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ABSTRACT

ARTICLE HISTORY

A series of theoretical analysis and experimental measurements were done to analyze the charac-
teristic of the apparent viscosity of oil-water unstable mixtures which display the similar distribu-
tions as the mixtures in pipeline flow. Based on the experimental results, it can be concluded that
the unstable oil-water dispersed mixtures are always show the characteristic of non-Newtonian
fluid. The shear rate has a great influence on the apparent viscosity, particular for the water-in-oil
mixtures. The effect of dispersed phase volume fraction on the apparent viscosity of the unstable
mixtures displays the similar rules as the stable emulsions. Also, the influences of the dispersed
phase distribution and viscosity on the apparent viscosity were studied through the corresponded
experiments systematically. Furthermore, a new kind of prediction model was obtained in the pre-
sent study. The unstable and non-Newtonian fluid characteristics of oil-water two-phase dispersed
mixtures were considered in this model to improve their range of application and the prediction
accuracy. Moreover, this kind of apparent viscosity prediction model was validated by using the
experimental data from some other literatures including different kinds of oils such as white oil
and crude oil, and the average deviation was always less than 9% which was a great accuracy of
apparent viscosity prediction.
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Introduction

Oil water two-phase flow in pipeline is becoming more and
more common in petroleum engineering such as oil exploit-
ation and transportation. It is important to predict the pres-
sure gradient in oil-water two-phase flow precisely in order
to design the system of petroleum engineering optimally.! !
There are two common multiphase flow models, separated-
fluid model and homogenous-fluid model, to solve these

problems above. The oil and water are treated as single flu-
ids, and the interfacial effects included momentum and
energy exchange should be considered in the separated-fluid
multiphase flow model. Differently, the oil and water are
treated as one homogenous mixture and the interfacial
effects are hidden in the homogenous-fluid multiphase flow
model.*"®! In the petroleum engineering, the oil and water
are always displayed as dispersed mixtures due to the effect
of high shearing and nature surfactants included resins,
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Table 1. Representative models for the apparent viscosity of dispersed mixtures in the literature.

Authors Models and correlations Category Remarks

Einstein (1906)"®! n,=1425¢, Linear Adapted to dilute (only up to 2% volume fraction) and monodis-
persed system.

Taylor (1932)""”! m=1+¢ (m+2-5nd> Linear Considered the effect of viscosity of the dispersed and continu-

§ AN ous phases.

Richardson (1933)!"® n, = exp(Cey,) Exponential Considered the non-Newtonian behavior and the first exponential
relationship between 7, and @,.

Guth & Simha (1936)"” n,=142.5¢,+ 14.1¢d2 Power Take into account the interaction between droplets to extend the
volume range of the dispersed phase.

Mooney (1951)12% n = exp(12»5k4$) Exponential Extension of Richardson model, 1.35 < k < 1.91.

Brinkman (1952)R" 0, = (1_¢d)*5-5 Power Extension of Einstein’s model to fit a high concentration emulsion

Krirger & Dougherty (1959)*%  — (1 %x)=25¢n Power Introduced the maximum packing concentration of the dispersed

on phase (®,,).
Pal & Rhodes (1985)12%! 1382014/, 100 2226 Power Introduced the dispersed phase volume fraction at relative viscosity
= [1 + 1-194*</Jd/(/’u,4oo] is equal to 100.
Ronningsen (1995)14 = exp(G + GT + Gy + CGTdy) Exponential Take into account the effect of shear rate and temperature.
Pal (2001)! 2,45k 254, Exponential Developed from Taylor's model for the concentrated emulsions
4 { 2+5k ]1 S = exP(Hﬁa/aﬁm) using the effective medium method.
wl3] = - g rover

Dan & Jing (2006)2°! n, = (1—ke¢d)72'5 Power Valid for water-in-crude oil emulsion which always displayed as
non-Newtonian fluid.

Wen & Zhang (2016)27 Linear Valid for the crude oil-water mixture with high water fraction, ®,

no= 14 (B (99 + 90)

is the emulsified water fraction.

asphaltenes and wax particles containing in the crude oil.
Therefore, the homogenous-fluid multiphase flow model is
more suitable to treat the multiphase flow problem which is
always exist in the petroleum engineering and perform as
dispersed flow patterns.!”?!

In the homogenous-fluid model, the mixture of oil and
water is seen as one homogenous fluid which means that
the mixture is an isotropic fluid. So, the apparent viscosity
of the oil-water dispersed mixture should be known if we
want to obtain the pressure gradient and other flow parame-
ters in oil-water two-phase pipeline flow through the homo-
genous-fluid model. Actually, a flowing oil-water system
usually does not perform as a stable emulsion, but in the
form of an unstable mixture with different continuous
phases, significantly differing from a stable emulsion.!'®!"]
And, the unstable oil-water mixtures are always shown as
non-Newtonian fluid with different characteristics of shear
thinning, thixotropy and vyield stress due to its unstable
characteristics and different dispersed phase distribu-
tion.">" It is important to obtain the apparent viscosity of
the unstable oil-water mixture to predict the pressure gradi-
ent in pipeline flow, but it is difficult because of the com-
plex rheological characteristics of the unstable oil-
water mixtures.

The apparent viscosity of emulsions (stable and unstable)
is affected by a number of factors: viscosity of continuous
phase (#.), volume fraction of dispersed phase (¢,), droplet
distribution of dispersed phase (d;), viscosity of dispersed
phase (1,), temperature (T), shear rate (}), density of con-
tinuous phase (p.), density of dispersed phase (p;). And,
these factors can influence each other greatly.!'*'"

Na :f(¢d7 Mey Na» dd7 T, ?7 Pe> pd) [1]

A large number of apparent viscosity equations and cor-
relations have been developed in the previous studies from
Einstein.!"®! These models can be grouped into three main
categories generally, namely, linear, exponential and power

function models. Some representative models including their
special features are displayed in Table 1. The detailed list of
almost all models can be found in Zhang et al.'?! and
Kundu et al.'*®) Most of the existing apparent viscosity mod-
els are based on the fact that the apparent viscosity of the
emulsions depends on the viscosity of continuous phase,
and are usually reported in terms of relative viscosity, 7,
(the ratio of the apparent viscosity of emulsion to the viscos-
ity of continuous phase).*”) The effect of dispersed phase
volume fraction (®,), viscosity of continuous phase (1), vis-
cosity of dispersed phase (1,), temperature (T) and shear
rate ()’) were considered separately with kinds of relations
in these models and equations, and some factors such as
shear rate were implied in the undermined parameters.
However, these apparent viscosity prediction models were
obtained from the stable emulsions, and the viscosity ratio
of dispersed phase to continuous phase is less than 10. The
influences of unstable characteristics including dispersed
phase distribution and droplets coalescence, which are
always display in oil-water two-phase dispersed mixtures
flow in pipeline, were not considered. Therefore, it is diffi-
cult to predict the apparent viscosity of unstable oil-water
dispersed mixtures precisely, and the prediction models
always underestimate the value of apparent viscosity.!'* In
this work, the effect of unstable characteristics on the appar-
ent viscosity of oil-water dispersed mixtures will be studied
to improve the theory of apparent viscosity prediction.

To improve the pipeline transportation of oil-water two-
phase dispersed mixtures, the theoretical analysis and experi-
mental measurements were done to analyze the effects of
every factor, which were showed above, on the apparent vis-
cosity of an oil-in-water or water-in-oil unstable emulsion
systematically for the first time. In order to obtain a univer-
sal consequence, several kinds of oils were used as the oil
phase for the two-phase dispersed mixtures including two
industry white oils and two crude oils, where their viscos-
ities are in the range from 30 mPas to 5439 mPas at 30°C.
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Table 2. Physical properties of experimental oils (T=30°C, P=101.325kPa, y=105s").

SARA analysis (wt.%)

Oil types Density (kg/m3) Viscosity (mPas) Surface tension (N/m) Saturates Aromatics Resins Asphaltenes
White oil A 840 30 0.031 98.3 1.7 - -
White oil B 840 60 0.031 98.6 14 - -
Crude oil A 955 5439 0.035 33.2 26.2 37.2 34
Crude oil B 920 242 0.032 52.7 273 18.4 1.6
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Figure 1. Viscosity vs. temperature of four experimental oils.

And, a new kind of apparent viscosity prediction model was
obtained through the experiments in the present study. It is
more accurate and suitable for the unstable oil-water dis-
persed mixtures than previous models. The average devi-
ation is always less than 9% which is a great accuracy of
apparent viscosity prediction than the previous models. The
unstable characteristic of oil-water two-phase dispersed mix-
tures, which has not been researched in previous models,
was considered in these models to improve their range of
application and the prediction accuracy. Moreover, this kind
of apparent viscosity prediction model was validated by
using the experimental data from some other literatures
included different kinds of oils such as white oil and crude
oil to verify their scopes of application. Finally, the given
apparent prediction model was proposed to calculate the
apparent viscosity of different kinds of oil-water dispersed
mixtures including stable and unstable emulsions.

Experimental
Materials

In order to obtain a universal consequence, several kinds of
oils were used as the oil phase for the two-phase dispersed
mixtures including two industry white oils and two crude
oils. The industry white oil is a refined mineral oil that con-
sists of the saturated hydrocarbons, which was produced at
Yanshan Petrochemical Company in China and it is always
classified by the viscosity. Two different white oils, named
White oil A and B, were chosen to investigate the effect of
dispersed viscosity on the apparent viscosity of oil-in-water
dispersed mixtures. And, these chosen white oils display as
Newtonian fluid. Two crude oils produced in Sui-zhong and
Bo-hai oilfields in China, named Crude oil A and B, were

used in this study respectively, which shows very different
physical properties including density and viscosity. Also,
these chosen crude oils display as non-Newtonian fluid with
different degrees of shear thinning characteristics. The phys-
ical properties of these experimental oils are listed in Table
2, and the rules of viscosity vs. temperature is displayed in
Figure 1. Tap water is used as the water phase, and its dens-
ity is 998 kg/m’ at 30°C.

Preparation of dispersed mixtures

In this study, series kinds of stable and unstable oil-water
two-phase dispersed mixtures were prepared in order to
consider the effect of dispersed phase distribution and dif-
ferent unstable characteristics. The mixtures were prepared
with different oil volume fractions in the range of 0-1. A
three-blade stirrer was used to homogenize the oil-water
two-phase solutions at a fixed speed 1000 r/min. And, sev-
eral different stirring times, including 90s, 180s, 300, 600s,
1200s, was chosen to obtain the series of experimental mix-
tures with different dispersed phase distribution and
unstable characteristics. There is not any emulsifier added
on the mixtures in order to obtain the similar stability of
the oil-water mixtures flowing in pipeline. The oil-water
two-phase mixtures will be more stable with the increasing
stirring time in the present study.

The microstructure of the prepared oil-water two-phase
dispersed mixtures was obtained using a trinocular optical
microscope Olympas BX43 with an adapted CCD camera
ProgRes C5. The dispersed phase distribution was measured
through the relative microstructure pictures. The measure-
ment of the precipitated water from the oil-water dispersed
mixtures as the increasing standing time after preparation was
used to measure their unstable characteristics quantitatively.

Rheological measurements

Rheological characteristics of oil-water dispersed mixtures,
including apparent viscosity and relative relationship, were car-
ried out on a HAAKE RS6000 Rheometer with a coaxial cylin-
der sensor system named Z38 and Z43. The diameter of the
rotor is 38 mm, and the gap width between rotor and cup is
2.5mm which is big enough compared to the droplet diameter
of the dispersed phase. A variety of temperature control units is
available to handle experimental temperatures ranging from
—40 to 140 °C accurately. In this study, the experimental tem-
perature was always handled in the range from 10 to 90°C
which was common on the petroleum industry. After loading
the sample on the sensor system, the corresponding measure-
ment was started immediately to avoid the unstable mixtures
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stratified. The phase distribution of unstable mixture was moni-
tored through the high-speed camera in the process of the simi-
lar experiments with a clear cup which has the same size
of Z43.

All of the measurements were conducted under the CR
model where the shear rate was set in advance and the cor-
responded shear stress was measured. At least, three repli-
cates of each test were performed in order to improve the
reliability of the consequences. Furthermore, this rheometer
has a range of shear rate from 0.001 to 1500s ' and a range
of viscosity from 0.5 to 10° mPas.

Experimental results and discussion

According to previous study,'? the constitutive relations of
the oil and water two-phase dispersed mixtures can be ana-
lyzed by using the Power law fluid model (Ostwald-de
Waele model). Therefore, the rheological measurement
results will be fitted by this model to describe the non-
Newtonian fluid characteristics in this study quantification-
ally. The Power law fluid model is expressed by using two
parameters in the following equation:

T =m()" (2]

Here, 7 is the shear stress in Pa, j is the shear rate in s~ ', m
is the fluid consistency coefficient in Pas” and # is the flow
behavior index which describes the degree of non-
Newtonian fluid characteristics.

The constitutive relation of oil-water two-phase dispersed
mixtures under the shear condition, with the oil volume frac-
tion from 0 to 1, was measured at different experimental con-
ditions. In order to display the different between white oil and
crude oil, the measurement results of white oil A and crude
oil B are given. Figure 2a presents the relation between shear
stress and shear rate of the white oil and water two-phase dis-
persed mixtures with the oil volume fraction of 0.1, 0.2, 0.4,
0.6 and 0.8. It shows that the white-oil-in-water and water-in-
white-oil mixtures showed different non-Newtonian fluid
characteristics that divided into shear thickening and shear
thinning. Figure 2b displays the same experimental results of
crude oil-water two-phase dispersed mixtures with the oil vol-
ume fraction of 0.1, 0.2 and 0.6. Similarly, the constitutive
relation of crude oil-water dispersed mixtures shows the same
rule as white oil-water mixtures.

The power law fluid relationship is used to fitting the
corresponded experimental results in order to analyze the
non-Newtonian fluid characteristics of oil-water dispersed
mixtures. The fitting parameters and regression correlation
coefficient are displayed in Table 3. It can be found that the
power law fluid model has a great accuracy to describe the
oil-water dispersed mixtures where the value of regression
correlation coefficient (R?) is bigger than 0.99. In the other
word, the relation between apparent viscosity and shear rate
of oil-water dispersed mixture can be described in the type
of the power law equation which could be useful to predict
apparent viscosity accurately.

The flow behavior index (n) displays the degree of non-
Newtonian fluid characteristicc. The sample shows

Oil volume fraction, ¢ (-)

10"+ E
=
(=T
= 104 .
A
=
17}
5104 E
(5]
=
wn
1074 E
Crude oil B T=30°C, t=600s
1073 T T T Tt T """'I7 T
10° 10" 10° 10' 10° 10’

Shear rate, {/(s'l)

Figure 2. Constitutive relation of oil-water dispersed mixtures in different oil
volume fractions.

Table 3. Fitting parameters in Power law fluid model of oil-water dispersed
mixtures in Figure 2.

Qil type D,(-) m (Pas") n (-) R? (-) Mixture type

White oil A 0.1 0.0025 1.2846 0.9994 o/W
0.2 0.0097 1.1029 0.9992 o/wW
0.4 0.0261 1.0231 0.9998 o/wW
0.6 0.2231 0.8687 0.9977 W/0
0.8 0.0879 0.9889 1.0000 W/0
1.0 0.0470 1.0000 1.0000 Pure oil

Crude oil B 0.1 0.0349 1.0110 1.0000 o/W
0.2 0.2057 0.9708 1.0000 o/wW
0.6 0.9086 0.9370 0.9996 Ww/0
1.0 0.2427 0.9995 1.0000 Pure oil

Newtonian fluid behavior when n=1, and it shows shear
thickening and shear thinning fluid behavior when #n>1
and n < 1, respectively. In Table 3, it can be see that the oil-
in-water dispersed mixtures present the shear thickening
fluid behavior, and yet the water-in-oil dispersed mixtures
present the shear thinning fluid behavior which can be also
found for the stable emulsions.**>"!

Effect of the oil volume fraction

The effect of dispersed phase volume fraction has been
studied for a long time, and it is the main factor in the
most of the apparent viscosity prediction models of stable



emulsions. In this study, the relevant experiments with dif-
ferent kinds of conditions were done to obtain the effect of
oil volume fraction on the apparent viscosity of the unstable
oil-in-water and water-in-oil dispersed mixtures.

Figure 3 presents the changing relation between apparent
viscosity and oil volume fraction of four kinds of oil-water
dispersed mixtures at the fixed shear rate of 10s™". It can be
seen that these four kinds of oil-water dispersed mixtures
show the similar rule. The apparent viscosity increases as
the increasing of oil volume fraction from zero to the phase
inversion point firstly, and decreases as the continuous
increasing oil volume fraction after the phase inversion
point which is the limit of water continuous and oil con-
tinuous mixtures. In the other words, the apparent viscosity
of oil-water dispersed mixtures reaches to its peak value
around the phase inversion point. Differently, the oil volume
fraction of white oil A is 0.5 at the phase inversion point,
and the value is 0.6 of white oil B, crude oil A and crude oil
B on the similar experimental conditions.

Figure 4 displays the relative viscosity against the chang-
ing oil volume fraction in order to give the influence of the
dispersed phase fraction on the viscosity of oil-water dis-
persed mixtures. It can be found that the relative viscosity is
greater when water is the continuous phase, and the relative
viscosity increases sharply as the increasing dispersed phase
fraction. Also, the relative viscosity increases as the increas-
ing dispersed phase fraction when oil is the continuous
phase. However, the influence degree of the dispersed phase
fraction on the relative viscosity has a great difference of
oil-in-water and water-in-oil dispersed mixtures. Based on
the experimental results, it can be concluded that the differ-
ence is due to the relative viscosity (14/n.) of the dispersed
phase and the continuous phase.

Effect of the oil viscosity

In this section, the effect of the different dispersed phase or
continuous phase viscosity on the apparent viscosity of oil-
water dispersed mixture with the same continuous phase or
dispersed phase is studied. Figure 5 presents the effect of the
oil viscosity on the oil-in-water dispersed mixtures on the
same prepared and experimental conditions where the stirring
time on preparation is 180 s and the experimental temperature
is 20°C. It can be seen that the relative viscosity of white-oil-
B-in-water dispersed mixtures is bigger than the corresponded
white-oil-A-in-water dispersed mixtures with the same dis-
persed phase fraction. Conclusion, the dispersed phase viscos-
ity has a great influence on the apparent viscosity of dispersed
mixture which is not considered in the most of the existed
apparent viscosity predication models. Figure 6 displays the
effect of the oil viscosity on the relative viscosity of water-in-
oil dispersed mixtures. It shows that the different continuous
phase viscosities, white oil A and B, has a little influence on
the apparent viscosity of dispersed mixtures with the same
dispersed phase. As the comparative analysis, it is due to the
little difference of the relative viscosity of dispersed phase to
continuous phase.
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Figure 3. Apparent viscosity vs. oil volume fraction of experimental oils on dif-
ferent conditions.

Effect of the dispersed phase distribution

In our knowledge, the droplet size and its polydispersity of
the dispersed phase are important in characterizing the sta-
bility of the dispersed mixtures. The droplets size and poly-
dispersity of the dispersed phase in oil-water two-phase
dispersed mixtures are determined by two opposite mecha-
nisms of droplets breakup and coalescence when the mix-
tures under shearing condition. In this work, the different
stirring time in preparing mixtures is used to obtain the dif-
ferent droplets size and polydispersity. The phenomenon of
droplets coalescence and sedimentation is given to analyze
the stability of the experimental oil-water dispersed mix-
tures. And then, the effect of the dispersed phase distribu-
tion on the rheological characteristics is studied in
this section.

Figure 7 displays the stability of crude oil A and water
two-phase dispersed mixtures with the different stirring time
of 100s and 300s on the prepared section. The oil volume
fraction is 0.6, and the settling time after the preparation,
displayed in the Figure, is 0, 15min, and 3hours in
sequence. It can be found that the oil-water dispersed mix-
tures are very unsteady with a short stirring that these mix-
tures fast stratified after of short settling time. Comparation
the phenomenon of stratified between Figure 7a and 7b, it
shows that the stability of dispersed mixture can be
enhanced with the increasing stirring time. And, the
unstable characteristic of oil-water dispersed mixtures is
consistent with the dispersed pipeline flow in petroleum
engineering. Therefore, the research result of the rheological
characteristics of unstable mixtures can be used in pipeline
flow directly.

The microstructure of the prepared oil-water dispersed
mixtures under different stirring time is given in Figure 8. It
shows that the droplet size is smaller as the stirring time
increased. The droplets coalescence and breakup will influ-
ence the rheological characteristics of the unstable oil-water
dispersed mixtures greatly. The volume average droplet sizes
are about 26, 22, 9, and 4 um for the stirring time of 100,
300, 600 and 1200, respectively.
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Figure 4. Relative viscosity vs. oil volume fraction of experimental oils on different conditions.
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Figure 5. The effect of oil viscosity on the relative viscosity of oil-in-water dis-
persed mixtures.

Figure 9 presents the apparent viscosity of oil-water dis-
persed mixtures against the continuous shear rate under
four different stirring time corresponding to Figure 8. All
the dispersed mixtures display the same non-Newtonian
fluid characteristic of shear thinning. The apparent viscosity
increases as the increasing stirring time under the same
shear rate. Especially, the value of apparent viscosity, when
the stirring time is 1200s, is much bigger than the other
three conditions. Based on the experimental data, the reason
of the great difference is the different types of these mix-
tures. The continuous phase of the mixture prepared by stir-
ring of 1200s is oil, and the other three mixtures is water
which can be found in their corresponding microstructures.

The apparent viscosity as a function of stirring time on a
fixed shear rate (j =10s ') and the same oil volume fraction
(®,=0.6) is given in Figure 10. Clearly, the apparent viscosity
of the oil-water dispersed mixtures keeps increasing as the

Figure 6. The effect of oil viscosity on the relative viscosity of water-in-oil dis-
persed mixtures.

stirring time increased. In the other word, the difference of
the dispersed phase distribution has a great influence on the
apparent viscosity of oil-water two-phase dispersed mixtures.

Effect of the system temperature

The system temperature has a great influence on the viscos-
ity of any fluids, and the Arrhenius model is always used to
describe the law of influence. In this section, the effect of
temperature on the apparent viscosity of oil-water dispersed
mixtures is studied.

Figure 11 displays the value of apparent viscosity as the
changing shear rate at the different system temperatures of
30, 40, 50, 60 and 80 °C for Crude oil A and water dispersed
mixtures with the oil volume fraction of 0.6. It shows that
the measurement temperature has a great influence on the
value of apparent viscosity, but a little effect on the



Stirring time, t=100s

Stirring time, t=300s

Figure 7. Effect of the prepared stirring time on the steady of crude oil-A and
water dispersed mixtures (®o =0.6; T=30°C; Settling time: before stirring, 0,
15 min, 3 hours).
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Figure 9. Apparent viscosity vs. shear rate of crude oil A and water dispersed
mixtures under the different stirring time of 100s, 300s, 600s and 1200s
(®o0=0.6; T=40°C).

Figure 8. Microstructure (100x) of the crude oil-A and water dispersed mixtures under the different stirring time of 100s (a), 300s (b), 600s (c) and 1200s (d)

(@0 =0.6; T=30°C).

constitutive relation of the dispersed mixture which shows
the shear thinning fluid characteristic all the time. Figure 12
presents the apparent viscosity at the function of system
temperature on the several different experimental condi-
tions. It can be found that the apparent viscosity keeps
decreasing as the increasing temperature on the similar rule
of exponent which can be found for pure oil also.

Figure 13 gives the relative viscosity as the function of
system temperature in order to research the mechanism of
action. It is found that the system temperature has a little
influence on the relative viscosity of oil-water dispersed mix-
tures. Therefore, the effect of system temperature on the
apparent viscosity of oil-water dispersed mixture is through

the effect on the viscosities of the two single phases primar-
ily. In conclusion, the apparent viscosity of oil-water dis-
persed mixture can be obtained if the viscosities of oil and
water are given at the fixed temperature. The factor of tem-
perature (T) can be neglected in function (1) if the factors
of continuous phase viscosity and dispersed phase viscosity
are included in this function.

Development of prediction model

The effects of dispersed phase volume fraction, viscosities of
continuous and dispersed phases, dispersed phase
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Figure 10. The changing rule of the apparent viscosity against the stir-
ring time.
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Figure 11. Apparent viscosity vs. shear rate at the different temperatures for
oil-water  dispersed mixtures prepared by the same condition
(®o = 0.6, t =1200s).

distribution and temperature on the apparent viscosity of
oil-water two-phase dispersed mixtures has been displayed
above. It shows that the rheological characteristic of unstable
oil-water mixtures is different to the corresponded stable
emulsions, specially, the kinds of non-Newtonian fluid char-
acteristics. And, the apparent viscosity prediction model for
the stable emulsions, which has been studied plenty, is
unsuited for the unstable oil-water dispersed mixtures. In
this section, a new apparent viscosity prediction model for
unstable oil-water dispersed mixtures is obtained from the
theoretical analysis of the experimental consequences.
Basically, a series of characteristics due to the unstable of
the oil-water mixtures, such as the non-Newtonian fluid
characteristic, is considered in this model systematically.
Also, the accuracy of this new model is analyzed which
shows that it is suited for the unstable dispersed mix-
tures greatly.

Develop a new prediction model

The effect of the volume fraction of dispersed phase (®,),
viscosity of continuous phase (1), viscosity of dispersed

105 g T T T T T T T T T T T T T T
3 Shear rate, y=10s"
41 W/O

a

1()3-; W/O _

o/w

o | —— White oil B, 4=0.6, =180s
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Temperature, T(°C)

Figure 12. The effect of system temperature on the apparent viscosity for the
different mixtures.

Apparent viscosity, 7 (mPas)

phase (n,), droplet distribution of dispersed phase (d;), tem-
perature (T), shear rate (y’), density of continuous phase
(p.), density of dispersed phase (p;) on the apparent viscos-
ity can be rewritten as the relative viscosity (7,) below,

U :f(¢d? Mey Nas dd7 T7 ’).), Pes pd)- [3]

Clearly, the effect of the densities of continuous phase
and dispersed phase on the apparent viscosity is through
their influence on the dispersed phase distribution of the
dispersed mixture. The effect function can be described,

ny :f(¢d7 Nes Nas dd(pm pd)7 Ta y) [4]

In the experimental section, the effect of system tempera-
ture on the apparent viscosity of oil-water dispersed mixture
has been researched. It shows that the effect of temperature
on the apparent viscosity of the dispersed mixture is
through the influence on the viscosities of the two single
phases primarily. The apparent viscosity of oil-water dis-
persed mixture can be obtained if the viscosities of oil and
water are given at the same temperature. Therefore, the fac-
tor of temperature can be neglected if the factors of continu-
ous phase viscosity and dispersed phase viscosity are
included in this function,

m:f(%m(T),nd(T), da(pe, Pa)s /) (5]

As the results in this work and others, the oil-water two-
phase dispersed mixture displays the different kinds of non-
Newtonian fluid characteristics, and it can be described by
the power law fluid model accurately. So, the mathematic
relation between the apparent viscosity and shear rate can
be displayed below,

n, o ()" (6]

here, n is the flow behavior index in the power law
fluid model.

Based on the theory of dimensional analysis, the factor of
the dispersed phase viscosity (1) can be described in the
type of the relative relation between dispersed phase and
continuous phase (14/1.). The effect of the dispersed phase



distribution on the apparent viscosity of dispersed mixture
is through the dispersed phase viscosity (1,). The effect of
the dispersed phase viscosity and droplet distribution on the
apparent viscosity can be showed below,

h
0y o (%) . 7]

here, h is determined by the dispersed phase distribution
and the ratio of the viscosity between dispersed phase and
continuous phase. The value of h is zero if the dispersed
mixture is described as the fine stable emulsion. At any
other conditions, h <0 if n4/n.<1 and h>0 if nu/n.>1.
Also, the absolute value of h will be increased as the increas-
ing unstable degree of the oil-water dispersed mixtures.
Therefore, the apparent viscosity prediction model of the
oil-water dispersed mixture can be displayed below,

h
n - \n—
n=1600 () =0 8]

The relationship between the apparent viscosity and dis-
persed volume fraction has been researched for a long time
of the two-phase stable emulsions. There are two common
types of exponential and power which are always used for

the basic relation from Mooney®” and Brinkman!®"
respectively.
2.5¢4
— 9
n,o<exp<1_k¢d> [9]

ny o< (1—¢yg) 7 [10]

And then, the apparent viscosity prediction equation is
concluded in these two types below,

_ 2'5¢d N4 " oyl
”Ir—eXP<1_Msd>*(m> *(7)",

N = (1=¢g) > (%)h*(?)"_l.

[11]

[12]
c

Furthermore, it can be concluded that the non-
Newtonian fluid characteristic of the oil-water dispersed
mixtures is different just as the changed oil volume fraction
based on the experimental consequences. Therefore, the
effect of shear rate on the apparent viscosity can be substi-
tuted by the dispersed phase volume fraction. Also, this
method has been introduced by the other theories in these
researches of Mooney,?”! Pal et al. **! and Dou et al.,!*®
respectively. The effect factor of shear rate will be hided in
the constant parameter (k,) of the apparent viscosity predic-
tion model. The apparent viscosity prediction models,
Equations (11) and (12), are changed as below,

1, = exp (1 2_5,?2)) * <Z‘i)h (13]
h
n= (1K) > (%) . [14]

JOURNAL OF DISPERSION SCIENCE AND TECHNOLOGY e 9

10 T T T T T T T T
Shear rate, «'/:105'1

3 8 W/O |
=

>
=

zn 0 B
Q

S
R T

>

(0] — 4
o

=

ﬁ 4

[5)

& 24 i

—l— White oil B, ¢ =0.6, =180s
—@— Crude oil A, ¢=0.6, =1200s
O T T T T T T T T T T T T T T

10 20 30 40 50 60 70 80 ' 90
Temperature, T(°C)

Figure 13. Relative viscosity as the function of system temperature.

here, k, and k, are determined by the shear rate and dis-
persed phase volume fraction, and, k, and k. are equal to 1
if the oil-water dispersed mixture characterized as the
Newtonian fluid.

Evaluation of the new model

Figure 14 displays the predicted result of these new models
for the apparent viscosity of oil-water dispersed mixture in
this work including white oil A/B and crude oil A/B. It can
be observed that the predicted values and changing rules of
these two new models are in line with all the experimental
data greatly. And, the exponential type model (13) shows
almost the same result as the power type model (14). Four
previous models are used to take a comparison with the
new models including all the kinds of equations of linear,
exponential and power. It shows that the suggested predic-
tion model is more accurate than these previous models.

In order to evaluate the applied range of these new mod-
els, the experimental data from literatures are chosen to
carry out some comparison. Figure 15 presents the compara-
tion results of the apparent viscosity between the predicted
value and the experimental data from Dou and Gong *¢
and Azodi et al. *?! respectively. These chosen experimental
data were obtained under the different conditions of shear
rate, dispersed phase viscosity, prepared parameters and
temperature. Moreover, the data include the two types of
water-in-oil and oil-in-water emulsions. It can be seen in
Figure 15 that the developed models predict the apparent
viscosity in literatures accurately which demonstrates their
applicability of these kinds of oil-water dispersed mixtures.

The average deviation is introduced to calculate the
accuracy of these developed models.

n

1
0=12

here, 0 is the average deviation, in %, 1,, is the predicted rela-
tive viscosity and 7, is the experimental relative viscosity.
Figure 16 displays the result of the error analysis of two devel-
oped models of the relative viscosity respectively. It can be seen
that the predicted values of the relative viscosity coincide with

Nrp—Mre
1”1’8

x 100 [15]




10 J. ZHANG AND J.-Y. XU

—————— Exponential model; —-—-—-—-—-Power model
: : : , 300 . — —
401 Whiteoil A g | =10s" White oil B b 7=10s
: X © T=20°C
; T=20°C ;
: =180s | 2001 =180s
4 : :
ow E;h —5— Taylor,1932 57— Brinkman, 1952
~ 20 g " —A— Mooney, 1951 {100 % Dan&Jing, 20064
~ H :
s : W/O ! W/O
z ;‘j 5 0- 6-0-0-+-0-0-0-0¢
8 ; :
SE . . . . . . ; .
.4
Z . 20 i T T T »1
2 7=10s" Crudeoil B 57 : 7=10s
= T=40C{ 15/ / T=30°C |
& 12005 I8 t=600s
10-
s
Y
: 0 : } . :
0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Oil volume fraction, ¢ (-)

Figure 14. Comparation of the relative viscosity between the prediction value and experimental data in this work (white oil A/B, Crude oil A/B).

30 T T T T T T T T T T T
1 Experimental data (Dou & Gong (2006))
254 ® 0il2",7=200s", 7 =137.6mPas , N
o ® 0il2", 7=600s", 7 =137.6mPas §e
= . .
5201 4 oi 5", ¥=200s", =101 4mPas i// .
2 v 0il 7, 7=200s", 7 =59.6mPas /_,-’
_ W/O i
E 154 .. Exponential model /S
L 9 - Power model N P
B 7 o
< 104 <~ - m
—_— -~ j
o] -
2 _",/f -
—"'/"’ e
g =z - |
N T=30°C
0 T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Oil volume fraction, ¢ (-)
400 T T T T T T T
Experimental data (Azodi et al. (2013)) Oil 1 ;
1 Shear rate, y(s™) 1
T 3004 = 100 .
N3 ® 200
B", A 500
'g v 1000
% 2004 - - - -Exponential model 4
; ————— Power model
> .
g 1,=4520mPas (7=100s", T=40°C)
Q
A~ 100+ .
0 =" _—* T T T
0.3 0.4 0.5 0.6 0.7 0.8

Oil volume fraction, ¢ (-)

Figure 15. Comparation of the relative viscosity between
and the experimental data in literatures (Dou & G
et al. (2013)).

the predicted value
ong (2006), Azodi

10:""| T AR |
Expeonential prediction model
3& 102'_ 3
S5
53
=
<
>
S o)
£ 10'4 A E
5 A In this work
& Avergge deviation = 4.26%
A O Dou & Gong (2006)
Avergge deviation = 6.24%
0 O Azodietal. (2013)
10 E Avergge deviation = 7.81% E
T T T
10° 10' 10° 10°
Experimental value, 77 (-)
10° T s T
Power prediction model
—_
< X
= 10 E 3
Py ]
§=
<
>
'8
= o
£ 103 A E
2 A In this work
A Avergge deviation = 5.05%
O Dou & Gong (2006)
Avergge deviation = 6.16%
10°4 O Azodietal. (2013) |
E Avergge deviation = 8.73% ]
T T T T T
10° 10' 10° 10

Figure 16. Error analysis of the two new models for the prediction on the rela-

tive viscosity.

Experimental value, 7 (-)

3



the experimental results well. The average deviations of the
exponential type model are 4.26%, 6.24% and 7.81% for the
experimental results in this work, Dou and Gong, and Azodi
et al. respectively. And, the values of the average deviation are
5.05%, 6.16% and 8.73% of the power type model.

Conclusion

To improve the pipeline transportation of oil-water two-
phase dispersed mixtures, the theoretical analysis and experi-
mental measurements were done to analyze the effects of
the volume fraction of dispersed phase, viscosity of continu-
ous phase, viscosity of dispersed phase, droplet distribution
of dispersed phase, temperature, shear rate, densities of sin-
gle continuous and dispersed phases on the apparent viscos-
ity of oil-water unstable mixtures, which display the similar
distributions as the mixtures in pipeline flow. The effect of
unstable characteristics on the apparent viscosity of oil-water
dispersed mixture is studied systematically for the first time.
Based on the experimental results, it can be concluded
that the unstable oil-water dispersed mixtures always show
the characteristic of non-Newtonian fluid, and appear the
great different characteristics of the stable oil-water emulsion.
The shear rate has a great influence on the apparent viscosity,
particular for the water-in-oil mixtures. The power law fluid
model can describe their constitutive relations. The effect of
dispersed phase volume fraction on the apparent viscosity of
the unstable mixtures displays the similar rules as the stable
emulsions. Also, the influences of the dispersed phase distri-
bution and viscosity on the apparent viscosity are studied
through the corresponded experiments, which have not been
considered on the previous researches. The difference of the
dispersed phase distribution shows a great influence on the
apparent viscosity of oil-water two-phase dispersed mixtures.
A new kind of prediction model is obtained to calculate
the apparent viscosity of unstable oil-water dispersed mix-
tures in this work. The unstable and non-Newtonian fluid
characteristics of oil-water two-phase dispersed mixtures are
considered in these models to improve their range of appli-
cation and the prediction accuracy. And, the effect of the
dispersed phase viscosity is introduced in these developed
models. Moreover, this kind of apparent viscosity prediction
model is validated by using the experimental data from
some other literatures included different kinds of oils such
as white oil and crude oil. The average deviation is always
less than 9% which is a great accuracy of apparent viscosity
prediction. Finally, these developed apparent prediction
models are proposed to calculate the apparent viscosity of
different kinds of oil-water dispersed mixtures including sta-
ble and unstable emulsions. The pressure gradient of oil-
water two-phase dispersed flow can be calculated more
accurate to improve the design of the pipeline flow system.
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