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Experimental Investigation on Yield Stress of
Water-in-Heavy Crude Oil Emulsions in Order
to Improve Pipeline Flow

Jian Zhang, Jing-yu Xu, and Meng-chen Gao
Key Laboratory for Mechanics in Fluid Solid Coupling Sysytems, Institute of Mechanics, Chinese
Academy of Sciences, Beijing, P. R. China

GRAPHICAL ABSTRACT

An experimental study on yield stress of water-in-heavy crude oil emulsions has been carried out by
using a HAAKE RS6000 Rheometer with a vane-type rotor. Several factors such as oil volume
fraction, shear rate, temperature, and emulsifying agent on the yield stress of emulsions were inves-
tigated. Zero shear viscosity of heavy crude oil was 6000mPas at 30�C, with a density 955 kg/m3.
This study shows that the yield stress increases linearly with the increasing shear rate, and displays
an exponential decay with increasing the temperature and oil volume fraction. Although the
addition of emulsifying agent enhanced the stability of the emulsion, to some extent it also
increased the yield stress, especially for the emulsions with high oil volume fractions. Therefore,
to reduce the start-up force for the pipeline transport of water-in-heavy crude oil emulsions, the
starting rate should be decreased, temperature increased, or oil volume fraction increased. These
results are helpful to improve the transportation of water-in-heavy crude oil in pipeline.

Keywords Pipeline flow, water-in-heavy crude oil emulsions, yield stress

1. INTRODUCTION

Heavy crude oil or extra heavy crude oil is any type of
crude oil which does not flow easily. The resources of heavy
oil in the world are more than twice those of conventional
light crude oil. Therefore, the heavy crude oil provides
an interesting situation for the economics of petroleum
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development. Generally, the heavy crude oil appears the
rheology characteristics of yield stress, thixotropy, viscoe-
lasticity, and so on. The yield stress is one of the most
important rheology characteristics since the fluids cannot
be transported when external force is less than its yield
stress.[1–3] Here, the yield stress can be defined as a limit
stress below which the sample behaves like a solid, but
above the value of yield stress, the application of stress
undergoes unlimited deformation to cause the fluid
flow.[4–6] To start the heavy crude oil flow in pipeline, the
theoretical minimal pressure drop (DPmin) could be given
by the following correlation[7]:

DPmin ¼ 4sy L

D
; ½1�

where sy is the yield stress of the fluids in Pa, L the length
of the pipe in m, and D the inner diameter of the pipe in m.

Although the start-up of the heavy crude oil has
attracted a lot of considerable attention in the past several
decades,[6,8–11] a full picture is still unavailable. As be
shown in Equation (1), to gain the minimal pressure drop,
the yield stress of fluids have to be known firstly. Thus, a
systemic research on the yield stress should be carried out
even through some researchers have attempted to investi-
gate the performance of pipeline flow by directly measuring
the minimal pressure drop.[12] At present, because of the
presence of water in crude oil well or injection of water into
the well for increasing crude oil production, the heavy
crude oil production frequently results in transportation

of water-in-heavy crude oil emulsions in pipeline over long
distances. Therefore, study of the effect of the water phase
injection with respect to the yield stress is urgent and
helpful to provide an accurate design of pipeline transport
in the petroleum industry.

To improve the pipeline transportation of the watery
heavy crude oil, we start this work as the following points.
First, our subject for investigation is water-in-heavy crude
oil emulsions, for which there are very limited publications
devoted to this type fluid. Second, it is considered necessary
to carry out a full set of rheological measurements includ-
ing the effects of shear rate, system temperature and phase
volume fraction on the yield stress, in order to obtain the
complete rheological characteristics of this type fluids.
Third, it seems to be very interesting to make systematic
measurements on the emulsions with or without emulsify-
ing agent to determine the effect of microstructure of
emulsions on the yield stress. Thus, as a reference we start
with the results about the yield stress without emulsifying
agent. Thereafter, the influence of emulsifying agent on
the yield stress will be presented.

2. EXPERIMENTAL

2.1. Materials

In this study, heavy crude oil used for the preparation of
emulsions were obtained from Liaodong bay at Bohai oil
field in China. At the temperature of 30�C, the heavy crude
oil was characterized by a density of 955 kg=m3 and the
zero shear viscosity of 6000mPas. Tap water is used as

FIG. 1. Yield stress point measurements with a vane-type rotor for pure heavy crude oil at 30�C.
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the water phase. The water-in-oil coarse emulsions were
prepared with five different oil volume fractions of
60=70=80=90=100 vol%. The homogenization was achieved
by stirring the oil and water solutions for 600 seconds,
which can promise the similar distribution of pipelines,
by using the three-blade stirrer at a fixed speed (1000 r=m).
After homogenization, the yield stress of emulsions were
measured by exploiting the performance of the rheometer.

2.2. Emulsions Preparation

The samples were prepared in batches of 500ml and
preheated to a fixed test temperature. The steady (fine)
emulsions were prepared by adding the emulsifying agent
with 1.5wt% and 600 seconds of stirring. The commercial
dodecylbenzene sulfonic acid sodium salt (SDBS) was used
as the emulsifying agent supplied by Sinopharm Chemical
Reagent Co., Ltd., China.

2.3. Equipment and Measurement

So far, several methods have been suggested to measure
the yield stress of fluids including squeeze flow and rota-
tional rheometer with different modes and rotors.[13–17]

The rotational rheometer with a vane rotor, controlled by
CR or CS mode, has become one of the most popular
equipment for measuring the yield stress of non-Newtonian
fluids in the past decades, since its ability to remove wall
slip effects and disturb minimally to the microstructure of
complex fluids.[18,19] Thus, in the following study, the yield
stress were obtained on a HAAKE RS6000 Rheometer
with a vane-type rotor (FL22, diameter¼ 40mm, four
vanes, gap width¼ 1.5mm) by measuring the stress versus
time at a given shear rate. A variety of temperature control
units was also available to reliably and accurately handle
temperatures ranging from �40�C to 140�C. After posi-
tioning the sample on the sensor system, the corresponding
measurement was started after one minute and three
replicates of each test were performed. Furthermore, the
microstructure of emulsions was obtained by using the
equipment of microscope (Olympus BX43) and CCD
imaging system (ProgRes C5 cool).

3. YIELD STRESS OF HEAVY CRUDE OIL

In order to simulate the start-up rate, four different shear
rates, that is, 0.005 s�1, 0.01 s�1, 0.05 s�1, and 0.1 s�1, have
been selected to measure the yield stress. Figure 1 gives
the resulting shear stress plotted versus test time. At an
initial stage, the shear stress increases rapidly and passes
through a peak, and thereafter decreases slightly and main-
tains an approximate constant value with the time. In the
present study, the peak value can be said as the yield point
according to the suggestion by Schramm,[20] after that the
fluids will star to flow.

Figure 2a depicts the variation of the yield stress in a
function of shear rate under six different temperatures.
Generally, with the increases of the shear rate the yield
stress become lager. The curve shows an approximately
linear relationship with the shear rate at a fixed tempera-
ture. It is also observed in Figure 2b that the effect of shear
rate on the yield stress becomes smaller with increases of
temperature. The changes of the yield stress under four
given shear rates show a similar trend. Generally, the yield
stress follows an approximate exponential decay as the
increasing temperatures.

4. YIELD STRESS OF EMULSIONS

4.1. Effect of Oil Volume Fraction

Based on the experimental observation and previous
studies,[21,22] the apparent viscosity of oil and water emul-
sions has a maximum around an oil volume fraction of
0.6 regardless of the changes of the shear rates. At this
point the interaction between oil-continuous regions and

FIG. 2. Effects of shear rate and system temperature on the yield

stress for pure heavy crude oil.
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water-continuous regions is the strongest. Thus, in the
following study, when the oil volume fraction is above
0.6, the heavy crude oil is considered as the continuous
phase and the solution is the water-in-heavy crude oil
emulsion.

Figure 3 presents the results of measurement for the
emulsions with different oil volume fractions at 30�C.
Generally, the yield stress decreases as the oil volume
fraction increasing. The value of 60% oil volume fraction
is approximate 5 times than that of pure heavy crude oil
at a fixed shear rate. Therefore, it means that the fluids
need a greater force to start the pipeline transport due to
the joining of water. It can be also seen in Figure 3b that
the increases of the yield stress in an approximate linear
with the shear rate increasing over a wide range of she
shear stress rates from 0.005 s�1 to 0.1 s�1.

4.2. Effect of System Temperature

It is well known that the system temperance has an impor-
tant effect on the rheology characteristics of emulsions. For

FIG. 3. Effects of oil volume fraction and shear rate on the yield stress

for water-in-heavy crude oil emulsions.

FIG. 4. Effects of system temperature on the yield stress for water-in-

heavy crude oil emulsions at 60% oil volume fraction.

FIG. 5. Microstructure of oil-water emulsion at oil volume fraction

(eo)¼ 90%. (a) Without emulsifying agent and (b) with SDRS.
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instance, a reduction of temperature causes a remarkable
increase in the viscosity of continuous phase. Figure 4 shows
that the effects of system temperance on the yield stress for
water-in-heavy crude oil emulsions at four different shear
rates (e� 0.6). Generally, the increases of temperance reduce
the yield stress of emulsions, especially for the emulsions
with high shear rate. By comparing Figure 4 with Figure 2,
it can be found that there is a similar tendency with the
system of pure heavy crude oil and but the yield stress for
emulsions is bigger than that for pure heavy crude oil at a
given shear rate.

4.3. 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 dis-
persed phase against coalescence once it is formed.[23]

Figure 5 gives the microstructure of water-in-heavy crude
oil emulsions with or without emulsifying agent at oil vol-
ume fraction of 90%, respectively. As be shown, the droplet
sizes of the emulsions with emulsifying agent are much
smaller than those without emulsifying agent. Also, the fine
emulsion with emulsifying agent appears to have a narrow
distribution of droplet sizes and exhibits a greater tendency
to flocculate. Therefore, it should be exerted a greater force
to make it flow. In the figure, the approximate values of
volume average droplet sizes of emulsions are 10 mm and
3 mm, respectively.

Figure 6 show that the effects of emulsifying agent on
the yield stress for four different shear rates. In general,
the emulsifying agent strengthens the yield stress of emul-
sions and with the increase of oil volume fraction, the
degree of impact become larger. With the increase of the
oil volume fractions, the yield stress of emulsions with
emulsifying agent become higher than those without emul-
sifying agent, and show an approximately linear relation-
ship in a linear-log coordinate system, that is, exponential
decay in a log-log coordinate system.

5. CONCLUSION

To understand the start-up condition of water-in-
heavy crude oil emulsions flowing in pipes, the yield stress
is investigated by using a HAAKE RS6000 Rheometer
with a vane rotor. The factors, including oil volume
fraction, shear rate, temperature, and emulsifying agent,
are concerned in this study. Based on the experimental
results and analysis, the following conclusions can be
obtained:

. The yield stresses of water-in-heavy crude oil
emulsions are significantly influenced by shear
rate, system temperature and oil volume fraction.

. The yield stress increases linearly as the increasing
shear rate, and displays an exponential decay with
the increasing temperature and oil volume fraction.

Although the addition of emulsifying agent enhances the
stability of the emulsion, to some extent it also increases

FIG. 6. Effects of emulsifying agent on the yield stress for water-in-heavy crude oil emulsions at fixed shear rates.
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the yield stress, especially for the emulsions with high oil
volume fractions. Therefore, to reduce the start-up force
for the pipeline transport of water-in-heavy crude oil emul-
sions, the starting rate should be decreased, temperature
increased or oil volume fraction increased. Such studies
should be helpful to improve the transportation of watery
heavy crude oil in pipeline.
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