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This project was initiated to study so-called
“rag layers” in oil production. Natural
ground water from reservoirs flows together
with the oil often as dispersed droplets,
sometimes as emulsions, and may take very
long times to separate out. In such flows
there are often other components like
asphaltene aggregates (Kelesoglu et al11),
sand particles and wax crystals which
contributes as natural stabilizers. Good
decriptions of the problem of emulsions in
oil production are given by Sjøblom et al1,
Azuraien et al2, MadjlessiKupai3, Manar ElSayed4. To enhance the emulsion
breakdown various techniques are used,
amongst the most frequently used are
electrostatic separators, Amarzguloui5. In
this paper we present results from the study
of the stability of artificially made
emulsions using a synthetic mineral oil
(silicon oil - EDC 95/11) together with deionised water in combinations with polymer,
PAC, and surfactants. The range of tests
carried out is however too comprehensive to
be presented in detail in this short paper, and
will be published more consistently in a
larger paper.
Theory
Good descriptions of the theory of
emulsion can be found in Davies6,
Nagarjan7, and the IUPAC Goldbook8.
Dispersions are created naturally in strong
turbulent oil-water flows in pipelines, or by
strong mixing as in choke valves.
Sufficiently energetic, the mixing produces
small droplets, but rarely smaller than 10
microns. Emulsions on the other hand are
more or less spontaneous processes where,
in principle, immiscible liquids like oil and
water by the action of surface active agents
(hydrophilic / lipophilic “emulsifiers”) go
into very small droplets. The size is
determined thermodynamically by minimum
Gibbs free energy. A special case of
emulsions are micellar emulsions which are
thermodynamically stable in the finely

80

mixed stated due to presence of amphiphilic
chemicals.
The breakdown of emulsions (and
foams) is closely linked to the dynamics of
the separating film between droplets or
bubbles. In flowing systems there is a
“population
dynamics”
involving
a
continuous competition between collisioncoalescence processes and breakup. In this
work the focus is on stagnant non-flowing
fine dispersions and emulsions, with
influence of large scale convection and
turbulence. The stability of the “film” which
separates the droplets is linked to the
electrochemical hydrophobe – hydrophile
balance (“HLB”). The HLB influences the
surface tension and viscosity of the film.
These parameters also depend on
temperature, water salinity and pH. The
temperature is important also via collision
impacts of Brownian motion of very small
droplets. In water this essentially means
smaller than a few micron at room
temperature.
The HLB system
The HLB system was introduced ( ICI12a,
and Griffin12b ) in the late 1940’s, somewhat
analogous to the octane number for car
fuels. The system was meant as a tool for
designing stable emulsions. When needed,
e.g. in food and medical industry, one
should select emulsifiers with similar
number to the oil or fat which is used. HLB
numbers 0-10 are lipophilic, while 1-20 are
hydrophilic.
In this work the interest is on the
contrary focused on unstable emulsions.
(see e.g http://petrowiki.org/Oil_demulsification )

In order to enhance the emulsification,
low doses of Span80 and Tween80 were
used as a surfactant/co-surfactant system in
concentration 0.01% wt. Span and Tween
are brand names by Croda International
PLC. The molecular structures of both are
shown in Fig.1
Span13 (sorbitol monooleate) is a
sorbitan ester, belonging to a class of food
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The prepared emulsions were left to
settle in a temperature stabilised room for a
couple of days in order to separate out the
large oil and water droplets. Then samples
were extracted from the mid-layer and
analysed in the microscope. Microscope
slide glasses as in Fig.14 with a concave
centre region (15 mm diameter, 0.8 mm
deep) were used to prepare sections of
emulsions thick enough to be considered
3D.
Fluid properties
Solutions of PAC were used for standard
non-Newtonian analysis. The rheological
properties were measured with an Anton
Paar MCR 302 rheometer as shown in Fig.4.
Rheology of PAC 4g/L

2

10

Data PAC 4g/L
Power law
1

10

A number of different emulsion system
were analysed in microscope (brand
“Swift”), at magnifications up to 1000X. A
digital camera (14 Megapixel, “Toupcam
U3CMOS” 14000KPA) as in Fig. 3 was
used to acquire and store images to PC at
given intervals.

P ow er law m o d el: = = m "x
Shear stress (Pa)

Table 1: List of emulsion samples
prepared (from Pedersen27).

n

0

10

Power law values :
-1

m = 0.244
n = 0.78

10

-2

10

-3

10

-2

10

-1

10

0

1

10
10
Shear rate (1/s)

2

10

Figure 4: Rheology of PAC (4g/L)

The interfacial tension between oil and
water-polymer solutions was measured with
a Du Noüy Ring Tensiometer. For oil and
water without surfactants but with color
dyes it was measured to 33.7 mN/m. For the
oil and PAC water solution (4g/L) the value
was 40.2. For oil and water with surfactants
the value was too low to be measured
accurately.
ANALYSIS AND DISCUSSION
Most of the tests involved oil with small
amounts of surfactants in water. The aim
was to provoke emulsification as observed

Figure 3. Microscope with camera and laptop.
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parenthesis) and oil-water ratios (O:W) as
follows:
• Nr 1(S11): O20:W80, with both
Span and Tween, mixed with
ultrasonic (US).
• Nr 2 (S10) - sample S10: O20:W80
with both Span and Tween, mixed
“ordinary” (Silverson mixer).
• Nr 3 (S9): O80:20W, both Span and
Tween, HLB = 7.8 – US mix. These
first three all contained 0.01% (wt)
surfactants, with HLB = 7.8.
• Nr 4 (S15) O80:W20. No surfactant,
only PAC (4g/L) and “US” mixed
US.

Figure 9: a) Bottle nr 3 – showing an oil finger
developing and moving up to the right b) Same as in
a) but now with a very thin wire is stretching from
the droplet moving up-right.

Figure 7: Bottles of samples for microscopy tests.

Fig. 8 shows microscope images from
samples 1 and 2. The ultrasonic mixing
used in a) gives much smaller droplets that
with ordinary mixing as in b).

a)

Figure 10: Same as previous, but ten minutes later,
and with higher magnification. Droplets now have
organized as a pearl necklace along the thin filament
which is still visible.

b)

Figure 8: a) Bottle nr 1 20:80 O/W – ultrasonic
mixing b) Bottle nr 2, as a) but with ordinary mixer

In Fig. 9 and 10 from sample 3 is shown a
detail which seem to indicate visco-elastic
behaviour, perhaps due to intense ultrasonic
treatment of the oil. A thin filament
develops as the oil droplet stretches.
Koplik22 has simulated similar structures
using molecular dynamics.
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Figure 11: Bottle nr 4. Oil and PAC solution. Water
is draining (upwards in the picture) in a slow dry-out
process and start to organize as long chains

The emulsion of oil and water with PAC
polymer is shown in figure 11. Alignment of
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droplets is seen. It is organized in parallel
with the direction of flow which is typical
for shear thinning liquids. Similar patterns
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Flow regimes in emulsion breakdown
The microscopic slides were prepared as
shown in Fig. 14. The microscopic analysis
revealed several regimes of emulsion
breakdown, depending on whether the
process was
• sealed at the glass edge, with no loss
of water
• a dry-out process where water
evaporates at the glass edge
• if chemical degradation and thermal
effects were present
In the case of sealed (no leakage)
processes it was found that breakdown was
connected to breaking of the separating film
between droplets as expected. On longer
time scales the films became longer and thin
and still quite resistant to breakdown.
Whether this stabilisation was caused by
tiny particles (“Pickering stabilisation”) or
by increase in film viscosity was not
revealed. The Pickering effect has been
found both to stabilize (Li et al10,
Keleşoğlu11) and destabilize (Juarez and
Whitby9) emulsions. The interpretation of
the microscopic fingering separation is
challenging, amongst others because of
some ambiguity in phase identification.
Oil

Water,droplets
Cover,glass

Oil

Microscope
slide,glass
Water

Oil,droplets

Figure 14: Cross section of oil and water distribution
in the microscope slide glass concavity. In this case
the emulsion is sealed by an outer non-evaporating
oil barrier.

Dry-out processes involving water
dissipation were much more dynamic. In
these cases the mass transport to the edge of
microscope cover glass over the samples
caused internal shear. Very complex
transport mechanisms were found with
collective effects over “long distances”
(millimetres).
These could be termed
“landslides” or “dambreaks”, in analogy to
geological surface processes. Due to the
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limited view field of the microscope it was
difficult to determine typical correlation
lengths of these phenomena. In many cases
of far developed separation however it was
easily observed how a film breakage at some
point caused pressure-stress-mass transport
that initiated deformation or breakage at
locations nearby. Several more examples of
this will be shown in the conference
presentation.

Figure 15: A late stage of oil water emulsion
separation. The (“island”) regions are oil
surrounded by water. Long thin filaments remained
for many days.

Dimension of emulsions
In several of the mixtures the water
obviously contained dissolved air (nitrogen
and oxygen) which over time separated out
and at least locally caused three phase foam
like emulsions in which the gas bubbles
surfaces influenced the liquid films and in
the “2D confined” microscope samples
captured and immobilised liquid droplets as
well. In particular when using ultrasonic
mixing, sub-micron bubbles are created by
cavitation and may gradually coalesce into
larger bubbles.
These observations also point out a
question whether the dimensionality of the
emulsions is an important parameter. Will
breakdown of “3D emulsions” (e.g. in the
microscope slide cavity in Fig. 14) be
different from an emulsion squeezed

ANNUAL TRANSACTIONS OF THE NORDIC RHEOLOGY SOCIETY, VOL. 23, 2015

directly between the glass plates? Questions
The main objective of this work was to
arise as to whether the glass plate walls also
reconstruct “flow regimes” in microscopic
cause additional (e.g. surface electric)
break-up of long-lived emulsions.
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chemical reactions can be induced. This is
discussed in Margulis23, Mohod24 and
Time25
Microscopy and emulsion dimensionality
The emulsion decay was studied first
macroscopically in beaker glasses for
several days. Then small samples of the
mid-phase were extracted by pipette and
picture recorded over many days in
microscope. The microscope slide glasses
had a concave cavity (Fig.14) so that both
“3D” and “2D” effects could be studied.
The breakdown regimes were different for
samples enclosed by an outer oil barrier,
compared to if the emulsion water could
escape at the glass edge and evaporate in a
dry-out process.

tension at least as much as viscosity, 2) the
small amounts of Span and Tween may
cause the oil and water to become nonNewtonian, 2) PAC is intended for shear
thinning of water, and 3) ultrasonic mixing
may induce reactions in the oil which may
modify the rheology.
Non-Newtonian liquid behaviour was
seen in Fig. 9 and 10 with spontaneous long
thin filaments as if very long polymers were
present. This system of oil and water had
been mixed with the ultrasonic horn. In PAC
treated emulsions as with hand soap fluids
the microscope images Fig. 11 showed clear
orientation of droplets as chains in the flow
direction (these were prepared as “dry-out
processes”).

Dry-out processes
Dry-out processes involve transport of
water and introduce small shear (creep)
flow. For dry-out processes, in regions with
high droplet density, quite complicated
collective phenomena showed up - as
“landslides” and “dam breaks” with sudden
flows of larger domains of the emulsions.
For dry-out processes involving milk a
lot of effects showed up. Crystallization of
lactose was fast. Possibly this was in
combination with polymerization of casein
although normally pH or enzymes are
needed for this.

Challenges and spin-off
Some challenges turned out from the
microscope analysis. One quite obvious was
phase identification of oil-and water. Even if
coloured and well discriminated in the
beaker glass, it was very difficult to see the
colours in thin layers in the microscope.
Fluorescence seems to be a useful method.
Additional spin-off of this analysis was
the possibility of using (micro-) PIV, as in
figure for measurement of transport rates in
emulsions. Also the observations of clear
differences in Brownian motion in oil, water
and polymer liquid parts of the emulsions
initiates new studies, with the aim to be used
for micro-rheology.

Enclosed processes
For “enclosed” oil-water emulsions as in
Fig. 6 “fingering separation” was found – as
in macroscopic open 3D systems (Fig.5). In
late stages of 2D emulsion as in Fig. 15 the
remaining films stay as filaments. In
presence of glass walls these seemingly had
life-times over many days.
Non-Newtonian behaviour
For emulsions of pure Newtonian liquids
this would presumably be a uniform flow.
However the emulsions become nonNewtonian for several reasons: 1) dropletfilm systems are controlled more by surface
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