion force between spheres
using Eqs. 13 to 16 (with hp 5 08 and r 5 35
mN/m) showing the effects of particle size
and particle separation.

The dotted, temperature-independent line is the result from
Eq. 12.
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where rho is the hydrate-oil interfacial energy, and rhw is the
hydrate-water interfacial energy. For a pure oil (without any
surface-active agents) the hydrate surface would be expected
to be preferentially wet by the water (small yp). Typically,
antiagglomerants are either oil soluble or relatively hydro-
phobic. These types of surfactants may increase the contact
angle through water (see for example references 30 and 31)
presumably by reducing rho in addition to the expected
decrease in r. The rhw could also be affected. In our experi-
ence the use of fluorochemical polymers and its adsorption
in rock substrate often increases the contact angle through
water from 08 to about 1508 by just reducing the surface
energies of the substrate, and without affecting the surface
tension in the gas-liquid fluid systems.32 Figure 5 shows how
capillary adhesion force is reduced as contact angle is
increased between 08 and 608 with h 5 3 nm. Obviously,
once the contact angle reaches a critical value there would
be no liquid bridge and no capillary adhesion. Third, surfac-
tant could adsorb at the liquid/liquid interface and lower the
interfacial tension. Figure 5 shows how a decrease in interfa-
cial tension from 35 mN/m to 10 mN/m (value arbitrarily
chosen) reduces capillary force. For most surfactants the
reduction in interfacial tension is orders of magnitude which
could lead to a significant reduction in capillary forces. Fig-
ure 5 also shows the effect of a combination of interfacial
tension decrease and contact angle increase. An additional
point to note is that a reduction in interfacial tension and an
increase in contact angle not only decrease the attractive
force, but the range of temperatures over which a liquid
bridge can form is reduced. For r 5 10 mN/m and yp 5
608, the liquid bridge could only exist down to approxi-
mately a subcooling of 2–38C for h 5 3 nm.

It should be noted that attractive capillary forces at small
subcoolings still exist for the cases shown in Figure 5, and
these values are far greater than dispersion forces alone, as
expected. In addition, the presence of liquid bridges between
particles may give rise to particles fusing together as sub-

cooling increases.6 Thus, it may be necessary for AA to com-
pletely prevent capillary adhesion and not just reduce to the
adhesion force. In order to completely prevent capillary ad-
hesion, the contact angle must be increased beyond the criti-
cal value. In the next section we will compare the adhesion
forces to forces experienced during flow.

Shear forces

The magnitude of shear forces from Eq. 17 can be com-
pared to the magnitudes of dispersion and capillary forces.
As an estimate, we assume that near the pipe walls, the fluid
could experience shear rates at least on the order of 1 s21.
For dispersion forces with h 5 4 nm, l 5 1023 Pa�s, and
c 5 1 s21, Eq. 18 shows that pairs of particles of radius
about 1 mm or greater should be broken apart by the shear
forces from the relatively small shear rate. This means that
although some smaller particles may flocculate together, par-
ticles or flocs of about visible size should be broken apart by
shear so long as a steric barrier is present to give a particle
separation of about 4 nm.

For particles being held by capillary adhesion, if Fs/a for
attraction is 0.2 N/m, the minimum particle size for shear
forces to break apart a pair is approximately 10 m! Clearly,
for a 1200 pipe, the hydrate particle aggregates would be too
strong for shear forces. Even if the adhesive force is reduced
by an order of magnitude (comparable to what is seen in Fig-
ure 5 for a combination of moderate contact angle increase
and surface tension reduction at low-subcoolings) the mini-
mum particle size is only reduced an order of magnitude to
about 1 m. Again, shear forces could not be expected to
break apart particle pairs or even flocs. Thus, it would appear
near complete prevention of capillary adhesion would be
required to provide sufficient stability for the hydrate
particles.

Hydrate Particle Dispersal and Wettability

The discussion earlier reveals that particle size can have
an influence on the forces between particles. Particle size
will be determined by the conditions before and during
hydrate formation. Kelland10 suggests that there are two
ways by which AA act to disperse hydrate particles. If
hydrates are confined to the aqueous phase (or the interface
of the aqueous phase), then most likely the size of the water
droplet will determine the hydrate particle size if all hydrate
formed within the droplet eventually fuses together (although
some work on ice suggests that certain surfactants may
hinder this process33). Droplet size would depend on fluid
dynamics within the pipe and surface active materials (either
added or natural to the oil) that could lower the interfacial
tension and stabilize the droplets against coalescence. The
presence of AA could lead to smaller droplets, and, thus,
smaller hydrate particles.

The other method by which small particles could be
formed arises from changes in interfacial tensions (or interfa-
cial energies) from adsorbing surfactant. Due to mass-transfer
limitations, hydrate formation takes place at or near the
water/oil or water/gas interface. Hoiland et al.14 discuss how
the three interfacial tensions (hydrate/oil, hydrate/water, and
oil/water) affect wettability and the position and shape of a
hydrate lens at the interface. They show wetting diagrams

Figure 5. Capillary adhesion force between spheres
using Eqs. 13 to 16 (with a 5 250 lm, and h
5 3 nm.) showing the effects of contact
angle and oil/water interfacial tension.

The solid curves are for r 5 35 mN/m, while the dotted
curves are for r 5 10 mN/m.
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indicating the ranges of tensions that allow for a lens to re-
side at the interface (Figure 6). A similar wetting diagram is
shown in Figure 7 for an interfacial tension of 35 mN/m.
The wetting diagram is a plot of rho vs. rhw, and shows the
ranges of valid interfacial energies such that the particle
could reside at the interface. If the energies are such that the
upper left boundary (yo 5 08) is crossed, then one would
have a particle that resides entirely in the aqueous phase.
Likewise, if the lower right boundary (yo 5 1808) is crossed,
one would have a particle that resides entirely in the oil
phase. The curves are isolines of constant yo.

If the hydrate particle is assumed to be a sphere rather
than a lens, then a similar wetting diagram can be con-
structed as shown in Figure 8a, which is a graphical repre-
sentation of Young’s equation (Eq. 19) where the isolines are
for constant contact angle through the aqueous phase. A
decrease in oil/water interfacial tension causes the boundaries

of the valid region to move inwards (Figure 8b). A decrease
in r combined with a decrease in oil/hydrate interfacial
energy could not only increase the contact angle, but if sub-
stantial enough could mean that it would be energetically
more favorable for a hydrate particle to exist in the oil phase
rather than at the interface or in the aqueous phase. Thus, the
hydrate particle could be forced from the interface into
the oil phase. Once in the oil phase, the growth rate of the
hydrate particle would be reduced greatly owing to the lim-
ited supply of water

Conclusions

We draw the following conclusions from this work.
(1) Forces between hydrate particles (by capillary adhesion

and solid/solid adhesion) are orders of magnitude larger than
what would be expected if the particles were separated by a
few nanometers with attraction due to dispersion forces
alone.

(2) If particles are held together by dispersion forces alone
and if the particles are separated by a steric barrier of a few

Figure 6. Hydrate lens at an oil-water interface.

Figure 7. Wetting diagram for a hydrate lens at the oil/
water interface for r 5 35 mN/m.

The upper left region would be for a water-wet hydrate par-
ticles while the lower right would be for an oil-wet hydrate
particle. The isolines are for constant values of yo.

Figure 8. Wetting diagrams for a hydrate sphere at the
oil/water interface for (a) r 5 35 mN/m, and
(b) r 5 10 mN/m.
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nanometers, then shear forces under typical flow conditions
should be sufficient to break apart flocs of particles.

(3) AA would most likely need to prevent capillary adhe-
sion by sufficiently reducing interfacial tension and increas-
ing contact angle; even reduced capillary adhesion forces
may be strong enough to prevent shear forces from separat-
ing the particles, unless there is a very large decrease in
interfacial tension or very large shear rates are experienced.

(4) AA should result in small water droplet formation
leading to formation of small hydrate particles. This would
greatly aid in preventing agglomeration and pipe blockages
since the forces between particles would be reduced. How-
ever, AA must also provide steric repulsion to reduce the net
attraction between particles.

(5) A second solvent, such as methanol does not seem to
affect the net adhesive force (steric plus dispersion forces),
so long as the adsorbed amount of surfactant and the particle
size do not change.
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Appendix

Derivation of Everett’s theory for steric repulsion and
extension to ternary systems

In this theory developed by Everett,17,18 the change in free
energy is computed vs distance for two parallel plates with
adsorbed polymer or surfactant. The concentration of chains is
assumed uniform between the plates, and all chains between
the plates are assumed to be adsorbed. Free energy is calcu-
lated using Flory-Huggins theory. The force per unit area act-
ing on the plates separated by a distance h to keep the system
at equilibrium (i.e., the repulsive force) can be written as

f � f0 ¼
Zn2
0

� 1

Ap

@l2
@h

� �
n2

dn2 (A1)

where Ap is the area of each plate, l2 is the chemical potential
of the polymer/surfactant, and n2 is the number of molecules
of polymer/surfactant between the plates. Using Flory-Huggins
theory neglecting translational entropy (assuming fixed ends
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on the chains) and assuming r � 1 the force between plates is
given by

f � f0 ¼ kT
4C2v2r

2

h2
ð1=2� v12Þ þ

16C3 r3v22v12
h3

� �
(A2)

where the surface concentration is now given by

C ¼ n2
2Ap

(A3)

This force can be converted to a potential (per unit area)
between plates using

UðC; hÞ � Uð0; hÞ ¼ UðhÞ ¼ �
Zh
1

ðf � f0Þdh (A4)

Assuming that the potential is zero at h 5 2d, the potential at
any separation less than 2d is

UðhÞ ¼ kT 4C2v2r
2 1

h
� 1

2d

� �
ð1=2� v12Þ

�

þ ð8=3ÞC3r3v22v12
1

h2
� 1

4d2

� ��
h � 2d ðA5Þ
This potential between flat plates can be used to calculate the
force or potential between spheres using the Derjaguin approx-
imation.18

Us � pa
Z2d
h

UðhÞdh

¼ pakT

4C2v2r
2 ln

2d
h

� �
� 2d� h

2d

� �
ð1=2� v12Þ

þ ð8=3ÞC3r3v22v12
1

h
� 1

2d
� 2d� h

4d2

� �
2
6664

3
7775 ðA6Þ

where h is now the minimum distance between spheres. The
aforementioned expression is the same as Eq. 5.

For a ternary system, the force (per area) between plates
can be written as

f � f0 ¼
Zn3
0

� 1

Ap

@l3
@h

� �
n2

dn3 (A7)

Using Eqs. 14 and 16 and the definition of chemical potential
and neglecting the translational entropy term for species 3
we find for r � 1

f � f0 ¼ kT

4C2r2v3
h2

1

2
� v13
1þ m

� v23m
1þ m

þ v12m

ð1þ mÞ2
 !

þ 16C3r3v43
3h3

v13
1þ m

þ v23m
1þ m

� v12m

ð1þ mÞ2
 !

2
666664

3
777775

(A8)

Using the Derjaguin approximation (Eqs. 9 and 12) the force
between spheres is found to be

FS ¼ pakT

3

4C2r2v3
1

h
� 1

2d

� �
1

2
� v13
1þm

� v23m
1þm

þ v12m

ð1þmÞ2
 !

þð8=3ÞC3r3v43
1

h2
� 1

4d2

� �
v13

1þm
þ v23m
1þm

� v12m

ð1þmÞ2
 !

2
666664

3
777775

ðA9Þ

which is the same as Eq. 9.
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