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GRAPHICAL ABSTRACT

A series of oil and water (coarse) emulsions has been systematically studied in order to obtain
more knowledge about the ﬂow characteristics. Experimental measurements were conducted
using Rheo Stress 6000 from Therm O Haake. Several factors such as shear rate, oil volume fraction, temperature, emulsifying agent, and stirring time on the rheological characteristics of emulsions were investigated. The emulsions without emulsifying agent are discussed by Ostwald de
Waele model, Casson model, and Bingham model, respectively, according to different oil volume
fractions. Sixteen models of the apparent viscosity were evaluated to predict these emulsions. The
results show that existing models of the apparent viscosity exhibit large deviations from the
experimental data over the range of low and middle oil volume fractions (eo < 0.5) due to the droplets fast ﬂocculation, and but can give a good prediction at high oil volume fractions (eo > 0.6).
Furthermore, emulsifying agent and shear rate have few inﬂuences on the phase inversion point
and the maximum value of the apparent viscosity appears around eo ¼ 0.6. At the phase inversion
point, the viscoelastic behavior of the emulsions were also analyzed by shear stress sweeps and
frequency sweeps, respectively. These ﬁndings are helpful to improve the pipeline transportation
of an immiscible oil and water two-phase dispersed ﬂow.
Keywords Apparent viscosity, emulsions, phase inversion region, rheology

1. INTRODUCTION
Oil and water two-phase emulsions may form during a
diverse range of processes industries and particularly in
the petroleum industry. Typically, the emulsions are
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divided into two general categories: a dispersion of oil
droplets in a continuous water phase (designated as oil-inwater, o=w) and a dispersion of water droplets in a
continuous oil phase (designated as water-in-oil, w=o).
Furthermore, an ambivalent range may be also emerged,
where by the dispersed phase becomes the continuous
one and vice versa. During this process the apparent viscosity of the mixture becomes very large, which leads to
high pressure drops or low ﬂow rates in pipeline transportation (see a review by Yeo et al.[1]). In recent years, because
of the presence of water in oil well or injection of water into
the well for increasing oil production, oil extraction is often
accompanied by a water throughput. Therefore, rheological
research of oil and water emulsions is an important task in
the ﬁeld of rheology to ﬁnd out ways for oil ﬁeld development and petroleum transportation. So far, a vast amount
of research has been done on the structure and properties
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of emulsions from different viewpoints for water-in-oil
emulsions[2–9] and for oil-in-water emulsions.[10–16]
In the study of emulsions, handling and controlling the
ﬂow properties of emulsions is of a key interest for practical applications since it leads to a system with different
physical behaviors. Generally, the ﬂow properties are
governed by different interaction forces that occur in the
system, which in turn depend on volume fraction of the
disperse phase, chemical composition of the continuous
phase, interfacial properties, and concentration and nature
of the emulsify agent. Other structural parameters important to the rheological characteristics of emulsions are
properties of the continuous phase and droplet size and
polydispersity.[17] However, their impact on multiphase
transportation has not yet been thoroughly investigated.
The existing methods for determination and calculation
of their theological properties have not been optimized
for use in multiphase simulations, such as the apparent viscosity of oil-water dispersed ﬂow in pipeline.[2,4,18] Most of
results published in literature are based on steady oil and
water dispersed system with emulsifying agent. In fact,
from a practical point of view, the dispersed ﬂow of oil
and water two-phase usually are unsteady and coarse in
the pipeline transportation. Only the system can be a ﬁne
stable structure if the water droplets are covered with surfactant or emulsifying agent.[5] Nevertheless, much research
is still urgently required in order to fully understand the
ﬂow properties of emulsions without emulsifying agent
and the mechanisms behind it.
To improve the pipeline transportation of oil and water
two-phase without emulsifying agent, we start this work as
the following points. First, our subject for investigation is
unsteady (coarse) emulsions, for which there are very
limited publications devoted to this type emulsions.
Second, it is considered necessary to carry out a full set
of rheological measurements through the entire oil volume
fractions, including the effects of system temperature,
emulsifying agent and stirring time on the emulsions, in
order to obtain the complete rheological characteristics of
this type emulsion. Third, it seems to be very interesting
to make systematic measurements on the emulsions during
the phase inversion region to determine the effect of rheological characteristics on the phase inversion point.

2. EXPERIMENTAL
2.1. Materials
In this study, industry white oil PS-100 used for the
preparation of emulsions is a reﬁned mineral oil that consists of the saturated hydrocarbons, which were obtained
from Yanshan Petrochemical Company in China and it
is classiﬁed usually by the viscosity. At the temperature
of 20 C, the white oil is characterized by a density of
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840 kg=m3 and an oil-water interracial tension of
0.0315 N=m. Tap water is used as the water phase. The
emulsions were prepared with fourteen different oil volume
fractions (i.e., 5, 10, 20, 30, 40, 45, 50, 55, 60, 65, 70, 80, 90,
100 vol%.). The homogenization was achieved by stirring
the oil and water solutions with different time (90 seconds,
180 seconds, 300 seconds and 600 seconds) using the
three-blade stirrer at a ﬁxed speed (1000 r=m). After homogenization, the apparent viscosity and rheological characterization of oil-water emulsions were measured by
exploiting the performance of the rheometer. The droplet
sizes of samples were measured by taking photomicrographs of emulsions samples using a trinocular biological
microscope model XSZ-H with an adapted digital camera
(cannon 550D) operating at 100magniﬁcation.
2.2. Emulsions Preparation
The samples were prepared in batches of 500 ml and
pre-heated to a ﬁxed test temperature. The steady (ﬁne)
emulsions were prepared by adding the emulsifying agent
with 1.5 wt% and 600 seconds stirring. The commercial
dodecylbenzene sulfonic acid sodium salt (SDBS) was used
as the emulsifying agent supplied by Sinopharm Chemical
Reagent Co., Ltd in China. The unsteady (coarse) emulsions without emulsifying agent were obtained by changing
the stirring time from 90 to 600 seconds.
2.3. Rheological Measurements
Rheological measurements were carried out on a HAAKERS6000 Rheometer with a coaxial cylinder sensor system (Z38 DIN, gap width ¼ 2.5 mm and sample volume
of 30.8 cm3) for the samples. A variety of temperature
control units was also available to reliably and accurately
handle temperatures ranging from 40 to 140 C. After positioning the sample on the sensor system, the corresponding
measurement was started immediately to avoid the unsteady
emulsions stratiﬁed. Most of the measurement tests were
conducted under the CR mode and three replicates of each
test were performed. If the repeatability of results measured
is poor, CS mode would be used to repeat the measurement.
Furthermore, this rheometer had a range of shear rate from
103 to 1500 s1 and a range of viscosity from 0.0005 Pas to
1000 Pas. In oscillatory measurements, an amplitude sweep
at a ﬁxed frequency of 1 Hz was performed prior to the
following frequency sweep in order to ensure the selected
stress was in the linear viscoelastic regions. Frequency
ranged was from 0.1 to 100 rad=s.
3. RHEOLOGICAL ANALYSIS OF PURE OIL
The ﬂow behavior of pure oil is investigated at six
different temperatures over a wide range of shear rates
from 1 to 200 s1. Figure 1a shows the variation of the
sample viscosity with the shear rate. Overall, it is observed
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experimental data decrease exponentially with the system
temperature. A good agreement between the data and ﬁtting curves are obtained and the regression correlation
coefﬁcient (R2) is 0.937.

4. APPARENT VISCOSITY OF OIL
AND WATER EMULSIONS
According to the suggestions of Meriem-Benziane et al.[8]
and Hasan et al.,[19] three rheological models of Ostwald de
Waele model, Bingham model and Casson model are used
to discuss the rheological behavior of oil-water emulsions
in the present study, respectively.
The Ostwald de Waele model for emulsions is based on
two parameters (m and n) in the following equation:
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s ¼ mð_cÞn ;

½2

here s is the shear stress in Pa and c_ is the corresponding
shear rate in s1. The m and n are consistency index in Pa sn
and ﬂow behavior index.
The Bingham model for emulsions is described by two
parameters (so and ga) in the following equation:
s ¼ so þ ga ð_cÞ;

FIG. 1.

Effect of temperature on the viscosity of pure oil under six
different temperatures (a, shear rate vs. oil viscosity; b, temperature vs.
oil viscosity).

that the viscosity of pure oil decreases with the increases of
the temperature, and the sensitivity of the oil viscosity to
temperature almost is not inﬂuenced by the shear rate when
the shear rate remain at the measured range. All samples
maintain the constant values with the increases of the shear
rate and show Newtonian or quasi-Newtonian rheological
behaviors.
It is well known that the oil viscosity (go) is a strong
function of temperature. Usually, a plot of In(go) versus
1=T yields a straight line with a positive slope. The relationship follows an Arrhenius-type equation as:
go ¼ AeB=T ;

½1

here A and B are constants dependent on both system and
shear rate. T is the absolute temperature in degree.
Figure 1b gives a comparison of experimental data with
the Arrhenius-type equation. The least squares method is
used in identifying the appropriate exponential parameters.
These results are given in Figure 1. It can be seen that

½3

here so and ga are the apparent yield stress in Pa and the
apparent viscosity in Pa s, respectively.
The Casson model, similar to the Bingham model, can
be also described by two parameters (so and ga) the
following equation:
_ Þ0:5 Þ2 :
s ¼ ðs0:5
o þ ðga c

½4

Equations (3) and (4) reﬂect the apparent yield stress for
oil-water emulsions.
4.1. Effect of the Oil Volume Fraction
Figure 2 presents the dependence of apparent viscosity
on shear rate for the samples with different oil volume fractions without emulsifying agent at 20 C. Generally, in a
log-log coordinate, the curve of apparent viscosity against
the shear rate shows the existence of a transition among
three regions according to the oil volume fractions. In the
low oil volume fractions (eo ¼ 0.050.30), it can be noticed
that the apparent viscosity of emulsion slightly increases
with the shear rate increasing. With further increasing oil
fraction (eo ¼ 0.400.70), the apparent viscosity appears a
reduction with shear rate increasing. However, in the high
oil volume fractions (eo ¼ 0.801.0), the apparent viscosity
remains a constant value regardless of the shear rate. These
ﬁndings show that the samples have different rheological
behaviors base on the different oil volume fractions.
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In the following study, we used three models (Equations
(2)–(4)) to analyze the experimental data. The least squares
method is used in identifying the appropriate model parameters. The results of the modeling analysis are reported
in Table 1. It can be found that all three models give a very
good regression correlation coefﬁcient (R2 > 0.99) for the
emulsions with high oil volume fractions from 0.6 to 1,
and the Ostwald de Waele model also show a good
regression correlation coefﬁcient (R2 > 0.98) for the emulsions with low oil volume fractions from 0.05 to 0.3. However, for the emulsions with medium oil volume fractions
from 0.4 to 0.55, the predictions of these models are far
from satisfactory. Compared with other two models, The
Casson model shows a relatively high regression correlation coefﬁcient (R2 > 0.84). The reason is due to the fact
that the shear stress, for the emulsions with medium oil volume fractions, is reduced as the shear rate increasing at a
high shear rate range ð600 s1 < c_ Þ. Furthermore, it can
be also seen that with the increases of oil volume fraction,
the ﬂow behavior index (n) ﬁrst decreases and then
increases and but the apparent yield stress (so) has an
opposite tendency. These ﬁndings show that in the medium
oil volume fractions, the emulsions have a stronger
non-Newtonian ﬂuid behavior that is the shear-thinning
behavior as shown in the Figure 2.
Figure 3 depicts the apparent viscosity of emulsions
against the oil volume fraction at three ﬁxed shear rates.
At low oil volume fractions, the apparent viscosity is small
and increases sharply with the oil volume fraction increasing (eo ¼ 0.050.40). When eo further increasing, the apparent viscosity tends to increase slowly and thereafter passes
through a maximum and then decreases, and eventually

FIG. 2.

Rheograms of the samples with different oil volume fractions
without emulsifying agent at 20 C.

reaches to the single phase oil value. Over the range of
eo ¼ 0.400.60 the emulsions is unstable, which means that
oil continuous regions (o=w) and water continuous regions
(w=o) coexist (ambivalent range). Based on the experimental data, the apparent viscosity has a maximum around
an oil volume fraction of 0.6 regardless of the changes of
the shear rates. This is similar to previous ﬁndings
(Miñana-Pérez et al.[20]). They observed the maximum
value was also about 0.6 using the stable emulsions. At this
point the interaction between oil-continuous regions and
water-continuous regions is the strongest. In the present
study, this point is deﬁned as the phase inversion point.[2]

TABLE 1
Modeling evolution for emulsions without emulsifying agent at 20 C
Emulsions
eo
0.05
0.10
0.20
0.30
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.80
0.90
1

Ostwald de Waele (Power) model

Bingham model

Casson model

m

n

R2

so

ga

R2

so

ga

R2

0.0133
0.0118
0.0582
0.066
1.7832
2.5133
2.1157
2.2623
0.7700
0.5964
0.5516
0.3033
0.1604
0.1124

0.9811
1.1221
0.9769
0.9472
0.4459
0.4873
0.5117
0.5170
0.8110
0.8242
0.8323
0.8981
0.9554
0.9730

0.9815
0.9996
0.9979
0.9902
0.8352
0.8030
0.8210
0.8442
0.9998
0.9997
0.9982
0.9988
0.9998
0.9999

—
—
—
0.0354
3.8132
5.7308
5.0160
5.4153
3.4663
2.5818
2.1097
0.9201
0.2747
0.1199

—
—
—
0.0469
0.0425
0.0803
0.0806
0.0898
0.2211
0.1872
0.1830
0.1552
0.1196
0.0941

—
—
—
0.9892
0.6197
0.6244
0.6645
0.6915
0.9888
0.9900
0.9884
0.9954
0.9992
0.9997

—
—
—
—
0.4668
0.4900
0.3659
0.3829
0.1733
0.1001
0.0453
0.0080
0.0007
0.0001

—
—
—
—
0.0482
0.0912
0.0808
0.1019
0.2249
0.1914
0.1892
0.1588
0.1209
0.0948

—
—
—
—
0.8384
0.8491
0.8650
0.8798
0.9919
0.9934
0.9949
0.9983
0.9997
0.9999
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FIG. 3. Apparent viscosity as a function of oil volume fraction for
different shear rates at 20 C.

FIG. 5. Apparent viscosity as a function of oil volume fraction with or

4.2. Effect of Emulsifying Agent
An emulsifying agent has two important functions for
oil-water emulsions, namely: a) to reduce the interfacial
tension between oil and water and thereby enabling easier
formation of the emulsions, and b) to stabilize the
dispersed phase against coalescence once it is formed.[21]
Figure 4 shows that the effects of emulsifying agent on
the apparent viscosity behavior for four different oil
volume fractions (eo ¼ 0.05, 0.40, 0.60, and 0.80). As be
seen the emulsions of eo ¼ 0.05 without emulsifying agent
has a different ﬂow behavior, which is represented by a
slightly viscoelastic shear-thickening. However, the
adjunction of emulsifying agent makes this sample with a

transition from shear-thickening into shear-thinning, and
enhances the apparent viscosity at a ﬁxed low shear rate.
With the increase of the oil volume fractions (eo ¼ 0.40,
0.60, and 0.80), the apparent viscosity of samples with
emulsifying agent become slightly lower than those without
emulsifying agent, and show a similar shear-thinning behavior. Figure 5 gives the apparent viscosity against the oil
volume fractions of the samples with or without emulsifying agent at a ﬁxed shear rate (_c ¼ 100 s1 ). In general,
the emulsifying agent reduces the apparent viscosity of
samples and shows few inﬂuences on the trend of the curve
and phase inversion point. The highest value of the apparent viscosity still appears at the oil volume fraction of 0.6.

FIG. 4.

Effect of emulsifying agent on the behavior of apparent
viscosity for different oil volume fractions.

without emulsifying agent at a shear rate of 100 s1 at 20 C.

4.3. Evaluation of the Apparent Viscosity Models
The apparent viscosity of emulsions is affected by a
number of factors: viscosity of dispersed phase, density of
dispersed phase, volume fraction of dispersed phase,
viscosity of continuous phase, density of continuous phase,
shear rate, system temperature, droplet size distribution,
nature and concentration of emulsifying agents, and presence of solids in addition to dispersed phase and so on.[4]
In the last century, some models (empirical or
semi-empirical) have been developed for predicting the
apparent viscosity of oil-water emulsions. The models can
generally be grouped into three main categories, namely,
linear, exponential and power function models. Models
used in the current study are presented in Table 2. In
Table 2, gr is the relatively viscosity, which is deﬁned as
the ratio of apparent viscosity of emulsions (ga) to continuous phase viscosity (gc). K is the ratio of dispersed phase
viscosity to the continuous phase viscosity. & and um are
the dispersed phase volume fraction and the maximum
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Rønningsen, 1995

Barnea andMizrahi,
1976
Pal and Rhodes, 1989

Choi and Schowalter,
1975

Krirger and
Dougherty, 1959
Barnea and Mizrahi,
1975

Roscoe and
Brinkman, 1952
Yaron and Gal-Or,
1972

Mooney, 1951

Eilers, 1941

Guth and Simha, 1936

Richardson, 1933

Einstein, 1906
Tayor, 1932

Authors, Year

gr ¼ 1 þ C1 / þ C2 /2 þ C3 /3
gr ¼ ½1  ð0:8415=/ð100ÞÞ/2:5

gr ¼ expðC1 þ C2 T þ C3 / þ C4 T/Þ

[21]

[35]

n
o
2½ð5Kþ2Þ5ðK1Þ/7=3 
gr ¼ 1 þ / 4ðKþ1Þ5ð5Kþ2Þ/þ42K/
5=3
7=3
10=3
5ð5K2Þ/ þ4ðK1Þ/


2:5/m
gr ¼ 1  //
m


h

i
2=3CþK
5/
0:4þK
gr ¼ C CþK , C ¼ exp 3ð1/Þ
1þK

Exponential

Power

Power

Linear

Exponential

Power

Linear

n
o
5:5½4/7=3 þ10ð84=11Þ/2=3 þð4=KÞð1/7=3 Þ
gr ¼ 1 þ / 10ð1/
10=3
4=3
7=3
Þ25/ð1/ Þþð10=KÞð1/Þð1/ Þ

Exponential

Power



gr ¼ ð1  /Þ2:5

2:5/
1k/

[34]

[33]

[32]

[31]

[30]

[28,29]

[27]



Power


2
1:25/
gr ¼ 1 þ 1k/

[26]

gr ¼ exp

Power

gr ¼ 1 þ 2:5/ þ 14:1/2

Exponential

[25]

/

gr ¼ expðC/Þ

gr ¼ 1 þ

Linear
Linear

[24]

[23]

5Kþ2
2Kþ2

Category

gr ¼ 1 þ
 2:5/

Models and correlations

[22]

Ref.
no

(18)

(17)

(16)

(15)

(14)

(13)

(12)

(11)

(10)

(9)

(8)

(7)

(5)
(6)

Equation
no.
Remarks

(Continued )

C is constant by the experimental data
regression
Extension of Equation (5) to involve
the interactions of droplet-droplet
Extension of Equation (5) to
polydispersedbitumen emulsions,
1.28 < k < 1.30
Extension of Equation (7) to predict
the non-Newtonian behaviour,
1.35 < k < 1.91
Extension of Equation (5) to ﬁt a high
concentration emulsion
Cell model by considering the
hydrodynamic interaction between
the neighboring droplets
Correlation for concentratedsolid
spheres dispersions
Developed for solid particles and
extended to spherical liquid
droplets.
Cell model by considering the
hydrodynamic interaction between
the neighboring droplets.
Experimental data analysis required to
ﬁt the empirical constants (C1C4).
Semi-empirical correlation by
considering the effect of shear rate
and is the dispersed phase
concentration at relative viscosity is
equal to 100.
Experimental data analysis required to
ﬁt the shear rate dependent
coefﬁcients (C1C4). Tis system

Monodispersed system
Monodispersed system

TABLE 2
Models and correlations for the apparent viscosity of liquid-liquid dispersions in the literature
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(22)

(23)

Exponential

Power
m

h
i1:5


2:5/
r þ5K
gr 2g2þ5K
¼ exp 1/=/
m
h
i1:5 
2:5/m
2gr þ5K
/
¼ 1/
gr 2þ5K
[39]

Pal, 2001

m


2:5
¼ 1  //
i1:5

2gr þ5K
2þ5K

h

gr
[38]

Pal, 2000

[37]

Phan-Thien and
Pham, 1997
Bicerano et al., 1999

[36]

gr

h

m

2gr þ5K
2þ5K

i1:5

m

m

¼ ð1  /Þ2:5

2 
 
 2 
gr ¼ 1  //
1  0:4 // þ 0:34 //

Power

Power

(20)

(21)

temperature.
Extension of Equation (5) to ﬁt the
low concentration emulsions
Hard spherical droplets for dilute,
semidilute and concentrated
regimes.
Extension of Equation (19) including
the maximum packing concentration
volume fraction for uniform spheres
Extension of Equation (6) to
concentrated emulsions of
non-colloidal spherical droplets.
K ! 1, the Equation (22) reduce to
Mooney (1951) and Equation (23) to
Krirger and Dougherty (1959)
(19)
Power

Remarks
Equation
no.
Category
Models and correlations
Ref.
no
Authors, Year

Continued

TABLE 2
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packing concentration volume fraction, respectively. All
models are evaluated by using the experimental data except
for Equations (7), (16), and (18). These are excluded
because they require a lot of the experimental data analysis
to ﬁt the empirical constants.
Figure 6 shows the comparison of the apparent viscosity
model against the experimental data without emulsifying
agent at 20 C by using three different categories. It can
be observed in Figure 6a that in the region of w=o, Equations (5), (12), and (15) give a good prediction. However, in
the region of o=w, all the linear models under-predict the
relative viscosity. Figure 6b presents the results by three
exponential models. The exponential models have a good
improvement over the medium range of oil volume fractions from 0.5 to 0.6. Equation (10) by Mooey[27] seems
close to the actual data of o=w for this range. The results
predicted by the power models are demonstrated in
Figures 6c and 6d. The results are similar to those by the
exponential models. Compared with the results in the
region of o=w, the models for the region of w=o show a better prediction results.
Overall, the linear model can better predict the relative
viscosity in the region of w=o besides of Equation (6). During the medium region (eo ¼ 0.500.60), the exponential
model of Equation (10) and the power models of Equations
(20) and (21) are closer to the actual data of the emulsions
without emulsifying agent. A comparison of the predicted
curves with the experimental data shows that, for the high
oil volume fractions (eo > 0.50), the Equation (21) by Pal[38]
is suitable to predict the relative viscosity.
However, it can be also concluded that all theoretical
model sunder-predict the relative viscosity for the emulsions
of o=w with low oil volume fractions (eo ¼ 0.050.50). The
main reason for this deviation is believed to be the fact that
most of the models for predicting the relative viscosity with
low volume fraction are developed base on steady and ﬁne
emulsions. In this study, the emulsions without emulsifying
agent are coarse and unsteady, especially for the emulsions
with low oil volume fraction. Figure 7 shows the photos of
natural phase separation after stirring 600 seconds. It can be
found that there are natural layers of oil and water after 5
minutes stirring due to the droplet-droplet fast hydrodynamic interactions (ﬂocculation) and the density difference
between oil and water.

5. RHEOLOGICAL CHARACTERISTICS OF THE
EMULSIONS AT THE PHASE INVERSION POINT
In the present study, the maximum value of the apparent
viscosity is around an oil volume fraction of 0.6 regardless
of the changes of the shear rate and the emulsifying agents,
as shown in Figures 3 and 5. Thus, in the following experiments, we investigate on rheological characteristics of the
emulsions at this point. Knowledge of the droplet size of
1154
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FIG. 7. Natural phase separation for the unsteady of (coarse)
emulsions at the low oil fractions without emulsifying agent. a) Original
sample with different oil volume fractions prior to the stirring (from left
to right: eo ¼ 0.05, 0.10 and 0.20). b) Emulsions with different oil volume
fractions after 600 seconds stirring (from left to right: eo ¼ 0.05, 0.10 and
0.20). c) Settlement after 5 minutes (from left to right: eo ¼ 0.05, 0.10 and
0.20). (Figure available in color online.)
the dispersed phase and its polydispersity is important in
characterizing emulsion stability and improving the understanding of the emulsiﬁcation process.[40] The droplets size
and polydispersity of the dispersed phase are determined
by two opposing mechanisms, droplet breakup and
coalescence, that occur simultaneously when the emulsions
are exposed to shear. Therefore, under the conditions of
the shear with an enough long time, a dynamic equilibrium
will be established between breakup and coalescence,
resulting in an apparent equilibrium in droplet size and size
distribution.[2] In the following work, to study the effects of
droplet size and distribution on the emulsions, four different stirring time are carried out on the emulsions at an
identical oil volume fraction (eo ¼ 0.60).

FIG. 6. Comparison of the apparent viscosity models against experiment data at 20 C. (Figure available in color online.)

5.1. Effect of Stirring Time on the Stability
Figure 8 shows the effects of stirring time on the steady
of emulsions without emulsifying agent. As be shown, the
droplet sizes of the emulsions for 600 seconds stirring are
much smaller than those of the 90 seconds stirring. The
emulsions with a short time stirring is very unsteady and
fast stratiﬁed after 5 min. The steady can be enhanced with
the stirring time increased. Figure 9 gives the micrography
(100 ) for the effect of stirring time on emulsions
corresponding to Figure 8b. Clearly, the longer the stirring
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FIG. 10. Droplet size distributions for the emulsions with 0.60 oil
volume fraction at 90 seconds stirring.
FIG. 8. Effect of stirring time on the steady of emulsions at the phase
inversion point without emulsifying agent. a) Original sample prior to the
stirring with 0.60 oil volume fraction. b) Emulsions with different stirring
time (from left to right: 90 seconds, 180 seconds, 300 seconds and 600 seconds). c) Settlement after 5 minutes (from left to right: 90 seconds, 180 seconds, 300 seconds and 600 seconds). (Figure available in color online.)

time is, the smaller the droplet size. Also, the coarse
emulsion (90 seconds stirring) appears to have a width distribution of droplet sizes and also exhibits a greater tendency to ﬂocculate. The approximate values of volume
average droplet sizes of emulsions are 60 mm, 35, 18, and
6 mm for the stirring time 90, 180, 300, and 600 seconds,
respectively. The droplet size distributions for 90 seconds
stirring on the emulsions of 0.6 oil volume fraction is
described in Figure 10.

FIG. 9. Micrography (100) for the effects of stirring time on
water-in-oil emulsions at oil volume fraction, eo ¼ 0.60. (Figure available
in color online.)

Figure 11 presents that the rheograms of the emulsions
for four different stirring time. It can be observed that at
a ﬁxed shear rate the shear stress increases with the stirring
time lengthened. The simulation of yield stress of the emulsions with different stirring time by the Bingham and Casson models are also shown in Table 3, respectively.
Validations of these models are done on the basis of the
coefﬁcient R2 that are closed to unity. Thus, the values of
the yield stress show a good prediction by the Bingham
and Casson models (R2 > 0.99). The yield point (so)
required to start the ﬂow of emulsions increases with the
stirring time lengthened. Predicted by the Bingham model,
the yield point remains a value of 1.4012 Pa with 90 seconds and it increases to 3.4663 Pa when the stirring time

FIG. 11. Rheograms of the emulsions with 0.6 oil volume fraction for
four different stirring time.

RHEOLOGICAL CHARACTERIZATION OF OIL-WATER COARSE EMULSION

1157

Downloaded by [Jing-yu Xu] at 04:09 24 July 2013

TABLE 3
Simulation values of ﬂow behavior index and yield stress
for the emulsions of 0.6 oil volume fraction with different
stirring time at 20 C
Bingham model

Casson model

Stirring time
seconds

so (Pa)

R2

so (Pa)

R2

90
180
300
600

1.4012
1.8713
2.4295
3.4663

0.9958
0.9920
0.9891
0.9888

0.0376
0.0527
0.0782
0.1733

0.9973
0.9958
0.9940
0.9919

lengthened to 600 seconds. It means that this emulsions
with a long stirring time (small droplet sizes) requires a
relatively high energy to start ﬂowing and suffers many
transportation problems, such as a shutdown and a restart
of the pumping the pipeline.[16]
Figure 12 depicts the apparent viscosity at a function of
shear rate under different stirring time. The emulsions
show a strong shear-thinning behavior, especially for the
emulsion with 600 seconds stirring. Combining Figure 9
with Figure 12, it can be concluded that the emulsions with
a size distribution dominated by small droplets have a
higher viscosity than those with a higher average droplet
size a tan identical oil volume fraction (eo ¼ 0.60 in this
work). It has also been obtained that the apparent viscosity
becomes higher when the degree of polydispersity in the
system is low, that is, the size distribution is narrow.

FIG. 12. Apparent viscosity at a function of shear rate with 0.6 oil
volume fraction under different stirring time.

FIG. 13. Apparent viscosity at a function of system temperature for
emulsion at 60% oil volume fraction.
5.2. Effect of System Temperature
It is well-known that the system temperature has an
important effect on the apparent viscosity of emulsions.
For instance, a reduction of temperature causes a remarkable increase in the viscosity of continuous phase. Figure 13
shows that the effects of system temperature on the apparent viscosity behavior at the phase inversion point. It can
be seen that experimental data decrease exponentially with
the system temperature. The tendency of curve is similar to
the pure oil (Figure 1b). The relationship of Arrhenius-type
(Equation (1)) is also used to analysis the data. A good
agreement between the data and ﬁtting curves are obtained
and the regression correlation coefﬁcient (R2) is 0.971.
5.3. Viscoelastic Property of the Emulsions
Figure 14 gives the variations of the complex viscosity,
the elastic modulus, and the loss modulus with the shear
stress at a ﬁxed frequency for the emulsions of four
different stirring time with or without emulsifying agent.
Measurements are undertaken to obtain these parameters
for recognizing the linear viscosity region. An important
point to note is that in the case of the emulsions without
emulsifying agent (Figure 14a), the loss modulus is greater
than the storage modules over the entire shear stress range,
indicating these emulsions are predominantly viscosity.
Furthermore, with shear stress increases, the complex
viscosity and the loss modulus slightly decreases and but
the elastic modulus is slightly increased. There appears to
be two weak linear intervals: (a) 0.1 Pa < s < 5 Pa and (b)
5 Pa < s < 100 Pa. With the stirring time lengthened the linear feature is enhanced. However, for the emulsion with
SDBS, the Figure 14b demonstrates that at a ﬁxed
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FIG. 15. Ratio of the elastic modulus to the loss modulus (G0 =G00 )
and the phase angles as a function of the shear stress at a ﬁxed frequent.

FIG. 14.

Variations of the complex viscosity, the elastic modulus, and
the loss modulus with the shear stress at a ﬁxed frequency for different
stirring time with SDBS at 0.60 oil volume fraction (a, emulsions without
emulsifying agent; b, emulsions with SDBS).

frequency (f ¼ 1 Hz), the shear stress dependence of the
complex viscosity, the elastic modulus, and the loss modulus is rather weak. The linearity of viscoelastic behavior of
emulsions is good and continues to be in a rather wide
range of stress amplitudes (from 0.1 Pa to 50 Pa). Moreover, the loss modulus is much lower than storage modulus. This result corresponds to a predominantly elastic
behavior of the emulsion with SDBS during the phase
inversion point at a ﬁxed frequency.
Figure 15 describes the ratio of the elastic modulus to
the loss modulus (G0 =G00 ) and the phase angles as a function of the shear stress at a ﬁxed frequency. It can be
observed that the G0 =G00 slightly dependents on the shear
stress. Here the ratio of the elastic modulus to the loss
modulus reﬂects two regimes: Viscous (if G0 =G00 < 1) and
Elastic (if G0 =G00 > 1). Values for the phase angles gives
information about the nature of the viscoelastic response
of the emulsions system. In elastic networks, the phase
angle shift is 0 while in purely viscous liquids it is 90 .
For viscoelastic systems, the phase angle shift ranges

between 0 and 90 . The closer the phase angle shift to
0 , the more the emulsions system displays an elastic
response to the shear stress. It can be found in Figure 15
that the phase angle is between 20 and 40 for the emulsions with SDBS, and between 60 and 80 for the emulsions without emulsifying agent. Thus, more gel-like
network is developed in the emulsions with SDBS than
the emulsions without emulsifying agent.[8,41]
For a ﬁxed shear stress, Figure 16 gives the plots of the
complex viscosity, the elastic modulus, and the loss modulus against the frequency for 90 seconds stirring time
(coarse emulsions) with or without emulsifying agent. As
shown in Figure 16a, the emulsions without emulsifying
agent, a liquid-like behavior is observed at lower frequency
(G0 < G00 ;) and a solid-like behavior observed at higher frequency (G0 > G00 ). The crossover frequency (G0 ¼ G00 ) is
found to be around x ¼ 30 rad=s and almost is not vary
with the shear stress increased from 0.1 Pa to 100 Pa. Furthermore, the complex viscosity exhibits a plateau region in
the low frequency from 0.5 rad=s to 30 rad=s and then sharply increases with frequency further increasing. Figure 16b
shows the results of emulsions with SDBS. Compared
Figures 16a and 16b, it can be found that the addition of
SBSD in the emulsions leads to a reduction of the value
at the crossover point. With the increases of shear stress,
the value at crossover point becomes smaller for the
emulsion with SDBS over the entire range of frequency.
Furthermore, the complex viscosity of the emulsions with
SDBS is lower than those without emulsifying agent.
Figure 17 gives that the ratio of the elastic modulus to
the loss modulus (G0 =G00 ) and the phase angles as a
function of the frequency at a ﬁxed shear stress (s ¼ 10 Pa).
A transition between the elastic and the viscous behavior
can be obtained at d ¼ 60 . Over the entire frequency
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FIG. 18. Variations of the complex viscosity, the elastic modulus, and
the loss modulus with the frequency at a ﬁxed shear stresses for 90 and 600
seconds stirring, respectively. (a, 90 seconds stirring without emulsifying
agent; b, 600 seconds stirring without emulsifying agent; c, 90 seconds stirring with SDBS; d, 600 seconds stirring with SDBS).

FIG. 16. Variations of the complex viscosity, the elastic modulus, and
the loss modulus with the frequency at different shear stresses for 90 seconds stirring (a, emulsions without emulsifying agent; b, emulsions with
SDBS).

interval, the rheological behavior of the emulsion is changed
from viscous ﬂuid to elastic ﬂuid with the frequency increasing. Emulsifying agent makes the emulsion possessing more
elasticity. Based on the change of G0 =G00 with frequency
increasing, the emulsions appear a non-linear viscoelastic
behavior and not follow the general Maxwell model.
Finally, the effects of stirring time on the rheological
behavior at the phase version point have been investigated.
The results are shown in Figure 18 with two different stirring time at a ﬁxed shear stresses (s ¼ 1 Pa). It is noted that
the stirring time has few inﬂuence on two modulus and
complex viscosity. In the emulsions with SDBS, the plateau
region of complex viscosity disappears and continuously
increases with frequency increasing.
6. CONCLUDING REMARKS
To improve the pipeline transportation of oil and water
two-phase, the emulsions of oil and water through the
entire oil volume fractions is studied, including the effects
of system temperature, emulsifying agent and stability on
the emulsions. Based on the experimental results and
analysis, the following conclusions can be obtained:

FIG. 17.

Ratio of the elastic modulus to the loss modulus (G0 =G00 )
and the phase angles as a function of the frequency at a ﬁxed shear stress.

1. The rheological properties of emulsions studied are signiﬁcantly inﬂuenced by their oil volume fraction, stirring time and emulsifying agent. The emulsifying
agent is found to reduce the apparent viscosity, and
the stirring time lengthened (i.e., reduction in droplet
size) results in a dramatic increase in the viscosity.
However, both emulsifying agent and shear rate have
few inﬂuence on the phase inversion point and the
maximum value of the apparent viscosity appears
around eo ¼ 0.60.
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2. The emulsions with different volume fractions are
distinguished by three rheological models as followed:
Ostwald de Waele model for emulsions with low oil
fractions (eo ¼ 0.050.40, region of o=w); Casson model
for emulsions with medium oil fractions as an acceptable prediction (eo ¼ 0.400.55, ambivalent range); Ostwald de Waele model, Bingham model and Casson
model for emulsions with high oil fractions
(eo ¼ 0.601.0, region of w=o).
3. The apparent viscosity models published in the literature are divided in to three categories, namely linear,
exponential and power models, and evaluated by using
the experimental data in this work. In general, most of
the models can give a good prediction for the emulsions
with high oil fractions (eo ¼ 0.601.0, region of w=o).
However, the experimental data for the emulsions exhibit large deviations from the existing theoretical models
over the range of low oil fractions eo < 0.5, region of o=
w). The model of Pal,[38]covering a relative broad range
of oil volume fractions (eo ¼ 0.501.0), are suitable to
predict the relative viscosity.
4. At the phase inversion point (eo ¼ 0.60), the behavior of
the viscoelastic emulsions are analyzed by the shear
stress sweeps and frequency sweeps of the emulsions,
respectively. In general, for the shear stress sweeps, the
addition of emulsifying agent results in the emulsions
with a transition from a liquid-like behavior into a
solid-like behavior. For the frequency sweeps, the emulsifying agent reduces the value at the crossover frequency and decreases the complex viscosity of the
emulsions. Furthermore, the stirring time (i.e., droplet
size and distribution) has few inﬂuences on the elastic
modulus and the loss modulus.
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