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ARTICLE INFO ABSTRACT

The main focus of this research is to initiate the use of intermittent vibration
in order to save the cost. Mechanical vibrations generated by ultrasonic
radiation influence interfacial forces and increase the relative permeability of
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flooding is one of EOR methods that is able to maximize both sweep and
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displacement efficiency. Besides, this work has been designed to understand
the mechanics of intermittent ultrasonic vibration in influencing additional
recovery of SP flooding, reduction of residual oil saturation, and
displacement pattern at pore scale during the flooding process under
exposure of ultrasonic waves. To achieve this, experiments consisting of
visualization (at pore scale) and displacement experiments were conducted.
Ultrasonic power was changed to see the influence on the process. Residual
oil saturation at end of the flooding was recorded and snapshots of oil
displacement were taken. The outcomes justified that intermittent vibrations
can produce and enhance more additional oil recovery of SP flooding
compared to the continuous vibration, and the reduction of residual oil
saturation, and oil displacement rate highly dependent on the ultrasonic
power.
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1. Introduction earthquake incident in 1950’s which generate elastic

waves that increase water and oil production.

Many mature reservoirs under water flood have
low economic production rates despite having as
much as 50% to 75% of the original oil still in place.
In order to recovery some of the oil left in the
reservoir, Enhanced Oil Recovery (EOR) has to be
implemented to resolve the physical and geological
effects. These mature reservoirs also are viable
candidates for chemical EOR that uses both,
surfactant to reduce oil/water interfacial tension
(IFT) and polymer to improve sweep efficiency.

SP flooding can improve the oil recovery by
introducing certain polymer and surfactant. Polymer
can increase the viscosity of fluid so as to enhance
the sweep efficiency, while surfactant can improve
the displacement efficiency by reducing the IFT
between oil and water, alternatively wettability and
emulsifying crude oil.

The use of elastic wave excitation has been
suggested as an alternative EOR method after the
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Earthquake is one of the impulsive vibrations. Quite
a number of field application and laboratory
observation had been carried out to investigate the
effect of continuous radiation on the rate of recovery
during the past 50 years and it brings positive
outcomes.

Duhon and Campbell (1965) initiated an
experiment by performing water flood tests through
cores under ultrasonic vibration with three different
set of frequencies (1, 3.1, and 5.5 MHz). Results from
these experiments showed that the ultrasonic energy
improved the recovery of oil and displacement
efficiency in cores. Besides, ultrasonic excitation also
resulted in the decreasing permeability of water to
the ratio of oil. The permeability reduced greatly in
the presence of ultrasound effect.

While, Cherskiy et al. (1977) applied pulsed
ultrasonic waves to core samples saturated with
fresh water and described a sharp increase in core
samples permeability was observed and after
stopping the ultrasound, the permeability returned
to its first value. Thus, they concluded that with
changing the intensity, the permeability increased by
using pulsed treatment up to 10-15 times in
compare with continuous sonication.
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Gadiev (1977) also did study on the effect of
ultrasonic to oil saturated unconsolidated sand
packs. He observed a considerable increase in oil
production rate and cumulative oil production.
“Sono-capillary effect” has been proposed as the
phenomenon contributed to this increase in oil
production. During cavitation, it is believes that the
bubbles collapsed and the liquid level within a
capillary is raised up. Dyblenko et al. (1989)
observed the enhancement of  Kkerosene
displacement by water in a reservoir core sample by
applying sound at a frequency of 200 Hz. The

mobility of residual oil increased and the
permeability to water decreased during the
excitation.

Hamidi (2012) pointed out that the effect of
ultrasonic waves on oil recovery is more significant
in oil wet especially with lower viscosities. In micro-
model, they concluded that the rate of oil recovery is
proportional to the ultrasound power and frequency.
Recently, Mohammadian et al. (2011) studied the
effects of sonication radiation on oil recovery by
ultrasonic waves stimulated water-flooding. They
proved that cavitation; viscosity reduction and
emulsification are the mechanism involved when
ultrasonic waves were applied to water flooding.

Limited work had been done in micro scale to
investigate ultrasonic in terms of displacement
mechanism. Li et al. (2005) performed the study on
pore scale on the mobilization of oil ganglia in a 2D
glass micro-model under low frequency vibration.
Increased in recovery were observed with higher
amplitude and lower frequency. Beresnev et al
(2005) showed vibration can solve the entrapped
residual oil problem because of existing capillary
forces. They concluded that residual saturation of
ganglia is proportional to the amplitude and
inversely proportional to the frequency.

Most of the field application and laboratory
experiments involved continuous radiation and it
proved the successful of enhanced oil recovery. On
the other hand, the cost to generate consistence
continuous radiation is rather expensive. In terms of
machinery, a large amount of money need to spend
in order to carried out the maintenance.

2. Experimental procedure
2.1. Fluid properties

There were three types of fluids been used
throughout this study? They were oil (kerosene and
brine) with viscosity of 0.4cp and 21cp, respectively,
2 wt% de-aerated NaCl brine (0.74cp), and an
optimum SP solution with formulation of 0.15 wt%
AOS + 400 ppm HPAM + 20,000 ppm NaCl (6.96cp).

2.2. Crest ultrasonic
Constant frequency been used through the

experiments which is 25 kHz. While, there were
three ultrasonic intensities (150W, 300W and
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500W) were used in order to study the effect of
ultrasonic power to the SP flooding efficiency.
Ultrasonic vibration was applied to the porous media
once SP flooding process started. Both continuous
and intermittent type of wave was applied in the
experiments as to compare the effectiveness of
intermittent energy. Intermittent radiation been
applied by manually 20 minutes switch on and 20
minutes off the ultrasonic generator, alternately (20
minutes cycle). For the continuous radiation, the
ultrasonic generator was continuing to on.

2.3. Displacement test

Porous medium used for displacement test was
artificial core with packed glass beads inside the
Perspex holder (macro-model). Diameter, length and
wall thickness of the macro-model was 3.4 cm, 42.5
cm and 0.6 cm respectively. Four different ranges of
glass bead sizes were used which are 90pm - 150um,
150pum-250pum, 250um-425um, and 425um-600um,
following ratio of 2:1:1:1. The glass beads were
scattered to represent heterogeneity. Formation
inside the artificial core is 30% & and 1 Darcy at its
best using this method due to belied that this
artificial core is unconsolidated.

Displacement test were carried out to compare
the recovery of SP flooding with and without the
assistance of ultrasonic waves. Besides, these tests
were carried out to study the influence of ultrasonic
energy in enhancing the reduction of residual oil
saturation, Sor after SP flooding. The effect of
ultrasonic intensity (150W, 300W and 500W), and
ultrasonic wave pattern (intermittent and
continuous) on the performance of SP flooding
through the reduction of Sor were investigated. The
frequency of ultrasonic wave and injection rate was
set constant at 25 kHz and 0.5ml/min, respectively,
for all displacement tests by using macro-model.

2.4. Visualization experiments

Porous medium wused for visualization
experiment was two-dimensional (2D) glass-etched
(micro-model). It is designed to study on the
interface of oil and water under ultrasound wave.
The specification of 2D glass micro-model is shown
in Table 1.

Snapshots were taken at a period of times during
the displacement process took place. The injection
rate used for displacement of micro-model was 1.0
ml/h. The experimental runs in this study are
presented in Table 2. Figs. 1, 2, and 3 illustrate the
setup of displacement test of SP flooding without and
with aid of ultrasonic vibration, and visualization
experiment, respectively.

Table 1: Specification of 2D glass micro-model

Parameter Specification
Pore volume 37.688 mm3
Dimension 60mm x 60mm
Throat diameter 0.15mm
Porosity 34%
Permeability 1.94 Darcy
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Table 2: Summary of experimental runs

No. Test Oil Type  Wave Type F(kHz) 1(W)
1 Displacement  Kerosene None None None
2 Displacement  Kerosene CUsS 25 150
3 Displacement  Kerosene CUS 25 300
4 Displacement Kerosene Ccus 25 500
5 Displacement Kerosene IUS 25 150
6 Displacement Kerosene IUS 25 300
7 Displacement Kerosene IUS 25 500
8 Visualization =~ Kerosene CUS 25 150
9 Visualization = Kerosene CUS 25 300
10  Visualization  Kerosene cus 25 500
11  Visualization  Kerosene 1US 25 150
12 Visualization  Kerosene 1US 25 300
13  Visualization  Kerosene 1US 25 500
14  Displacement  Paraffin CUS 25 500
15 Displacement  Paraffin 1US 25 500
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Fig. 1: Setup of SP flooding without aids of ultrasonic
vibration
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Fig. 2: Setup of SP flooding with aids of ultrasonic
vibration (displacement test using macro-model)
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Fig. 3: Setup of visualization experiment using glass micro-
model

3. Results and discussion

3.1. SP flooding process assisted by ultrasonic
vibration

Displacement test was first conducted without
applying any vibration energy. Purpose of
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conducting this experiment is to prove that
ultrasound radiation can reduce the residual oil left
in the porous media. Fig. 4 shows the residual oil
saturation (Sor) of SP flooding with and without
assisting of ultrasonic wave. Kerosene oil was used
as the non-wetting phase for this process. SP slug of
0.15 wt% AOS + 400 ppm HPAM + 20,000 ppm NacCl,
was used to create the oil bank during the
displacement process, and another 1.5PV of 20,000
ppm of NaCl brine solution continue to be injected as
extended water flood to displace the oil at its best.
Based on Fig. 4, Sor after SP flooding without aid of
ultrasonic wave was 48.7%. This value had been
used as reference or standard guideline to compare
the SP flooding process under the exposure of wave,
later.

To compare the performance of SP flooding
under the influence of ultrasonic waves, continuous
type of vibration (CUS) been introduced with
properties of 25 kHz and 150W of frequency and
intensity, respectively. At the end of SP flooding
process, Sor resulted to decrease for about 6% to
value of 41.7%.

Results from these displacement tests showed
that significant improvement on oil recovery and
reduction of Sor had been achieved when ultrasonic
waves were exposed to porous media during the SP
flooding process.

Residual Oil Saturation, Sor of SP Flooding
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Fig. 4: Residual oil saturation, Sor of SP flooding with and
without assistance of ultrasonic wave

3.2. SP flooding assisted by intermittent (IUS)
and continuous (CUS) wave

Fig. 5 shows the results comparison Sor after
exposing to IUS and CUS. Frequency of wave used
was 25 kHz with 150W of intensity. SP flooding
assisted by IUS left 39.6% of oil inside the porous
media compared to CUS which is 41.7%.

For the visualization experiments, snapshots
were taken during the process of SP flooding. Fig. 6
shows the comparison of micro-model displacement
experiment between IUS and CUS for Kerosene oil
(light oil).

Red color represents oil, while white color
represents water. The snapshots were taken once
the SP flooding process were started as the
ultrasonic vibration been on. On the application of
IUS, there was lesser oil left inside the micro-model
at the end of the process compared to CUS. Results
from these experiments showed that IUS improved
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the recovery of oil and increased rate of oil
displacement. In addition, ultrasonic radiation
enhanced the movement of oil in porous media and
hence, reduced the Sor.

Results showed intermittent vibration can solve
the entrapped residual oil problem during SP
flooding process more effectively than continuous
vibration.

Continuous vs. Intermittent Wave

100.0
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Fig. 5: Results comparison of residual oil left in porous
medium after exposing to IUS and CUS
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Fig. 6: Comparison of micro-model displacement
experiment between IUS and CUS for light oil application

3.3. Effect of Ultrasonic Intensity on SP Flooding
Recovery

Figs. 7 and 8 show the effect of ultrasonic power
intensity (150W, 300W and 500W) on the Sor after
SP flooding for light oil application. For continuous
vibration (CUS), there were very small decrements of
Sor recorded as the ultrasonic intensity applied was
increased. Sor recorded was 39.0% when maximum
ultrasonic intensity (500W) applied for CUS. Total
decrement of Sor recorded was about 9.7% as
compared to without vibration (NUS) and 500W
intensity of CUS.

While, for intermittent vibration (IUS), there was
4.6% decrement of Sor when ultrasonic intensity was
increased from 150W to 500W. Total decrement of
Sor recorded was about 13.7% as compared to
without vibration (NUS) and 500W intensity of IUS.

As for conclusion, IUS contributed to large
decrement of Sor when increasing the ultrasonic
intensity compared to CUS. Results obtained can be
summarized into the decrement of Sor is
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proportional to the ultrasound power and IUS able to
reduce the residual oil left in porous media in a
significant value of percentage.

Intensity Effect on Sor for Continuous Vibration
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Fig. 7: Effect of ultrasonic intensity of continuous vibration
(CUS) on Sor after SP flooding

Intensity Effect on Sor for Intermittent Vibration
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Fig. 8: Effect of ultrasonic intensity of interittent vibration
(IUS) on Sor after SP flooding

For the visualization experiments, Figs. 9 and 10
show the effect of ultrasonic power on micro-model
displacement experiment between CUS and IUS for
light oil application, respectively. Both CUS and 1US
resulted in the reduction of Sor as the intensity used
getting higher. But, only slight changes (reduction of
red fluid) can be observed for oil displacement using
CUS. Besides, for the application of IUS, there was
significant reduction of Sor has been observed for all
the three intensities used. It shows that oil less trap
in the micro-model compared to the CUS. Red fluid
(oil) moved faster in higher intensity as IUS radiation
enhanced the movement of oil in porous media and
hence Sor. Mechanism involved here 1is the
coalescence of 2 or more oil droplets into the larger
droplets having higher mobility then become part of
the flow stream due to the Bjerknes forces
(attractive forces acting between the vibrating
droplets). Interfacial tension had been reduced and
will affect the capillary number. Capillary number
will be increased and residual will be decreased. This
mean more oil can be extracted from the pore.

3.4. Effect of ultrasonic power on heavy oil
recovery of SP flooding

Fig. 11 shows the results of Sor of Paraffin oil
(represent heavy oil) under the influence of
continuous (CUS) and intermittent (IUS) waves. Sor
recorded for CUS was 53.9%.

While, Sor for IUS was 47.0%. So, there were
about 6.9% of Sor can be decreased by using IUS.
Heavy oil contributed higher percent of decrement
as compared to light oil (4% decrement). Results
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from these displacement tests can be concluded that
IUS effect on reduction of Sor is more significant for
heavier oil application.

60 min

150W Intensity 300W Intensity 500W Intensity

Fig. 9: Intensity effect on the pattern of oil displacement
(continuous vibration, CUS)

150W Intensity

300W Intensity

500W Intensity

Fig. 10: Intensity effect on the pattern of oil displacement
(intermittent vibration, IUS)

Effect of Vibration on Heavy Oil
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Fig. 11: Effect of vibration on heavy oil application

Fig. 12 shows the displacement pattern of heavy
oil using continuous and intermittent vibration. As
can be observed, IUS works compatible with heavy
oil. Heavy oil contains different high molecules and it
starts to break up after ultrasonic vibration is
applied. Due to its relative movements of the
molecules and difference in their acceleration leads
to reduction in the oil viscosity and producing more
oil. When oil viscosity is reduced, mobility ratio will
be decreased. These experiments concluded that
intermittent vibration work well in high oil viscosity
and compatible for heavy oil application.
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Intermittent Vibration
aus)
Fig. 12: Oil displacement pattern for heavy oil application
under the influence of CUS and IUS

Continuous Vibration
(CUS)

4., Conclusion

Series of displacement experiments were
conducted in this study and the following
conclusions were made: (1) ultrasonic vibration
proved to enhance a significant value of additional
oil recovery on SP flooding; (2) Intermittent
ultrasonic wave, IUS, managed to produce more oil
recovery compared to continuous vibration; (3)
Intermittent ultrasonic wave, IUS, together with high
intensity of ultrasonic gives the best recovery and
reduces the Sor at the very best value; (4)
Intermittent ultrasonic wave, IUS, also compatible
with high viscosity of oil and SP solution; and (5)
vibration can reduce the IFT and oil viscosity to
allow residual oil to move out from the reservoir.
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