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ABSTRACT: Accurate prediction of the phase inversion point
(PIP) of crude oil emulsion (COE) will give important guiding
significance to the mixed transportation technology during the
crude oil mining process. The influence of water cut of a system on
viscosity characteristics of the COE was studied by emulsification
experiments with 16 kinds of crude oils having significant
differences in physical properties. The results showed that under
the condition of low water cut of a system, the crude oils can
emulsify all the water to form stable W/O emulsions with apparent
viscosities much higher than those of pure crude oils. When the
water cut of a system exceeds a certain critical value, the crude oils
have no ability to emulsify all water; instead, they are wrapped by a water phase and form unstable O/W emulsions, and their
apparent viscosities decrease sharply compared with those of pure crude oils. The critical water cut of a system corresponding to the
abrupt change of apparent viscosity of the COE is the PIP of the COE changing from the type of W/O to O/W. Furthermore, the
apparent viscosities of stable W/O emulsions decrease with increasing shear rate and temperature and meanwhile increase
dramatically with the increasing water cut of a system. The apparent viscosities of unstable O/W emulsions decrease with increasing
shear rate, water cut of a system, and temperature and are far lower than those of pure crude oils. Four typical parameters were chose
as the representation to describe the crude oil physical properties (COPPs), that is, the content of saturates, the content of
aromatics, the content of surfactants, and the crude oil acid number. On the basis of the quantitative description of COPPs, a
prediction model for the PIP of the COE was established. The results of model verification showed that the mean relative deviation
of prediction results was 2.9%.

1. INTRODUCTION
During the exploitation of both offshore and onshore oilfields
in the world, crude oil−water mixed transportation technology
is widely used, which is an important method for gathering and
transportation of the produced fluid. In the mixed trans-
portation pipeline, the crude oil−water two-phase system tends
to form an emulsion, which has an apparent effect on the flow
characteristics of the multiphase flow.1−3 When the water cut
of the system is low, the mixture of crude oil and water is
completely emulsified and generally forms a stable W/O
emulsion; however, when the water cut of the system exceeds a
certain critical value, that is, phase inversion point (PIP), the
original stable W/O emulsion will abruptly convert into an
unstable O/W emulsion. Thereupon, after the phase inversion
of the crude oil emulsion (COE) occurs, the viscosity
characteristics of the COE and the hydraulic friction of the
mixed transportation pipeline will be greatly reduced, thus
affecting the pipeline flow characteristics.4−7

The PIP of the COE is an important parameter which plays
a key guiding role in the oilfield exploitation and mixed
transportation pipeline.8,9 For heavy oil transportation by the
method of water mixing, one needs to accurately grasp the PIP

of the heavy oil emulsion. The key of water mixing process
design is to make a heavy oil−water system that forms an O/W
emulsion so as to reduce viscosity and drag.10−12 In the oilfield
gathering and transportation process, the addition of a flow
improver can reduce the PIP of the COE so that the expectant
O/W emulsion will be obtained even under low water cut of
the system, thus reducing the viscosity of the COE and
improving the gathering and transportation efficiency.13−16 In
the production at an offshore oilfield, the phenomenon of
emulsification damage often occurs. That is, when the water
cut of a system is lower than the PIP, the viscosity of the stable
W/O emulsion formed by the oil−water system increases
significantly compared to that of the pure crude oil, which
gives rise to an increase of tube lifting and submarine pipeline

Received: August 5, 2022
Accepted: October 10, 2022
Published: October 24, 2022

Articlehttp://pubs.acs.org/journal/acsodf

© 2022 The Authors. Published by
American Chemical Society

39136
https://doi.org/10.1021/acsomega.2c04989

ACS Omega 2022, 7, 39136−39146

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haijun+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiangbo+Wen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rong+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qianqian+Shao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhihua+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c04989&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04989?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04989?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04989?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04989?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/43?ref=pdf
https://pubs.acs.org/toc/acsodf/7/43?ref=pdf
https://pubs.acs.org/toc/acsodf/7/43?ref=pdf
https://pubs.acs.org/toc/acsodf/7/43?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c04989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


transportation resistance and thus affects the oilfield
productivity.9,17−20 Mastering the phase inversion character-
istics of the produced fluid can effectively reduce the
productivity loss caused by emulsification problems.21,22 The
shutdown and restart characteristics of the liquid produced
from heavy oilfields are closely related to the PIP of the COE.
Studies23−25 show that when the water cut of a system is lower
than the PIP, it is more difficult to restart the pipeline with the
water cut of the system increasing, whereas when the water cut
of the system exceeds the PIP, the difficulty in pipeline restart
decreases significantly. In terms of the dehydration treatment
of crude oil, when the water cut of a system is lower than the
PIP, water is wrapped by crude oil in the form of tiny droplets,
and the system structure is stable, which is not conducive to
thermal and electric dehydration, and the dehydration rate is
also low; however, when the water cut of the system is higher
than the PIP, the system structure becomes loose, and the rate
of thermal and electric dehydration increases significantly.26−28

The value of the PIP of the COE is closely related to the
crude oil physical properties (COPPs). Generally, the higher
content of interfacial active components in crude oil, the
stronger the emulsifying ability of crude oil, leading to a larger
PIP of the COE.19,29−31 At present, the PIP of an COE is
usually determined using experiments according to actual
production needs. However, there is no universal prediction
model for the PIP of a COE that has been published that is
applicable to different crude oil−water systems. In this work,
16 kinds of crude oils having significant differences in physical
properties were used to carry out emulsification experiments.
The influence of water cut of a system on viscosity
characteristics of the COE was studied, and the PIP of the
COE was determined according to the abrupt change in
viscosity characteristics of the COE. Furthermore, the
representative parameters were selected to characterize the

COPPs; then, a prediction model for the PIP of the COE on
the basis of the quantitative description of COPPs was
established.

2. EXPERIMENTAL SECTION
2.1. Experimental Materials. The emulsification experi-

ments were carried out with 16 kinds of crude oils having
significant differences in physical properties from different
oilfields in China, which were the same as the crude oils used
in our previous work.32 The crude oils are numbered #1−#16,
respectively, and the physical properties are listed in Table 1. It
should be noted that the content of surfactants in Table 1
refers to the sum of the content of resins, asphaltenes, waxes,
and mechanical impurities. In addition, in order to not occupy
extra space in the paper, the PIPs of the 16 COEs measured in
the following experiments are also listed in Table 1. Herein, the
prediction model of the PIP of the COE was established based
on the oils #1−#12 as the research object, and oils #13−#16
were used to verify the proposed prediction model.
Among the influences on the emulsification characteristics of

the crude oil−water system, the COPPs play an absolutely
dominant role, whereas compared with the COPPs, the salinity
of the water phase plays a weaker secondary role. Therefore,
this work is mainly devoted to investigating the effect of
COPPs on the emulsification characteristics and phase
inversion of the crude oil−water system. In order to ensure
the uniqueness of experimental factors and experimental results
are not affected by other factors, water used in the experiments
is ultrapure water.
The density, pour point, mechanical impurity content, and

acid number of the crude oils were measured according to the
standards SY/T 0045-2008, ASTM D5853-17, ASTM D473-
07, ASTM D664-11a, respectively. The oil viscosity was
measured according to the ASTM D445-09 standard using a

Table 1. COPPs of 16 Crude Oils

crude oils #1 #2 #3 #4 #5 #6 #7 #8
density at 20 °C (kg/m3) 856.8 868.5 891.9 882.1 889.9 879.2 870.4 861.7
pour point (°C) 12 8 −5 13 26 6 34 20
viscosity at 40 °C (mPa·s) 32.20 23.60 173.50 76.00 176.00 12.52 72.50 15.05
saturates (wt %) 39.76 44.58 33.92 46.43 44.66 34.27 50.60 47.35
aromatics (wt %) 47.55 46.61 40.49 37.22 31.26 56.08 38.30 43.22
resins (wt %) 2.94 6.03 10.11 7.00 11.84 6.51 2.78 5.75
asphaltenes (wt %) 9.75 2.78 15.48 9.34 12.25 3.13 8.32 3.67
waxes (wt %) 3.84 8.86 2.55 5.94 11.19 2.73 10.06 5.25
mechanical impurities (wt %) 0.53 0.21 0.65 0.42 0.39 0.15 0.31 0.19
surfactants (wt %) 17.06 17.88 28.79 22.70 35.67 12.52 21.47 14.86
acid number (mg KOH/g) 0.45 0.38 0.56 0.49 0.62 0.25 0.27 0.29
PIPs of COEs 0.65 0.67 0.68 0.70 0.68 0.60 0.70 0.62

crude oils #9 #10 #11 #12 #13 #14 #15 #16
density at 20 °C (kg/m3) 859.7 842.2 892.8 853.9 850.9 883.1 858.7 870.2
pour point (°C) 5 15 23 35 3 11 9 37
viscosity at 40 °C (mPa·s) 12.45 9.00 128.00 29.50 10.25 37.00 9.72 220.80
saturates (wt %) 38.09 41.30 45.83 55.96 39.34 48.12 35.14 63.42
aromatics (wt %) 51.45 52.92 35.39 37.50 54.35 43.60 59.34 23.72
resins (wt %) 6.41 3.54 13.44 4.55 2.31 0.87 1.33 5.49
asphaltenes (wt %) 4.05 2.24 5.33 1.99 4.00 7.41 4.19 7.37
waxes (wt %) 3.05 4.96 7.93 14.15 2.71 7.69 1.71 20.67
mechanical impurities (wt %) 0.14 0.08 0.36 0.11 0.47 0.35 0.27 0.55
surfactants (wt %) 13.65 10.82 27.06 20.80 9.49 16.32 7.50 34.08
acid number (mg KOH/g) 0.17 0.24 0.41 0.31 0.15 0.23 0.28 0.34
PIPs of COEs 0.60 0.60 0.72 0.70 0.60 0.65 0.55 0.70
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rotational rheometer (RheolabQC, Anton Paar, Austria). The
contents of saturates, aromatics, resins, asphaltenes (SARA) of
the crude oils were measured according to the ASTM D4124-
09 standard by the SARA fractionation method. The content of
waxes of crude oil was measured according to the
ASTMD4419-90 standard by differential scanning calorimetry
(DSC).

2.2. Experimental Method. 2.2.1. Preparation of the
Emulsion. The literature33 shows that when the COE was
prepared under the experimental conditions of a stirring speed
of 500 rpm, a stirring time of 10 min, and a temperature range
of 40−50 °C, the viscosities of COEs prepared in the
laboratory were very close to those of COEs sampled in
oilfields, and such experimental conditions could be used as
the basis for the preparation of the emulsion in the laboratory.
In this work, under the experimental conditions of a stirring

speed of 500 rpm, a temperature range of 30−60 °C, and a
stirring time of 10 min, an IKA agitator was used to mix the 16
crude oils and ultrapure water at different water cuts of the
system to prepare emulsions. The definition of water cut is the
volume fraction of the water phase in the crude oil−water
system.

2.2.2. Determination of the Viscosity of the Stable W/O
Emulsion. At low water cut of a system, crude oil and water
will be fully mixed and completely emulsified to form a W/O
emulsion with good static stability. The stable W/O emulsion
is characterized by crude oil as the outer phase and water as the
inner phase, whose stability ensures nonseparation between
crude oil and water for a long time. The viscosity of the stable
W/O emulsion was measured using a coaxial cylinder
rheometer (Rheolab QC, Anton Paar, Austria) according to
the ASTM D445-09 standard.

2.2.3. Determination of the Viscosity of the Unstable O/W
Emulsion. At high water cut of a system, crude oil does not
have the ability to emulsify all the water phase but is wrapped
by water and then forms an unstable O/W emulsion. The
unstable O/W emulsion is characterized by water as the outer
phase and crude oil as the inner phase, whose instability
ensures immediate separation of oil and water as soon as the
external shear is removed. For this unstable O/W emulsion,
the traditional coaxial cylindrical rheometer cannot measure its
viscosity.34 In this work, the stirring viscometric method
proposed in our previous study was applied to determine the
apparent viscosities of unstable O/W emulsions. The details of
the stirring viscometric apparatus and method for determining
the apparent viscosities of unstable oil−water systems are all
presented in our previous work.32 Some brief, necessary, and
helpful information is given here.
As shown in Figure 1, the stirring viscometric apparatus

includes the following parts: (a) a stirring power unit (IKA);
(b) a stirring paddle (IKA); (c) a cylindrical water-jacketed
stirring vessel; and (d) a circulating water bath (HAAKE).
The method for determining the apparent viscosity of an

unstable oil−water system is listed as follows:

(1) During the stirred flow field, there is a certain functional
relationship between the viscosity of the fluid being
stirred and torque at a certain speed, that is, μ = f(M). In
the equation, μ is the fluid viscosity and M is the stirring
shaft torque. The specific function form can be
determined by mixing a Newtonian fluid with known a
viscosity during the experiment.

(2) A large number of single-phase Newtonian fluids with
different viscosities were used to calibrate the stirring
viscometric device. First, the stirring torques of these
single-phase Newtonian fluids at different stirring speeds
were measured, and then, the correlations between the
viscosities and stirring torques at different stirring speeds
were determined by regression analysis of equation μ =
f(M).

(3) The unstable O/W emulsions were stirred at different
preset speeds (speed range of 200−700 rpm), and the
torque values during the mixing process were recorded.
Then, the apparent viscosities of unstable O/W
emulsions at corresponding stirring speeds were
calculated by the regression equation μ = f(M).

(4) Furthermore, eq 1 was able to calculate the shear rate
corresponding to different stirring speeds35−37 so that
the change in apparent viscosities of unstable O/W
emulsions with the shear rate can be determined.

= MN V2 /( ) (1)

where is the average shear rate, s−1; M is the stirring torque,
N·m; V is the fluid volume, m3; and N is the stirring speed, r/s.

3. RESULTS AND DISCUSSION
3.1. Relationship between Viscosity of COE and

Water Cut of the System. With regard to oils #1−#12,
the changes in apparent viscosities of COEs with water cuts of
the system are shown in Figures 2 and 3.
According to Figures 2 and 3, when the water cut of a

system is low, the apparent viscosities of the 12 COEs increase
as water cut of the system increases, and the apparent
viscosities increase more at a lower temperature. When the
water cuts of a system exceed certain critical values, the
apparent viscosities of the COEs decrease sharply.
Under the condition of low water cut of the system, the

crude oils can emulsify all the water to form the stable W/O
emulsions with apparent viscosities much higher than those of
pure crude oils, which brings great challenges to pipeline flow
assurance. However, under the condition of high water cut of
the system, the crude oil has no ability to emulsify all the
water; instead, it is wrapped by the water phase and forms an
unstable O/W emulsion. In this case, crude oil is the internal
phase and water is the external phase, accompanied by a sharp
decline in the apparent viscosity, which is conducive to
pipeline flow assurance.
According to our previous work,32 the apparent viscosity of

the COE does not depend on the content of single surfactants
such as resins, asphaltenes, waxes, and mechanical impurities

Figure 1. Stirring viscometric apparatus.
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but is closely related to the content of combinatorial
surfactants, that is, the sum of the contents of resins,
asphaltenes, waxes, and mechanical impurities. The apparent
viscosity of the COE is affected by the overall synergistic effect
of various surfactants in crude oil, that is, the apparent viscosity
of the COE increases with the increasing content of
combinatorial surfactants.
Obviously, the critical water cut of the system corresponding

to the abrupt change in the apparent viscosities of the 12
COEs in Figures 2 and 3 is the PIP of each COE changing
from the type of W/O to O/W. Taking oil #1 as an example, in
the water cut range of 0.30−0.65, the apparent viscosities of
stable W/O emulsions at different temperature increase rapidly
as the water cut of the system increases. However, when the
water cut of the system exceeds 0.65, the stable W/O
emulsions abruptly turn into unstable O/W emulsions,
accompanied by a sharp decrease in apparent viscosities. For
oil #1, the PIP of the COE is 0.65. In general, for the 12 crude
oils in Figures 2 and 3, their emulsions have different PIPs due
to their different physical properties.

3.2. PIPs for Different COEs. According to the results of
emulsification experiments, the PIPs of the 12 COEs are listed

in Table 1. It indicates that there are differences in the PIPs of
each COE, which indicates that the PIPs of COEs are closely
related to the COPP. With regard to different crude oils, the
compositions of saturates, aromatics, asphaltenes, resins, waxes,
and so forth are different, resulting in different emulsifying
characteristics, which lead to different PIPs of COEs.

3.3. Viscosity Characteristics of a Stable W/O
Emulsion. Taking the PIPs as a boundary, the viscosity
characteristics of the stable and unstable emulsions were
investigated. Oils #1 and #2 and oils #3 and #4 are,
respectively, used for illustration, and the changes in apparent
viscosities of the stable W/O emulsions with temperature,
shear rate, and water cut of the system are shown in Figures 4
and 5.
When the mixture of crude oil and water is completely

emulsified and forms stable W/O emulsion, its viscosity
increases significantly compared with that of pure crude oils.
Figure 4 shows that the apparent viscosities of stable W/O
emulsions under different shear rates decrease gradually with
increasing temperature, that is, the apparent viscosities
decrease greatly in the range of 30−50 °C, while the decreasing
trends become gentle in the range of 50−60 °C. The apparent

Figure 2. Changes in apparent viscosities of COEs with water cuts of the system (oils #1−#6).
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viscosities of the stable W/O emulsions decrease with
increasing shear rate, which shows the feature of shear
thinning. The higher content of asphaltenes, resins, waxes,
and other interfacial active substances in crude oil will lead to a
greater apparent viscosity and a stronger non-Newtonian

property of the W/O emulsion, showing a more significant
shear thinning effect. This agrees with the results from the
previous work.36

Figure 5 shows that the apparent viscosities of stable W/O
emulsions under different temperatures increase gradually as

Figure 3. Changes in apparent viscosities of COEs with water cuts of the system (oils #7−#12).

Figure 4. Changes in apparent viscosities of stable W/O emulsions with temperature and shear rate.
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Figure 5. Changes in apparent viscosities of stable W/O emulsions with water cut of the system.

Figure 6. Changes in apparent viscosities of unstable O/W emulsions with shear rate.

Figure 7. Changes in apparent viscosities of unstable O/W emulsions with water cut of the system.

Figure 8. Changes in apparent viscosities of unstable O/W emulsions with temperature.
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water cut of the system increases, that is, the apparent
viscosities increase slowly in the lower water cut range of
0.30−0.40, while the increasing trends become significant in
the higher water cut range of 0.40−0.60. As the internal phase
of the W/O emulsion, a higher water content will produce
massive droplets dispersed in crude oil and enhance the flow
blocking effect of the emulsion system, resulting in a significant
increase in viscosity. Moreover, with increasing temperature,
the apparent viscosity−water cut curve gradually tends to be
flat, and the increment in apparent viscosity gradually
decreases.

3.4. Viscosity Characteristics of an Unstable O/W
Emulsion. Oils #5−#10 are used for illustration, and the
changes in apparent viscosities of unstable O/W emulsions
with shear rate, water cut of the system, and temperature are,
respectively, shown in Figures 6−8.
When crude oil mixes with water to form an unstable O/W

emulsion, water acts as an external phase surrounding all crude
oil, resulting in a lower apparent viscosity than that of pure
crude oil. Figure 6 shows that the apparent viscosities of
unstable O/W emulsions under different water cuts of the
system decrease gradually with increasing shear rate, which
also presents the feature of shear thinning. Moreover, with the
increase in water cut of the system, this shear thinning feature
decreases gradually. Figures 7 and 8 show that the apparent
viscosities of unstable O/W emulsions under different
temperatures and different water cuts decrease as the water
cut of the system and temperature increase. Moreover, with an
increase in temperature and water cut of the system, the curves
of apparent viscosity−water cut and apparent viscosity−
temperature become gentle, and the amplitude of variation
of the apparent viscosity of the unstable O/W emulsion
gradually decreases.

4. MODELING OF THE PIP OF THE COE
The emulsification characteristics and PIP of the COE are
closely related to the COPP. Four parameters affecting the
emulsification characteristics were chose to characterize the
COPP as follows: (1) the content of saturates (csat) and
content of aromatics (caro) are used to characterize the
components of hydrocarbons that make up the majority of
crude oil; (2) the content of surfactants (csur) refers to the sum
of resin content, asphaltene content, wax content, and
mechanical impurity content, which is used to characterize
various interfacial active substances in crude oil that determine
the emulsifying properties; and (3) the crude oil acid number
(caci) is used to characterize acidic compounds in crude oil that
have an important influence on emulsifying properties.38

Then, the prediction model of the PIP of the COE based on
the quantitative analysis of the COPP was established by the
mathematical statistics method. The correlation between the
PIP of the COE and the representative parameters of the
COPP can be shown as follows:

= m c c c cinv 0 sat
m

aro
m

sur
m

aci
m1 2 3 4 (2)

where m0−m4 are regression parameters.
Logarithmic transformation of eq 2 can be obtained

= + + + +m m c m c m c m

c

lg lg lg lg lg

lg
inv 0 1 sat 2 aro 3 sur 4

aci (3)

Assuming y = lg φinv, x1 = lg csat, x2 = lg caro, x3 = lg csur, and
x4 = lg caci, eq 3 is transformed into

= + + + +y m m x m x m x m xlg 0 1 1 2 2 3 3 4 4 (4)

Using the emulsifying experimental data of oils #1−#12, the
multiple linear regression performed on eqs 4 and 5 is obtained

= + + + +y x x x x1.859 0.367 0.429 0.303 0.0161 2 3 4
(5)

After the above correlation is obtained, the test of null
hypothesis is carried out to check whether there is an obvious
linearity between dependent variable y and independent
variable xi (i = 1,2,...,4). According to eq 4, if m1 = m2 = ···
= m4 = 0, there is no linearity between y and xi. Thus, in order
to check whether there exists linearity between y and xi, the
corresponding null hypothesis is as follows:

= = = =H m m m a: 00 1 2 3 4

= =H m i: not all ( 1, 2, 3 , 4) 0i1

In mathematical statistics, the above null hypothesis needs to
be verified by the F-test to check whether this hypothesis is
valid under the significance level α = 0.05. The statistic
expressions are

=F
S n

S n n
/

/( 1)
sr ind

se sam ind (6)

where

=
=

S y y( )
i

n

isr
1

2
sam

(7)

=
=

S y y( )
i

n

i ise
1

2
sam

(8)

where Sse is the error sum of squares, Ssr is the regression sum
of squares, nind is the independent variable number, nsam is the
sample size, yi is the dependent variable estimated value, yi is
the dependent variable observed value, and y̅ is the dependent
variable average value.
If >F F n n n( , 1)1 ind sam ind , one should reject H0 or

else accept H0.
In this case, there are as follows:

=n 4ind (9)

=n 12sam (10)

= =
=

S y y( ) 0.00853
i

n

isr
1

2
sam

(11)

= =
=

S y y( ) 0.00121
i

n

i ise
1

2
sam

(12)

= =

=

F
S n

S n n
/

/( 1)
0.00853/4

0.00121/(12 4 1)

12.36

sr ind

se sam ind

(13)

A c c o r d i n g t o t h e F d i s t r i b u t i o n t a b l e ,
= =F n n n F( , 1) (4,7) 4.121 ind sam ind 0.95 . Since F >

F0.95(4,7), H0 is rejected, that is, y and xi (i = 1, 2, ..., 4) has
a significant linear relationship. Therefore, eq 2 has high
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significance and can be used to describe the relationship
between dependent variables and independent variables.
By mathematical transformation of eq 5, the correlation

between the PIP of the COE and the COPP was obtained as
follows:

= c c c c0.014inv sat
0.367

aro
0.429

sur
0.303

aci
0.016

(14)

The PIPs of the 12 COEs were calculated by eq 14 and
compared with the measured PIPs of each COE, as shown in
Figure 9. The relative deviation between the calculated values

of PIPs according to eq 14 and the measured values of PIPs is
shown in Figure 10. The mean relative deviation (MRD) of
regression is 2.3%.

According to eq 14, the content of csat, caro, csur, and caci is
positively correlated with the PIP of the COE, which indicates
that higher values of csat, caro, csur, and caci lead to a larger PIP of
the COE. In addition, the values of exponents in eq 14 can be
used to qualitatively evaluate the significance of the influence
of the independent variables on the dependent variable, with a
higher value resulting in a more significant influence.
According to the value of exponents in eq 14, it can be
deduced that the influence of the four parameters on the PIP
of the COE can be ranked as follows: caro > csat > csur > caci.

5. PIP MODEL VALIDATION
The new oils #13−#16 were used to validate the above-
proposed model. The changes in apparent viscosities of COEs
for oils #13−#16 with water cuts of the system are shown in

Figure 11. The four new crude oils used to validate the
proposed model also have different PIPs in their emulsions
because of their differentiated physical properties.
The PIPs of the four new COEs were calculated by the

proposed model, that is, eq 14, and compared with the
measured PIPs of each COE, as shown in Figure 12, and the
detailed results of the model validation are listed in Table 2.
The MRD between the calculated values and measured

values of PIPs is 2.9%, showing good predictive accuracy. The
proposed PIP model can effectively predict the PIPs of
different crude oil−water mixture systems, which can be
further applied in the process design for petroleum develop-
ment.

6. CONCLUSIONS
This study draws the following conclusions:
(1) Under the condition of low water cut of the system,

crude oils have the ability to emulsify all the water to
form the stable W/O emulsions with apparent viscosities
much higher than those of pure crude oils. However,
when the water cut of the system exceeds a certain
critical value, the crude oils have no ability to emulsify all
the water; instead, they are wrapped by the water phase
and form the unstable O/W emulsions, and their
apparent viscosities decrease sharply. The critical water
cut of the system corresponding to the abrupt change in
apparent viscosity of the COE is the PIP of the COE
changing from the type of W/O to O/W.

(2) The apparent viscosity of the COE is affected by the
overall synergistic effect of various surfactants in crude
oil, that is, the apparent viscosity of the COE increases
with the increasing content of combinatorial surfactants
(i.e., the sum of the contents of resins, asphaltenes,
waxes, and mechanical impurities).

(3) The apparent viscosities of the stable W/O emulsions
under the condition of low water cut of the system
decrease gradually as the shear rate and temperature
increase and increase dramatically as water cut of the
system increases. The apparent viscosities of the
unstable O/W emulsions at high water cut of system
are much lower than those of pure crude oils and
decrease as the shear rate, water cut of system, and
temperature increase. Both W/O and O/W emulsions
show the feature of shear thinning.

(4) The PIP of the COE is closely related to the COPP.
Four representative parameters affecting the emulsifica-
tion characteristics were selected to characterize the
COPP, that is, the content of saturates (csat), the content
of aromatics (caro), the content of surfactants (csur), and
the crude oil acid number (caci).

(5) On the basis of quantitative analysis of the COPP, a
prediction model for the PIP of the COE was
established. The expression is as follows:

= c c c c0.014inv sat
0.367

aro
0.429

sur
0.303

aci
0.016

According to the proposed model, the contents of csat, caro,
csur, and caci are positively correlated with the PIP of the COE,
which indicates that higher values of csat, caro, csur, and caci lead
to a larger PIP of the COE. The influence of the four
parameters on the PIP of the COE can be ranked as follows:
caro > csat > csur > caci. The proposed model can be used to
predict PIP values of crude oil−water systems with different

Figure 9. Comparison between the calculated PIP and measured PIP.

Figure 10. Relative deviation of the calculated PIP by the proposed
model.
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COPPs. The validation results of the model showed that the
MRD between the calculated and measured values of PIPs is
2.9%, which has a good prediction accuracy.
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■ NOMENCLATURE
PIP phase inversion point
COE crude oil emulsion
COPPs crude oil physical properties
MRD mean relative deviation

Figure 11. Changes in apparent viscosities of COEs with water cuts of the system (oils #13−#16).

Figure 12. Comparison between calculated values and measured
values of PIPs for #13−#16 COEs.

Table 2. Validation Results of the Proposed PIP Model

oils
measured values

of PIPs
calculated values

of PIPs
relative

deviation (%)
MRD
(%)

#13 0.60 0.574 4.4 2.9
#14 0.65 0.667 2.6
#15 0.55 0.538 2.3
#16 0.70 0.715 2.1
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SARA saturates, aromatics, resins, asphaltenes
DSC differential scanning calorimetry
μ fluid viscosity
M stirring torque

average shear rate
V fluid volume
N stirring speed
csat content of saturates
caro content of aromatics
csur content of surfactants
caci crude oil acid number
φinv the phase inversion point of crude oil

emulsion
m0, m1, m2, m3, m4 undetermined parameters
x independent variable
y dependent variable
Sse error sum of squares
Ssr regression sum of squares
nind independent variables number
nsam sample size
yi dependent variable estimated value
yi dependent variable observed value
y̅ dependent variable average value
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