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Abstract: Crude oil is generally produced with water, and the water cut produced by oil wells is
increasingly common over their lifetime, so it is inevitable to create emulsions during oil production.
However, the formation of emulsions presents a costly problem in surface process particularly,
both in terms of transportation energy consumption and separation efficiency. To deal with the
production and operational problems which are related to crude oil emulsions, especially to ensure
the separation and transportation of crude oil-water systems, it is necessary to better understand
the emulsification mechanism of crude oil under different conditions from the aspects of bulk and
interfacial properties. The concept of shearing energy was introduced in this study to reveal the
driving force for emulsification. The relationship between shearing stress in the flow field and
interfacial tension (IFT) was established, and the correlation between shearing energy and interfacial
Gibbs free energy was developed. The potential of the developed correlation model was validated
using the experimental and field data on emulsification behavior. It was also shown how droplet
deformation could be predicted from a random deformation degree and orientation angle. The results
indicated that shearing energy as the energy produced by shearing stress working in the flow field is
the driving force activating the emulsification behavior. The deformation degree and orientation angle
of dispersed phase droplet are associated with the interfacial properties, rheological properties and
the experienced turbulence degree. The correlation between shearing stress and IFT can be quantified
if droplet deformation degree vs. droplet orientation angle data is available. When the water cut
is close to the inversion point of waxy crude oil emulsion, the interfacial Gibbs free energy change
decreased and the shearing energy increased. This feature is also presented in the special regions
where the suddenly changed flow field can be formed. Hence, the shearing energy is an effective
form that can show the contribution of kinetic energy for the oil-water mixtures to interfacial Gibbs
free energy in emulsification process, and the emulsification mechanism of waxy crude oil-water
emulsions was further explained from the theoretical level.
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1. Introduction

Emulsions are dispersions of two immiscible liquids whre one liquid is the dispersed phase and
the other is the continuous phase. Emulsions are ubiquitous in crude oil production, and they can
be classified into three broad groups: water-in-oil (W/O) emulsions, oil-in-water (O/W) emulsions,
and multiple or complex emulsions [1,2]. In oil production wells, the O/W emulsion and multiple
emulsion may be encountered more frequently when the water cut reaches a high value. Although
the pipeline transportation capacity of viscous crudes can be effectively enhanced by creating a stable
heavy oil-in-water emulsion, an intractable emulsion is responsible for oil productivity impairment,
or the increase of operation cost which is associated with artificial lift and pipeline transportation,
or the decrease of oil/water separation efficiency [3–5]. The sellable crude oil must meet a certain
specification for transportation and storage on basic sediment and water (BS & W) content. However,
the typical BS & W content in a large number of mature oilfields is usually far more than the
specification [6]. Before the design of wet crude handling technology and facilities, it is necessary to
better understand the formation and stabilization of crude oil emulsions. This may be even more
important if the oil production system is to be equipped with more pumps, manifolds, valves and
elbows which can create a shearing environment and result in tight emulsions. Figure 1 is a schematic
illustration showing various agitation points where shearing actions take place during oil production
in Daqing oilfield (China).

Energies 2017, 10, 721  2 of 19 

 

1. Introduction 

Emulsions are dispersions of two immiscible liquids whre one liquid is the dispersed phase and 
the other is the continuous phase. Emulsions are ubiquitous in crude oil production, and they can be 
classified into three broad groups: water-in-oil (W/O) emulsions, oil-in-water (O/W) emulsions, and 
multiple or complex emulsions [1,2]. In oil production wells, the O/W emulsion and multiple 
emulsion may be encountered more frequently when the water cut reaches a high value. Although 
the pipeline transportation capacity of viscous crudes can be effectively enhanced by creating a 
stable heavy oil-in-water emulsion, an intractable emulsion is responsible for oil productivity 
impairment, or the increase of operation cost which is associated with artificial lift and pipeline 
transportation, or the decrease of oil/water separation efficiency [3–5]. The sellable crude oil must 
meet a certain specification for transportation and storage on basic sediment and water (BS & W) 
content. However, the typical BS & W content in a large number of mature oilfields is usually far 
more than the specification [6]. Before the design of wet crude handling technology and facilities, it 
is necessary to better understand the formation and stabilization of crude oil emulsions. This may be 
even more important if the oil production system is to be equipped with more pumps, manifolds, 
valves and elbows which can create a shearing environment and result in tight emulsions. Figure 1 is 
a schematic illustration showing various agitation points where shearing actions take place during 
oil production in Daqing oilfield (China). 

 
Figure 1. Illustration of the sources of agitation during oil production. 

Emulsification of a crude oil-water system is significantly affected by conditions such as water 
fraction, shear intensity, and temperature [6,7]. As thermodynamically unstable systems, the 
stability of emulsions is determined by surface forces and intermolecular interactions [8]. Towards a 
thermodynamic framework to describe the emulsification mechanism, the formation of an emulsion 
is spontaneous if the Gibbs free energy is less than zero. However, a certain amount of energy is 
required to be input into the mixture to cause the desired free energy change if the Gibbs free energy 
is greater than zero. The existing knowledge presents that this energy requirement can be supplied 
by the addition of emulsifiers which can lower the interfacial tension (IFT) and promote dispersion 
of the droplets, thus reducing the amount of required energy to form an interface [9,10]. The 
emulsification behavior is activated by emulsifiers that tend to concentrate at the oil-water interface 
where they form interfacial films with certain strength. These films would enhance the stability of 
emulsion by lowering IFT and increasing the interfacial viscosity. Naturally occurring emulsifiers in 
the crude oil include asphaltenes, resins, organic acids and bases [11]. The previous study argued 
that a reduction in Zeta potential would increase the so-called attachment energy, which is the 
interfacial energy of emulsions [12]. As special liquid-in-liquid colloidal dispersions, emulsions can 
be stabilized by utilizing emulsifiers or surface active solids to remain dispersed for a period of time. 
However, emulsions are only kinetically stable because the interfacial Gibbs free energy change is 
positive, it also means that there will be a phase separation process as time goes on, and the kinetic 
stability is a consequence of a small droplet size, a narrow droplet-size distribution and the presence 
of an interfacial film around the dispersed droplets. The droplets would be more stable when the IFT 
decreased after emulsifiers were added, and the emulsifiers can also create a steric and electrostatic 
barrier to slow coalescence. The hydrodynamic interactions of droplet-droplet, droplet-particle, and 
particle-particle can lead to a more viscous fluid, which will slow the kinetics of coalescence [13,14]. 

Figure 1. Illustration of the sources of agitation during oil production.

Emulsification of a crude oil-water system is significantly affected by conditions such as
water fraction, shear intensity, and temperature [6,7]. As thermodynamically unstable systems,
the stability of emulsions is determined by surface forces and intermolecular interactions [8].
Towards a thermodynamic framework to describe the emulsification mechanism, the formation of
an emulsion is spontaneous if the Gibbs free energy is less than zero. However, a certain amount of
energy is required to be input into the mixture to cause the desired free energy change if the Gibbs
free energy is greater than zero. The existing knowledge presents that this energy requirement can
be supplied by the addition of emulsifiers which can lower the interfacial tension (IFT) and promote
dispersion of the droplets, thus reducing the amount of required energy to form an interface [9,10].
The emulsification behavior is activated by emulsifiers that tend to concentrate at the oil-water
interface where they form interfacial films with certain strength. These films would enhance the
stability of emulsion by lowering IFT and increasing the interfacial viscosity. Naturally occurring
emulsifiers in the crude oil include asphaltenes, resins, organic acids and bases [11]. The previous
study argued that a reduction in Zeta potential would increase the so-called attachment energy,
which is the interfacial energy of emulsions [12]. As special liquid-in-liquid colloidal dispersions,
emulsions can be stabilized by utilizing emulsifiers or surface active solids to remain dispersed for
a period of time. However, emulsions are only kinetically stable because the interfacial Gibbs free
energy change is positive, it also means that there will be a phase separation process as time goes on,
and the kinetic stability is a consequence of a small droplet size, a narrow droplet-size distribution
and the presence of an interfacial film around the dispersed droplets. The droplets would be more



Energies 2017, 10, 721 3 of 19

stable when the IFT decreased after emulsifiers were added, and the emulsifiers can also create
a steric and electrostatic barrier to slow coalescence. The hydrodynamic interactions of droplet-droplet,
droplet-particle, and particle-particle can lead to a more viscous fluid, which will slow the kinetics
of coalescence [13,14]. Moreover, the higher the volume fraction of the dispersed phase is, the more
viscous the emulsion is, if it is dispersed properly. The energy required to displace a solid particle from
the interface is roughly 10~100 times of that required to displace an emulsifier from the same interface,
so the surface active solids can also act as secondary emulsifiers at the oil-water interface to stabilize
emulsions, and solid/emulsifier stabilized emulsions can have stronger stability over emulsifiers alone
or solids alone [15,16]. The surface active solids detected in crude oil production include sand, clay
particles, asphaltenes and waxes, mineral scales, drilling muds and corrosion products. Yang et al.
argued that the adsorption of particles at interfaces may be controlled by adjusting the electrostatic
interaction between particles and the interface without changing hydrophobicity, which is thought to
be a main controlling factor of emulsification behavior [17]. The stabilizers suppress the mechanisms
of sedimentation, aggregation, flocculation, coalescence, and phase inversion which are involved
in demulsification. Additionally, the shearing action can be encountered almost in all flow fields
that have velocity grades along the vertical direction of fluids flow in oil production, such as in the
well-head chokes, valves, pipelines and elbows. Extreme mixing conditions are experienced as the
fluid mixtures flow through these shearing fields. The well-head chokes, valves and elbows which
constitute special regions of high turbulence due to the sudden reduction of flow area, and hence
cause vigorous shearing action which promotes emulsion formation. New oil–water interfaces are
thus formed which contributes to the formation of tight emulsions. The surface pipeline layout has
been proved to be responsible for the emulsification of the crude oil with water [18]. Fluid mixtures
from the production wells flow into surface flowlines and co-mingle at a manifold; these units also
constitute some forms of turbulence and stabilize the emulsions in different degrees. Wen et al. argued
that the emulsified water fraction of crude oil–water emulsion correlates well with entropy production
rate in flowing conditions, and this correlation obeys a power law equation [19].

Furthermore, chemical flooding enhanced oil recovery (EOR) has attracted remarkable interests
because of the necessity to stabilize production levels from a maturing field base [20–23]. As the biggest
chemical EOR bases in the world, the oil production of chemical flooding (using polymer and
alkali-surfactant-polymer) in 2016 in Daqing Oilfield approached to 88 million barrels (bbl). During the
application of chemical EOR floods, breakthrough of the injection chemicals such as surfactant, alkali
and polymer or polymer alone periodically occurs resulting in stable emulsions. The practice indicates
that emulsions created by chemical flooding have been extremely difficult to break due to the high
concentration of alkali, surfactant and polymer tightly bound with the oil and water [24]. The same as
the result of strengthening shearing action, the stability of the emulsions are enhanced with an increase
of chemicals concentration. The effect of production characteristics on emulsification mechanism of
crude oil becomes more complicated in the EOR process. Nguyen et al. argued that polymer can
enhance the emulsion stability via steric and electrostatic stabilization and can also form a “bridge”
between two droplets and reduce the emulsion stability. Surfactant and alkali can contribute to the
stability of dispersed droplets by decreasing the interfacial tension and Zeta potential. The main
contributions for the tight emulsion were identified [25].

However, the emulsification mechanism of oilfield emulsions has always been commonly
explained by discussing the interfacial Gibbs free energy change and characterizing a number of
properties including appearance, droplet size and distribution, conductivities, bulk and interfacial
viscosities, and BS & W, etc. In this paper, the concept of shearing energy was introduced. Basing on the
mechanistic model and deformation theory of the dispersed phase droplets, the relationship between
shearing stress in the flow field and IFT was established, and the correlation between shearing energy
and interfacial Gibbs free energy was developed. The potential of the proposed correlation model was
validated using experimental data and field data on emulsification behavior, then the role of shearing
energy and interfacial Gibbs free energy in the emulsification mechanism was worked out. It was
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also shown that how droplet deformation could be predicted from a random deformation degree
and orientation angle. The study results are contributed to improve the knowledge of waxy crude
oil-water emulsions.

2. Experimental Material, Setup and Field Data

2.1. Materials and Emulsion Preparation

The conventional method of preparing simulated emulsion was replaced by sampling actual
produced liquid (mixture of oil, water, and chemicals of wells). The waxy crude oil were sampled
from 4 representative polymer flooding wells of the Daqing Oilfield. The physical properties of these
waxy crude oil were determined according to the related standard test method [7,26]. The produced
water with a salinity of 5130 mg/L and a polymer concentration of 450 mg/L were also collected and
employed in the preparation of emulsions. The used ratios of produced water to crude oil after phase
separation were 35:65, 55:45, 75:25, and 85:15.

A homogenizer with temperature control system was used to create emulsions by shearing,
and the energetic mixing conditions can avoid cavitation and generation of air bubbles effectively.
The preparation temperature of each emulsions was set as 38 ◦C, and the preparation amount
was 1000 mL. The rotate speed of homogenizer was designed according to the equivalent shearing
conditions of flow fields in oil gathering pipeline, valves and elbows:

N = 60
.
γ

k
(1)

where N is the rotate speed, RPM;
.
γ is the shearing velocity, s−1; and k is a constant related to the

structure and geometry size of homogenizer and was valued as 10.
In different shearing fields,

.
γ can be determined by typical non-Newtonian rheological equation,

thus 12 emulsions with different properties could be prepared.

2.2. Emulsification Property Measurements

The inversion point, at which dispersed and continuous phases in the waxy crude oil
emulsion changes, was first measured in accordance with ASTM D 4440-2015 [27]. The equilibrium
interfacial tension of the waxy crude oil and produced water were measured at 38 ◦C by dynamic
interfacial tensionmeter.

An optical microscope equipped with a digital camera was used to analyze the micro-morphologies
of the emulsions at 38 ◦C, and the emulsification behavior was characterized more intuitively.

The rheological properties of emulsions which suffered shearing action with different oil–water
ratios were tested by stress controlled rheometer with the practical shear rate of 1~1000 s−1 at 38 ◦C.
The apparent viscosities were evaluated using the rheometer with a parallel plate geometry, and the
experiments were conducted in accordance with ASTM D 4440/ISO 6721-10 [28].

To further explain the emulsification behavior in different shearing fields and to draw
a comparison, the droplet-size distribution was analyzed by laser particle analyzer.

2.3. Characteristic Data of Flow Field

To obtain the field data and confirm the emulsification behavior of waxy crude oil in the actual
shearing field. The 4 representative polymer flooding wells mentioned above were also selected from
production well groups of North area in Daqing oilfield to perform model validation. The polymer
injection parameters in these wells involved the relative molecular weights of 1.9 × 107 Da and the
concentrations of 1500 mg/L. The average water cut of the produced emulsions were 35%, 55%, 75%,
and 85%, and the flow rates were 2.16 m3/h, 2.34 m3/h, 1.70 m3/h, and 1.69 m3/h respectively.
The concentrations of polymer in these produced emulsions were 450 mg/L, and the producing gas-oil
ratios of the wells which were lower than 20 m3/m3 were routinely determined. As shown in Figure 2,
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the production well connected into manifolds with horizontal single-pipe pattern, the length of oil
gathering pipelines were about 180 m, and the diameters were Φ 60 × 3.5 mm (correspond to the
nominal diameter of DN50). There were 2 valves (DN50) and 5 elbows (DN50) of 90◦ along the pipeline.
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3. Mechanistic Model

The forces and deformation of dispersed droplets in flow fields have been studied for a long
time, especially for the Newtonian droplets in Newtonian continuous phase, various models have
been developed to predict the complex break-up behavior of droplets as well as coalescence [29–33].
The better understanding of dispersion mechanism has an important role in petroleum production
and operation. Due to the various differences of interfacial properties and shearing action, the various
models and results experienced in Newtonian fluids are not suitable to be applied to oilfield emulsion
analysis directly. As a result, more efforts have been put on the research of emulsion stability and
demulsification in recent years [34–37]. Most of the studies were mainly focused on the experimental
work of emulsion properties and the development of correlation model, and whether their results
were suitable for unsteady shearing fields was seldom mentioned. However, non-Newtonian behavior
of oilfield emulsions and the differences which were probably experienced in shearing field were
sufficiently considered in our work.

The viscosity of emulsions can be several orders of magnitude higher than the pure crude oil
viscosity at normal conditions. Therefore, the inertia force of dispersed droplets can be ignored due to
the domination of viscous effect to flow. As shown in Figure 3a, there are three main forces, namely,
gravity, buoyancy and Stokes drag force, which control the dispersed droplet motion in the shearing
field in radial direction. When the gravity is smaller than the summation of buoyancy and Stokes drag
force, dispersed droplet will have an upward velocity gradient; otherwise, it will have a downward
velocity gradient. The mechanistic model describes the behavior in radial direction as follows.

The gravity force and buoyancy force can be respectively calculated using the following
well-known equations:

FG =
1
6
ρdgπd3

d (2)

FB =
1
6
ρcgπd3

d (3)

where FG is the gravity force, N; FB is the buoyancy force, N; ρd is the density of dispersed phase,
kg/m3; ρc is the density of continuous phase, kg/m3; dd is the diameter of dispersed droplet, m;
and g is the gravitational acceleration, m/s2.

As shown in Figure 3b, Stokes equations [38] in spherical coordinates can be described by:

∂vr

∂r
+

∂vr

r∂r
+

2vr

r
+

vθctgθ
r

= 0 (4)

∂p
∂r

= µ[
∂2vr

∂r2 +
∂2vr

r2∂θ2 +
2∂vr

r∂θ
− 2∂vθ

r2∂θ
− 2vr

r2 −
2ctgθ

r2 vθ] (5)

∂p
r∂θ

= µ[
∂2vθ
∂r2 +

∂2vθ
r2∂θ2 +

2∂vθ
r∂θ2 +

ctgθ∂vθ
r2∂θ

+
2∂vr

r2∂θ
− vθ

r2 sin2 θ
] (6)



Energies 2017, 10, 721 6 of 19

If we temporarily do not consider the deformation of spherical droplets and assume the following
boundary conditions:

(vr)r=∞ = v0 cos θ (7)

(vθ)r=∞ = −v0 sin θ (8)

(p)r=∞ = P (9)

(vr)r=R = 0 (10)

(vθ)r=R = 0 (11)

Using variable separation method and substitution of Equations (7)–(11) into Equations (4)–(6) gives:

vr = v0 cos θ[1− 3rd
2r

+
r3

d
2r3 ] (12)

vθ = −v0 sin θ[1− 3rd
4r
−

r3
d

4r3 ] (13)

p = P− 3µv0rd
2r2 cos θ (14)

where, r, θ,ϕ are the coordinate parameters; vr, vθ are the detouring flow velocity of continuous phase
in r, θ direction, m/s; p is the pressure of the flow field, Pa; rd is the radius of dispersed droplets, m;
v0 is the relative velocity of continuous phase and dispersed phase in radial direction, m/s; and µ is
the apparent viscosity of emulsions, Pa·s.

Then, the surface forces on dispersed droplets can be obtained from:

(prr)r=rd
= −P +

3µv0

2rd
cos θ (15)

(prθ)r=rd
= −3µv0

2rd
sin θ (16)

(pθϕ)r=rd
= 0 (17)

where (prr)r=rd
is the static pressure per unit area being perpendicular to the sphere surface and

pointing to the center, Pa; and (prθ)r=rd
, (pθϕ)r=rd

are the viscous shearing stress being tangent to the
sphere surface, Pa.

Taking an area element dAs on the sphere surface:

dAs = 2πr2
d sin θdθ (18)

Integrating Equations (15) and (16) with respect to the area:

Fp =
∫
A

(prr)r=rd
cos θdAs (19)

Fs =
∫
A

(prθ)r=rd
sin θdAs (20)

Adding a minus to Equation (20) according to the relationship of action and reaction, and the
Stokes drag force can be calculated as follows:

FSD = Fp + Fs = 3πµdv0 (21)
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where FSD is the Stokes drag force, N; Fp is the resistance caused by static pressure, N; and Fs is the
resistance caused by viscous shearing stress, N.
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Furthermore, force equilibrium equation of dispersed droplets in the shearing field in the radial
direction can be written as:

FG = FB + FSD (22)

Ideally, the original spherical droplets will become ellipsoid in the shearing field, where the
dispersed droplets commonly have moderate deformation rate. Thus the mechanistic model describing
the behavior in the axial direction can also be built. As shown in Figure 4a, the radius of original
spherical droplets is rd; the long axis and minor axis of ellipsoids after deformation are a and b,
respectively; and a orientation angle α is activated. The deformation degree D of droplets can be
defined as:

D =
a− b
a + b

(23)
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Taylor has carried out researches on liquid droplet deformation and break-up in various
conditions, the theory related to viscosity modeling of a fluid containing small droplets of another
fluid was developed, and the probable droplet D and α in steady uniform shearing flow were
proposed [29,39]. If comparing with viscosity force, when the deformation is dominated by IFT: D =

ψ

2
· 19λ+ 16

16λ+ 16
α =

π

4

(24)

If comparing with IFT, when the deformation is dominated by viscosity force:{
D = 5

4λ
α = π

2
(25)



Energies 2017, 10, 721 8 of 19

If viscosity force and IFT function together in the system:
D =

ψ

2
· 19λ+ 16

16λ+ 16
· 1√(

19λψ
40

)2
+ 1

α =
π

4
+

1
2

arctan
(

19λψ
40

) (26)

The parameters could be determined by the following correlations presented by Taylor [39]:

ψ =
τdd
σ

(27)

λ =
µd
µc

(28)

where ψ is the coefficient which reveals the competitive mechanism for viscosity force stretching
the droplets and IFT maintaining the shape of the sphere; τ is the shearing stress, Pa; σ is IFT, N/m;
λ is the viscosity ratio; µd is the viscosity of dispersed phase, Pa·s; and µc is the viscosity of continuous
phase, Pa·s.

As shown in Figure 4a,b, three forces, internal pressure, viscous shearing stress and restoring
force, control the deformation of hemi-ellipsoidal droplet in the shearing field.

Internal pressure:
Fp = π(rd − kδx)2Pd,c (29)

Viscous shearing force:
Fτ =

π

2
(rd + δx)(rd − kδx)τ cosα (30)

Restoring force:
Fσ = 2π(rd − kδx)σ (31)

The static equilibrium equation of the right hemi-ellipsoidal droplets can be written as:

Fσ = Fp + Fτ (32)

where Fp is the internal pressure, N; Fτ is the viscous shearing force, N; Fσ the restoring force, N;
δx is the deformation value of spherical droplets, m; k is the droplet deformation shrinkage coefficient;
and Pd,c is the difference of pressure between the dispersed phase and the surrounding continuous
phase, which could be determined in accordance to Laplace equation [40]:

Pd,c =
4σ
dd

(33)

Considering the incompressibility of fluid, droplet volume can be considered as a constant during
the deformation process in the shearing field, as shown in Figure 4c, assuming the deformation value
is δx in the z-axis direction, the same deformation value, kδx (k ∈ (0, 1)), will be obtained in the x-axis
direction and y-axis direction due to the axial symmetry of deformation. Thus,

4
3
π(rd + δx)(rd − kδx)2 =

4
3
πr3

d (34)

Then, the droplet deformation shrinkage coefficient in the shearing field can be expressed
as follow:

k =
rd − rd

√
1− δx

rd+δx

δx
(35)
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Furthermore, when the moderate deformation of emulsions in dispersed droplets in the shearing
field is activated, it can be concluded that the droplet radius is much greater than the deformation
value (rd � δx). Equation (35) could be simplified and the shrinkage coefficient could be valued as:

k ≈ 1
2

(36)

Substituting Equations (33) and (36) into Equations (29)–(32) yields:

τ =
2δx · σ

rd(rd + δx) cosα
(37)

4. Energy Model

Clearly, the development of a novel mathematical model which is for a robust numerical
simulation of the multiphase mixtures storage and transportation process in the oil and gas industry
is an important issue [41]. Despite the mechanistic model having a sound theoretical basis, there are
still some intrinsic limitations being shown when describing the flow behavior of emulsions and
revealing the emulsification mechanism in shearing fields, it is especially inconvenient to solve due to
the directivity of motion vector. Thus, a novel energy model being derived from the work done by
a force is needed to fully describe the emulsion flow behavior.

The environment for the molecule on the interface between dispersed phase and continuous phase
is different from that for the molecule in bulk, the resultant force on the interface is not zero and is
perpendicular to the interface pointing to the interior, in other words, the fluid has a tendency to reduce
the surface area if there is no extra effective work [42]. Under a certain temperature and pressure, for
the emulsion with a certain property, the work consumed to extend the interface between dispersed
phase and continuous phase is proportional to the increased surface area, and the proportion coefficient
is equivalent to the interfacial Gibbs free energy change [43]. The interfacial Gibbs free energy change
being derived from the interfacial work consumption could be expressed as Equation (38):∫

∆GdAs =
∫
σdAs (38)

where ∆G is the interfacial Gibbs free energy change, J/m2; and As is the surface area of extended
interface, m2.

Lee used several nucleation agents in foaming experiments of foam plastic field and concluded
that the product of shearing stress, shearing area and the shearing distance could be considered as the
work done by the shearing action [44]. This work involved factors including melt viscosity, melt flow
velocity and shearing stress. Although the melt flow velocity and shearing stress are vectors in the
shearing field, the energy generated by the work is scalar. It is reasonable to connect the shearing
mechanism and bubble nucleation rate in the form of energy. The higher the energy is, the greater the
bubble nucleation rate is, due to the remarkable decrease of free energy barrier for bubble nucleation.

∆W = τ · dAs · dLs (39)

where ∆W is the work for shearing, J; τ is the shearing stress related to viscosity and velocity, Pa;
As is the shearing area, m2; and Ls is the shearing distance, m.

Furthermore, the energy generated from the work done by the shearing action, shearing energy,
is responsible for dispersion of one phase of the oil-water system into the other as the system flows in
the shearing field [45]. As shown in Figure 5, taking oil-water system with known properties flowing
in a circular pipeline with known internal surface area and length as an example, shearing energy
is a function of the pressure drop along the specific shearing field, however, the amount of energy
depends on the turbulence available in the flow field. If we assume the shearing energy in the specific
flow field is isotropic and the role in all directions is the same, then:
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Es = ∆P · As · Ls (40)

where Es is the shearing energy in the specific shearing field, J; and ∆P is the flow pressure drop, Pa.
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It can be noted that the pressure drop can be readily determined if relative data, which is about
the emulsion properties, necessary flow parameters, geometrical parameters of flow field, the sudden
increase or reduction of flow area and the surface roughness of flow regions, is available. Moreover,
the shearing energy in the unit uEs , which indicates the shearing force per unit area and per unit
distance of the region exposed to the flow can also be solved.

Substituting Equation (37) into Equation (39) gives the model of the work done by shearing
action for waxy crude oil–water emulsion flow, which could be used to reveal the generated shearing
energy as:

∆Es =
2δx · σ

rd(rd + δx) cosα
· dAs · dLs (41)

Combining Equations (38) and (41), we could get the correlation model between shearing energy
and interfacial Gibbs free energy change:

∆G = ∆Es
rd(rd + δx) cosα

2δx · dAs · dLs
(42)

Deformation degree D ≈ 0 if comparing with the viscosity force, when the deformation is
dominated by IFT. From Equation (23) and Figure 4a,c, it is clear that the deformation value δx → 0 ,
and the orientation angle α→ π

4 . However, the critical deformation degree D ≈ 0.5 will be generated
if comparing with IFT, when the deformation is dominated by viscosity force, then the deformation
value δx → 4

5 rd , and the orientation angle α→ π
2 . Thus, two simplified limit state equations could be

written as follows:  ∆G = ∆Es

√
2rd(rd + δx)

4δx · dAs · dLs
, D → 0 α→ π

4

∆G = 0, D → 0.5 α→ π
2

(43)

It is clear that the orientation angle of dispersed droplet α ∈ [π4 , π2 ], where the maximum value
and the minimum value of interfacial Gibbs free energy change could be presented in the format
above. The maximum value is equivalent to the Gibbs free energy needed to be overcame to start
the extension of the original interface of oil–water emulsion, and the minimum value is equivalent to
the Gibbs free energy needed to be overcame after the realization of the maximum extension for the
interface of oil–water emulsion.

5. Results and Discussion

5.1. Properties of the Waxy Crude Oil

The physical properties of the waxy crude oil specimens which were produced from four
representative polymer flooding wells were measured and determined. The average wax content
and freezing point of the experimental crude oil were measured as 26.2% and 35.6 ◦C, respectively.
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The average density of waxy crude oil was 0.8522 g/cm3. The average viscosity of waxy crude oil was
32.1 mPa·s at 40 ◦C. The average resins and asphaltenes were determined as 6.8% and 3.7%, respectively.

5.2. Phase Inversion and Emulsification Behavior of the Waxy Crude Oil Emulsions

As shown in Figure 6, the phase inversion property test results indicated that the apparent viscosity
of the waxy crude oil emulsions changed significantly when the water cut was at around 60%. It means
that water droplets would disperse in oil under low fraction of water, and water droplets would
further concentrate with the increase of water fraction. However, water droplets began coalescing
entrapping the oil into droplets when the water cut was at around 60%. With the further increase
of water fraction, there would be larger droplets being formed until they became the continuous
phase, and the apparent viscosity of the waxy crude oil emulsion dropt sharply. The phase inversion
point, where the type of the waxy crude oil emulsion changed from one to another, was determined
as 60% under different operating conditions at 38 ◦C. The investigation made by Ersoy and Sarica
showed that estimation of the phase inversion point was important to improve the emulsion viscosity
correlations [46], and this was confirmed in our experiments. In addition to being useful for making
waxy crude oil emulsion viscosity prediction, understanding of phase inversion behavior is important
to explain the emulsification mechanism based on the energy analysis.
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Figure 6. Phase inversion process of the waxy crude oil emulsions. Figure 6. Phase inversion process of the waxy crude oil emulsions.

Figure 7 shows the various emulsification structures of the waxy crude oil emulsions under the
same magnification (10 × 20) of microscope. It indicated that one of the most important factor for
emulsion structure was the fraction of water, and the multiple emulsions (W/O/W) were observed
when it reached a higher water fraction. The reason for this is that the water fraction contributes to
keeping the droplets in their original shape and distribution when the containing polymer in produced
water tries to bound the droplets. When scaling the emulsion structure, for example, the formation of
tight emulsions is at the phase inversion temperature [6,46]. This is in agreement with the significant
increase of emulsion viscosity which is close to the water cut where dispersed droplets begin coalescing
entrapping the continuous phase into dispersed droplets. Another important factor is the shearing
action, which indicates that the droplet deformation should not be ignored. The emulsions which
experienced the shearing which is equivalent to that in the flow field of elbow regions have better
dispersity, the irregular degree of dispersed droplets is enhanced and the rigid interfacial films emerge.
It revealed that the sudden change of flow area is responsible for the fact that both droplet deformation
and some components (i.e., waxes and asphaltenes) of the crude oil contribute to the emulsion stability
and tightness.
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5.3. Interfacial and Rheological Properties of the Waxy Crude Oil Emulsions

The equilibrium interfacial tension of the waxy crude oil and produced water were measured as
23.6 mN/m (38 ◦C). It can be concluded that there were not much surface active substances adsorbed
on the surface of dispersed droplets in the emulsions and the interfacial activity would not be enhanced
significantly when the polymer appeared in the produced water. The shearing energy and interfacial
Gibbs free energy in emulsification behavior can be correlated with the measurable interfacial tension.

In Figure 8, we can see that the viscosities of emulsions were substantially higher than the viscosity
of either the waxy crude oil or the produced water and the emulsions behaved as shear-thinning fluids,
which indicated that the non-Newtonian behavior could be caused by droplet “crowding” or structural
viscosity of the emulsions. When the water cut was above 35%, the slopes of the rheology curves
obviously deviated from zero, pseudoplastic characteristics of the waxy crude oil emulsions would be
exhibited. It is clear that the highest viscosities were achieved as the fraction of water increased up to
55%, which indicated the phase inversion behavior could appear after entering the water containing
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stage. Moreover, the higher viscosities and anti-shear ability of the emulsions which were created
with strong shearing action were shown. In addition, the fluctuant apparent viscosity readings tended
to be stable, and the systems could be called as “medium emulsions” or “tight emulsions” instead
of “loose emulsions”. The properties are in agreement with the knowledge of phase inversion and
emulsification behavior of the waxy crude oil emulsions and are also available for solving both
mechanistic and energy models.
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Figure 8. The viscosities of waxy crude oil emulsions as a function of shearing rate. 

5.4. Droplet Size and Droplet-Size Distribution of the Waxy Crude Oil Emulsions 

The droplet-size distributions of typical emulsions in different shearing patterns are shown in 
Figure 9. It indicated that the droplet diameters of emulsions concentrated at 0.5~80 μm, the 
distribution range would be wider when the emulsion changed into the type with water being the 
continuous phase. The droplets of the dispersed phase also began to coalesce to form larger droplets 
until the dispersed phase became the continuous phase, and the mean diameter was larger than  
50 μm when the water fraction was over 75% according to the experimental results. Moreover, the 
suffered shearing in a certain degree had some effect on droplet-size. Although the droplet 
diameters may present abnormal distribution in the elbow region, which is a shearing field that have 
sudden change characteristic of flow area, the mean diameters of droplets in this region still 
decrease. This revealed a natural tendency for the enhance of emulsion stability and tightness in the 
turbulent shearing field. This is also in agreement with the structure of the waxy crude oil emulsions 
observed as above (Figure 7). In the simulation of the shearing which was equivalent to oil gathering 
pipeline region, valve region, and elbow region, the mean droplet diameters in the emulsion with 
35% water cut were 30.42 μm, 29.01 μm, and 27.35 μm; those in the emulsion with 55% water cut 
were 25.57 μm, 23.46 μm, and 21.08 μm; those in the emulsion with 75% water cut were 48.47 μm, 
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46.29 μm, respectively. The results also provided critical data for deformation characteristic 
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5.4. Droplet Size and Droplet-Size Distribution of the Waxy Crude Oil Emulsions

The droplet-size distributions of typical emulsions in different shearing patterns are shown in
Figure 9. It indicated that the droplet diameters of emulsions concentrated at 0.5~80 µm, the distribution
range would be wider when the emulsion changed into the type with water being the continuous
phase. The droplets of the dispersed phase also began to coalesce to form larger droplets until the
dispersed phase became the continuous phase, and the mean diameter was larger than 50 µm when the
water fraction was over 75% according to the experimental results. Moreover, the suffered shearing in
a certain degree had some effect on droplet-size. Although the droplet diameters may present abnormal
distribution in the elbow region, which is a shearing field that have sudden change characteristic of flow
area, the mean diameters of droplets in this region still decrease. This revealed a natural tendency for
the enhance of emulsion stability and tightness in the turbulent shearing field. This is also in agreement
with the structure of the waxy crude oil emulsions observed as above (Figure 7). In the simulation of
the shearing which was equivalent to oil gathering pipeline region, valve region, and elbow region, the
mean droplet diameters in the emulsion with 35% water cut were 30.42 µm, 29.01 µm, and 27.35 µm;
those in the emulsion with 55% water cut were 25.57 µm, 23.46 µm, and 21.08 µm; those in the emulsion
with 75% water cut were 48.47 µm, 45.41 µm, and 42.43 µm; and those in the emulsion with 85% water
cut were 54.96 µm, 50.30 µm, and 46.29 µm, respectively. The results also provided critical data for
deformation characteristic parameter determination of dispersed droplets in different flow regions.Energies 2017, 10, 721  14 of 19 
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5.5. Shearing Energy and Interfacial GIBBS Free Energy Change in the Actual Flow Field

As mentioned previously, the water cut varies from 35% to 85% for the produced emulsions in
the actual flow field. From Equations (23), (26) and (37), basing on the experimental results and field
data, the deformation characteristic parameters of dispersed droplets can be determined in Table 1.
It is clear that the multiple increase of deformation value δx and orientation angle α is shown when the
produced emulsion with the same water fraction enters the valve region and elbow region. Especially,
δx and α of the dispersed droplet in elbow region could be 300% and 200% more than those in oil
gathering pipeline region with the same water cut respectively. The orientation angle α of the dispersed
droplets increases when water fraction of the produced emulsions is close to phase inversion point in
any flow region, which further revealed that the waxy crude oil–water emulsion is a thermodynamic
unstable system. The same as the characteristic of orientation angle α, the deformation degree D of the
dispersed droplets also increases at the point of phase inversion and in the elbow region where suffers
strong shearing action if the original droplet-size of the waxy crude oil emulsions is considered.
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Table 1. Deformation characteristic parameters of dispersed droplet in different flow region.

Water Cut
Oil Gathering Pipeline Region Valves Region Elbow Region

δx (µm) α (rad) δx (µm) α (rad) δx (µm) α (rad)

35 1.442 0.2505 π 3.874 0.342 π 6.430 0.368 π
55 1.268 0.2536 π 3.512 0.406 π 5.346 0.459 π
75 2.287 0.2530 π 5.903 0.392 π 8.712 0.441 π
85 2.439 0.2508 π 6.510 0.345 π 10.488 0.394 π

We use the correlation model to identify the effect level of interfacial performance and shearing
action on the emulsification mechanism of waxy crude oil. As shown in Figures 10 and 11, the interfacial
Gibbs free energy change ∆G and shearing energy in the unit uEs for these emulsions in different
shearing field were calculated, and the results showed that the shearing energy of the emulsion with
55% water cut in any shearing field was the highest, and the shearing energy of the emulsion with any
water cut in the elbow region was the highest. Notice that the value of interfacial Gibbs free energy
change was opposite under these conditions, which means that the system needs to further overcome
the least interfacial Gibbs free energy. Thus, it can be concluded that the shearing energy contributes
to the reduction of interfacial Gibbs free energy for oil–water emulsification. The reason for this is that,
according to the energy conservation equation, the total energy of any system is the sum of the internal
energy and kinetic energy, different from the static environment, the kinetic energy is generated when
the oil-water mixture is in the flow field. However, the shearing energy, as the energy generated by the
work done by the shearing action, becomes a form of energy for overcoming the oil-water interfacial
Gibbs free energy for emulsification. Thus, the shearing energy is an effective form which can show the
contribution of the kinetic energy of the oil-water mixture to interfacial Gibbs free energy in the process
of emulsification, and the role of shearing energy and interfacial Gibbs free energy in the emulsification
mechanism of waxy crude oil were quantified and explained using the models. This finding in this
study is also in agreement with the previous understanding that shearing energy was responsible for
the dispersion of one phase of the liquid into the other as the fluid flows through the pipeline and
it depended on the turbulence available in the pipeline, which was emphasized by Abdel-Aal et al.
There is potential of using the correlation model of shearing energy and interfacial Gibbs free energy
to describe the emulsification behavior of oil–water mixture in the shearing field.
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Figure 10. Effect of water cut on shearing energy and interfacial Gibbs free energy change. 
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6. Conclusions

The mechanistic model of dispersed droplets which was considered in the radial direction and
axis direction in waxy crude oil emulsions has been developed to correlate the shearing stress and IFT.
The concept of shearing energy has been introduced to reveal the driving force for emulsification,
and a novel correlation model of the shearing energy and interfacial Gibbs free energy has also been
developed. A validation of the proposed model, performed by correlating the experimental data and
field data which was from the actual flow field, has been carried out.

The deformation degree and orientation angle of the dispersed droplet will increase at the point of
phase inversion and in the strong shearing field according to the prediction of this model which used
the experimental results. In any shearing field, the shearing energy was the highest when the dispersed
phase and continuous phase of emulsions was close to the inversion point, and interfacial Gibbs free
energy change was always the lowest. In addition, the shearing energy of the emulsions with any
water cut in special regions with sudden change of flow field was the highest and the interfacial Gibbs
free energy change was the lowest. The results revealed that the shearing energy is an effective form
which can show the contribution of the kinetic energy of the oil–water mixtures to interfacial Gibbs
free energy in the process of emulsification.

Considering that emulsions can be encountered in almost all phases of the crude oil production
and processing and that the understanding of the emulsification behavior and mechanism during
oilfield production still remains a very challenging scientific problem for both engineers and operators,
the correlation model of shearing energy and interfacial Gibbs free energy which was developed in
this study has potential for describing the emulsification behavior of the oil–water mixture in the
shearing field.
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