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The oscillatory spinning drop method has been proven recently to be an accurate technique to measure dilational

interfacial rheological properties. It is the only available equipment for measuring dilational moduli in low interfacial

tension systems, as is the case in applications dealing with surfactant-oil-water three-phase behavior like

enhanced oil recovery, crude oil dehydration, or extreme microemulsion solubilization. Different systems can be

studied with this method with the lower density phase as the spinning drop, i.e, oil-in-water, microemulsion-in-

water, oil-in-microemulsion, including systems with the presence of complex natural surfactants like asphaltene

aggregates or particles. The technique allows studying the characteristics and properties of water/oil interfaces,

particularly when the oil contains asphaltenes and when surfactants are present. We have found that using the

oscillating spinning drop method to measure interfacial rheology properties can help make precise measurements

in a reasonable amount of time. This is of significance when systems with long equilibration times, e.g., asphaltene

or high molecular weight surfactant-containing systems are measured, or with systems formulated with a

demulsifier which is generally associated with optimum formulation and a low interfacial tension.
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1. The Oscillatory Spinning Drop Apparatus

The oscillatory spinning drop equipment was built a decade ago in the FIRP laboratory with the collaboration of the

CITEC-ULA workshop, based on the oscillatory deformation of a spinning drop . This apparatus can be used to

perform interfacial rheology measurements of both low and ultralow interfacial tensions (as low as 10  mN/m).

This is critical when the formulation is at or close to optimum , such as enhanced oil recovery or crude

dehydration applications . Dataphysics has available an oscillating spinning drop equipment, nevertheless,

there are no reports of works with low or ultralow interfacial tensions with that type of model, therefore the

innovative aspect of the apparatus described herein .

The current model, shown in Figure 1, includes a spinning capillary with a 4 mm internal diameter coupled to a

motor and a transducer. The capillary rotates at a velocity, which is controlled by a PID unit. The drop area is

changed by varying the rotational speed sinusoidally at frequencies between 0.015 and 0.25 Hz. The device

automatically takes pictures at desired time intervals (down to 0.05 s). Each image allows determining the droplet

diameter, which is automatically recorded together with the rotational velocity. Then, the droplet diameter and the

rotational velocity are used to calculate the interfacial tension from the simplified Vonnegut equation .
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Figure 1. Oscillating spinning drop interfacial rheometer recent version.

1.1. Basic Aspects of the Oscillatory Spinning Drop Interfacial Rheology Technique

The spinning drop tensiometer with an oscillating rotation velocity is used to measure interfacial compression

rheology properties whose principle was proposed 40 years ago . The description of our developed equipment

was recently reported , and it was shown that the apparatus makes accurate and reliable measurements of

interfacial rheology parameters at high, low, and ultralow interfacial tensions. The dilational modulus measured with

the oscillatory spinning drop apparatus is the Young modulus (E ), which in two dimensions has compression

and shear contributions, i.e., E  = E + G. Thus, it was recently reported that the measured elastic modulus E’

values are similar to those found with a pendant drop apparatus .

Some original interfacial rheological properties at and near optimum formulation (i.e., at hydrophilic-lipophilic

deviation HLD  = 0, with ultralow interfacial tensions), were recently reported for the first time . The systems

studied range from low concentration (just above the critical microemulsion concentration cμc) to a large middle-

phase microemulsion volume. It was systematically found that at HLD  = 0, very low values of the dilational moduli

and interfacial viscosity are attained. This occurs probably because the diffusional mass transfer is very fast at

optimum formulation . Thus, the measurement at HLD  = 0 is an effective dilational (or compression) modulus,

which considers the fast surfactant exchanges between the bulk and the interface in WIII systems . This is

particularly important because it explains the very deep minimum in emulsion stability at optimum formulation, and

consequently, why it should be the selected formulation for enhanced oil recovery, crude oil dehydration, and

desalting processes .

1.2. Practical Aspects of the Measurement

The oscillatory spinning drop technique requires specific conditions to ensure an accurate measurement; the

droplet volume, the rotational speed, and the oscillation amplitude must be selected accordingly. Placing a suitable

quantity of the internal phase droplet inside the external phase is tricky because, according to the interfacial

tension value and the density difference between the fluids, a lower or higher volume droplet should be placed

inside the capillary. The droplet aspect also depends on the rotational speed of the interfacial rheometer and of its

oscillation range. A higher rotational speed elongates more the droplet, and if it happens, a lower drop volume must
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be inserted inside the capillary. The recommended drop volume varies from 10–30 µL for air-water or oil-water

systems to 0.5–5 µL for ultralow tension systems. Table 1 indicates typical values for the drop volume, rotational

speed and equilibration time. This rationale comes from the experience of thousands of measurements in our

laboratory.

Table 1. Typical values of interfacial (or surface) tension, droplet volume, recommended rotational speed, and

equilibration time for operation with the oscillatory spinning drop apparatus.

System
Tension

(mN/m)

Droplet

Volume (µL)

Recommended Rotational

Speed Interval (rpm) 

Approximate

Equilibration Time

Surfactant-air-water 10–40 20–25 7,000–10,000 30 min–a few hours

Oil-water (with

asphaltenes)
10–40 20–25 7,000–10,000 1 h–several hours

SOW with high

tension
2–10 10–20 6,000–10,000 20 min–2 h

SOW system with low

tension
0.1–2 5–10 4,000–6,000 20 min–2 h

SOW system with

ultralow tension
0.0001–0.1 0.5–5 3,000–4,000 1 min–1 h

 This is the recommended interval for rotational speeds according to the tension value and the area change .

After appropriate droplet volume, rotational speed and temperature are set, the next step is to input the oscillation

rotational speed amplitude to carry out the measurement. The droplet’s interface (or surface) area variation must

be no more than 10% to keep the rheological response linear :. To achieve this, an oscillation amplitude from

300 to 1000 rpm is recommended when rotational speeds are between 3000–4000 rpm, 4000–6000 rpm or 6000–

10,000 rpm for ultralow, low, and high interfacial tensions, respectively.

Finally, the oscillation frequency (ω) is adjusted according to the measurement that will be performed. For example,

for systems where the interfacial rheological measurement will be related to emulsion stability, ω can be set at 0.1
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Hz to match the characteristic time scale of the phenomenon . In contrast, for a broader study of the system

response to a frequency change, a frequency sweep can be performed from ω = 0.015 to 0.25 Hz.

When a frequency sweep is made with the oscillatory spinning drop interfacial rheometer, two levels of frequency

could be analyzed :

At a very low frequency (0.025 Hz or lower), the oscillation time is quite long; hence the time is sufficient for

surfactant exchanges to occur and surfactants to adsorb. Therefore, surface concentration (i.e., surface tension)

gradients are very low, relaxation occurs, and Gibbs-Marangoni effects are negligible. That is probably one of the

reasons why dilational modulus becomes very low.

At a high frequency (much higher than 0.25 Hz), the oscillation time is very short. It doesn’t give sufficient time for

surfactant molecules to adsorb when the droplet elongates. This generates an interface that behaves as an elastic

body. The dilational modulus becomes very high, reaching the limiting elasticity plateau, where the interface

behaves as an “insoluble” monolayer. Among the particularities of these systems, we can mention that the external

phase must be transparent or just a little opaque; otherwise, the measurement cannot be performed because the

software cannot distinguish the interface in the photographic data. Usually, experiments are carried out with a

transparent external phase, so that the measurement is straightforward.

1.3. Measurements with the oscillating spinning drop in comparison with the
pendant drop method

Pendant drop experiments with a KSV CAM 200 instrument and an air bubble in an SDBS solution have been

performed to compare the accuracy of the oscillating spinning drop apparatus. The result with the pendant drop

method was E’ = 3.4 ± 1.2 mN/m. The values of E’ are compatible with those measured with the spinning drop

instrument of 3.6 ± 2.0 mN/m, although the phase angle and E'' were different. The measured E’ and E” are not

intrinsic parameters and are affected by diffusion. They might also be affected by convection in the spinning drop

instrument, due to the high rotation velocities, possibly explaining the higher measured dissipation. Nevertheless,

experiments to determine its accuracy have been performed and reliable measurements were obtained .

In Figure 2 a typical measurement of dilational modulus E and elastic modulus E' performed with the oscillating

spinning drop are shown. The system is comprised of heavy crude oil with high asphaltene content diluted in

cyclohexane. The previously reported phenomenology with the pendant drop method is attained also with the

spinning drop, showing a maximum in the elastic modulus, and then a decrease, when a 3D asphaltene film forms

near 1,000 ppm asphaltene content .
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Figure 2. (Left): Relationship between dilational modulus E and asphaltenes concentration. (Right). Elastic

modulus E’ vs. concentration of asphaltenes. Both systems are heavy Venezuelan crude oil diluted in cyclohexane-

brine (1% NaCl). T = 30 °C. Measurement made with the oscillating spinning drop equipment. Frequency = 0.1 Hz.

The spinning drop oscillating technique is the unique alternative of interfacial rheology study in applications where

the emulsions must be as unstable as possible, e.g. for crude oil dehydrating or desalting, and low tension

enhanced oil recovery.
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