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Abstract
Hydrocarbons in a gas condensate reservoir consist of a wide variety of molecules which will react varyingly with the change 
of pressure inside the reservoir and wellbore. The presence of heavier ended hydrocarbons such as C5 and above, condensate 
banking will occur as pressure depletes. Pressure drop below dew point pressure causes condensate buildup which will give a 
negative impact in the productivity index of a gas condensate reservoir. Gas condensate reservoirs experience liquid drop out 
when pressure depletion reaches below dew point pressure. This occurrence will eventually cause condensate banking over 
time of production where condensate builds up in pore spaces of near-wellbore formations. Due to increase in condensate 
saturation, gas mobility is reduced and causes reduction of recoverable hydrocarbons. Instead of remediating production 
loss by using unsustainable recovery techniques, sonication is used to assist the natural flow of a gas condensate reservoir. 
This study aims to evaluate the effects of various ultrasonic amplitudes on condensate removal in a heterogenous glass pack 
in flowing conditions with varying exposure durations. Experiments were conducted by using n-Decane and a glass pack 
to represent condensate banking and near-wellbore area. Carbon dioxide was flowed through the pack to represent flowing 
gas from the reservoir after sonication of 10%, 50% and 100% amplitudes (20 kHz and 20 Watts). Analysis of results shows 
recovery of up to 17.36% and an areal sweep efficiency increase in 24.33% after sonication of 100% amplitude for 120 min 
due to reduction in viscosity. It was concluded that sweeping efficiency and reciprocal mobility ratio are increased with 
sonication of 100% amplitude for 120 min. This indicates that mobility of n-Decane is improved after sonication to allow 
higher hydrocarbon liquid production. Insights into the aspects of the mechanical wave are expected to contribute to a better 
understanding of tuning the sonic wave, to deliver remarkable results in a closed solid and fluid system. This form of IOR has 
not only proved to be an effective method to increase productivity in gas condensate wells, but it is also an environmentally 
sustainable and cost-effective method.
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Abbreviations
∅  Porosity
k  Permeability (Darcy)
dg  Mean grain diameter (mm)
�D  Standard deviation of grain diameter based on 

phi unit ( �
�  Krumbian phi scale
�
n  Nth percentile of grain size distribution

v  Viscosity (cP)
K  Constant relative to fluid
d  Falling ball viscometer ball diameter (cm)

l  Falling ball viscometer ball falling length (cm)
�
1
  Falling ball viscometer ball density (g/cm3)

�
2
  Liquid density (g/cm3)

t  Falling ball viscometer ball falling time (s)
M  Mobility ratio
krCO2  Relative permeability of  CO2
krnDecane  Relative permeability of nDecane
k  Absolute permeability
EA  Areal sweep efficiency (%)
S  Saturation
A  Area  (in2)
V  Volume (ml
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Introduction

Hydrocarbons found in gas condensate reservoirs are pri-
marily gasses which are composed of high amounts of C1 
to C4 and also heavier ended hydrocarbons. As pressure 
drops below dew point as in Fig. 1, liquid accumulates, 
and saturation of condensate increases. This will affect gas 
mobility as both gas and condensate will compete for flow 
paths. Condensate liquid saturations typically spread near 
the wellbore region due to drawdown below dew point pres-
sure and restricts gas flow (Fan et al., 2005). Through time, 
condensate banking will accumulate in the wellbore, affect 
gas permeability, and thus negatively affect the productivity 
of a well. Under a project by Shell and Petroleum Develop-
ment Oman, a production loss of 67% was exhibited for gas 
condensate wells located in two separate fields (Smits et al., 
2001). This production loss faced shows the critical impor-
tance of overcoming effects of condensate banking.

Many forms of improved oil recovery techniques have 
been studied by such as in situ generation of carbon dioxide 
(Gumersky et al., 2000), carbon dioxide injection (Al-Abri, 
2011), gas injection (Cruz Lopez, 2000), chemical injection 
of surfactant and polymer (Noh & Firoozabadi, 2008), and 
horizontal drilling (Dehane et al., 2000). Although current 
improved oil recovery techniques work efficiently in recover-
ing hydrocarbons in gas condensate reservoirs, they face a 
number of limitations.

Usage of carbon dioxide in improved oil recovery often 
causes extensive corrosion in equipment or facilities (Yev-
tushenko et al., 2014; Yuanhua et al., 2013) and negatively 
affect environmental biodiversity (Carruthers, 2014). This 
corrosion occurs due to the acidic nature of  CO2 which can 
be reduced by surfactants but will lead to higher incurred 
costs. Wettability alterations improve immobile condensates 
in the wellbore by the use of surfactants. These surfactants 
will alter wettability in the wellbore from a liquid-wet to 

gas-wet. Much like surfactants, solvents may also be used in 
order to reduce interfacial tension by miscible displacement 
of condensate (Du et al., 2000). Hydraulic fracturing, which 
composes of the injection of water, sand, and chemicals, 
will increase pore connectivity. This method will induce 
cracks and fractures which will increase pore connectivity 
and enable better fluid flow from the reservoir.

These studies have been pointed out that many of the 
existing recovery techniques are very costly and may even 
cause damage to the environment (Abramova et al., 2015; 
Verma, 2000; Alvarado, 2010; Malik and Islam, 2000; 
Donaldson et al., 1985). Besides the environmental impact 
brought by the usage of carbon dioxide, solvents, and chemi-
cals used in current methods of improved oil recovery, they 
are also extremely costly or require constant replenishment 
and supply of resources. Advantages of ultrasonic improved 
oil recovery are that it is adaptable, affordable, simple to 
operate, and causes no pollution to the environment (Kuznet-
sov et al., 2001.)

In the growth of greener recovery techniques, research-
ers have found mechanisms which could enable ultrasonic 
waves to effectively stimulate oil recovery. The underlying 
sonic mechanisms are cavitation (Guo et al., 2004), coales-
cence (Mettin et al., 1997), and micro-emulsification (Abis-
mail, 1999). Cavitation occurs with the rapid increase and 
decrease in pressure which overcome a liquid’s cohesive 
forces, forming a cavity which will fill up with dissolved 
gases and subsequently collapse. Coalescence is when drop-
lets of fluid come into contact and form a single particle. 
However, micro-emulsification occurs when dispersed emu-
lations in an oil–water system are in a small-scale and are a 
thermodynamically stable solution. Insonation toward sur-
factant and oil is reported to be less polydispersed and more 
stable based on Abimail (1999). Ramisetty and Shyamsun-
der (2011) reported on the microemulsion has better stability 
under sonic exposure; however, the findings recorded that 
after 60 min, the oin in water emulsion starts to undergo 
demulsification.

A mechanism of great interest to this study is cavitation 
due to the mechanical vibrations and it causes in fluids. 
Physical properties of ultrasonic waves which have cycles of 
expansion and compression will exert negative and positive 
pressure on molecules, respectively. In the presence of gas, 
cavities form in a liquid and oscillate in size (Suslick, 1989). 
The cavitation will grow rapidly until it can no longer con-
tain energy received from the ultrasonic waves and implode. 
Cavitation will occur in heavy oils when exposed to ultra-
sound and the implosion in liquid will cause mechanical 
vibrations (Wang et al., 2015b). As a result of these vibra-
tions, heavy oils can be broken down into lighter hydrocar-
bon substances and rise in temperature which reduces oil 
viscosity as in Fig. 2. The findings showed a viscosity reduc-
tion of an approximate 0.05 to 0.10 cp with temperature Fig. 1  Typical gas condensate phase envelope (Kamath, 2007)
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increment of every 5 °C. This reduces fricitional drag on 
oil in reservoir. The stability of oil displacement front being 
displaced.

Multiple studies have been performed to further study the 
effectiveness of ultrasonic waves on increasing oil recov-
ery (Hamida and Babadagli, 2007; Mohammadian et al., 
2011; Hamidi et al., 2012, 2017; Alhomadhi et al., 2014; 
Agi et al., 2019). Porous media used in the experiments are 
Berea sandstone cores. This type of formation is best chosen 
because of the proven compatibility of sonic waves with 
sandstone as media. Experimental procedures are usually 
tailored to match real-life conditions as closely as possible. 
Information on glass packs, sonic and fluid used by the sonic 
researchers are extracted. Porosity and permeability values 
reported from these findings vary from 24 to 39% and 300 
mD to 1740 mD, respectively.

Fluid properties used by previous eminent researchers 
indicate that many of these experiments utilize mineral oil, 
kerosene, Vaseline, paraffin oil, and also crude oil which 
range from a viscosity of 0.99 cP to 400 cP. The densities 
of fluids also vary greatly from 0.73 to 1.45 g/cc. After 
the apparatus and materials were set up, the models were 
exposed to ultrasonic radiation. Ultrasonic powers used were 
between 0 and 500 Watts with exposure times from 90 to 
18,000 min. However, none of the studies investigated the 
effects of varying amplitudes on oil recovery.

Xu et al. (2011) stated that a strong bond molecules of 
heavy crude oil can be cracked due to cavitation effect by 
increasing the ultrasonic frequency resulted in a bubble col-
lapse which change the behavior of heavy crude oil to light 
crude oil. Mohammadian et al. (2013) extended their experi-
ment and answer the question that has been addressed by 
previous authors. They stated that high pressure surges are 
created result from bubbles collapsed. The implosion of bub-
bles caused the pressure to drop resulted the absolute per-
meability to increase. Thus, the pressure drops, which due 
to viscosity reduction of the oil increase the additional oil 
recovery, which align with previous record by Poesio et al. 
(2002) and has been supported by Pawar et al. (2014) regard-
ing the relationship of cavitation effect on higher recovery.

Xianyong et al. (2004) and Jihui et al. (2006) investigated 
the influence of ultrasonic radiation in terms of its intensity 
followed by temperature effect and time interval on oil vis-
cosity. They stated that the mechanisms stated above are 
related each other. As the ultrasonic radiation increases, heat 
will be generated result in temperature increase. The heat 
will break the heavy crude oil molecule to reduce the oil vis-
cosity with the increasing treatment time. Poesio and Ooms 
(2005) stated that the viscosity reduction occurred as the 
fluid is exposed by heat that is generated from wave radia-
tion in porous media. Mohammadian et al. (2013) agreed 
that fluid viscosity and interfacial tension are reduced due 
to temperature increase during radiation by the experiment 
conducted using sonification water-flooding on various oil 
viscosity with the effect of temperature rises is included.

Changes in crude oil rheology are investigated by Gunal 
and Islam (2000) when they exposed the crude oil under the 
ultrasonic wave radiation. The sample of a given specimen 
was exposed to the ultrasonic radiation with a frequency and 
intensity of 10 kHz and 250 W, respectively. They found 
that ultrasound treatment can change the crude oil rheology, 
especially in terms of its viscosity but is not efficient if the 
treatment is carried out with high temperature as the radia-
tion did not yield any changes on oil viscosity. Wang et al. 
(2015a) extended the same experiment by Gunal and Islam 
(2000) on crude oil. They stated that the movement of crude 
oil is more fluid at lower temperature aid by heat generated 
from ultrasonic wave itself.

Work in this area is extensive but is primarily concerned 
with the additional oil recovery from the mechanism. Here, 
we report a neglected aspect in previous studies on wave 
amplitude effect to sweeping efficiency. This is an under 
developed area of research on maximizing usage of sonic 
application by tuning the wave peaks. Although no experi-
ments were conducted by using multiple ultrasonic ampli-
tudes as a variable, it can be proved that sonication indeed 
increases oil recovery as up to 16% increase in production 
was evident in a study by Mohammadian et  al. (2011). 
Therefore, the application of ultrasonication in the oil and 
gas field is a viable option for future IOR technique.

Methods and materials

Experimental results of experiments conducted include 
all required project objectives which mainly focus on the 
efficiency of various ultrasonic amplitudes in increasing 
condensate recovery. Before beginning the experiment, 
the dimensions of sandstone cores and glass pack are thor-
oughly measured. The glass pack consisted of glass beads 
of grains ranging from 600μ to 850μ. Next, using the meas-
ured dimensions, porosity and permeability measurement 
data were recorded for both media. These measurements are 

Fig. 2  Viscosity vs temperature (Mohammadian et al., 2013)
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important in determining the relationship of porosity, perme-
ability, and oil recovery. Properties of n-Decane without and 
with sonication were also obtained by using a viscometer 
and density meter.

The study was carried out in two separate experiments to 
evaluate the stated objectives. Experiment 1 of the project is 
to evaluate the effects of ultrasonic amplitudes on conden-
sate saturated cores in static conditions. Experiment 2 is to 
analyze condensate removal in a heterogenous glass bead 
pack at different amplitudes in flowing conditions. The glass 
bead pack will be used to mimic a heterogenous near-well-
bore condition. The right section of the glass pack resembles 
the wellbore vicinity in a real gas-condensate reservoir sce-
nario. The outlet represents the inner wellbore. N-decane is 
representing the condensate (liquid phase), and the flowing 
gas  (CO2) is simulating gas flow from the reservoir. The 
glass beads imitate the quartz grains between the pores of a 
sandstone.  CO2 is used due to the gas availability in lab and 
to indicate 2-phase system. This study is to evaluate sonic 
effects in 2 phase system.

Before beginning the experiments, a few parameters were 
investigated to carry on with data evaluation later on. A digi-
tal weighing scale was used to measure the weight of glass 
pack before and after saturation in order to determine the 
porosity. In order to study the permeability of the porous 
media, a grain sieve was used to determine the glass bead 
grain distribution. An Anton Paar DMA 35 N density meter 
and a falling ball viscometer were used to determine den-
sity and viscosity of n-Decane before and after sonication.
The experiment is conducted by fully saturating a glass pack 
filled with glass beads, 600μ-850μ, with injection port as in 
Fig. 3, with n-Decane using a syringe pump.

The glass pack is then immersed into a water bath and 
exposed to no ultrasonic radiation for 60 min to be used as a 
constant.  CO2 gas is then injected into the glass pack in order 
to produce the n-Decane and collected in a measuring cylin-
der. Sweeping patterns are observed during production, and 
amount of n-Decane produced is measured and recorded. The 
experiment is then repeated with exposure to ultrasonic waves 

of 10%, 50%, and 100% amplitudes, respectively, for a duration 
of 60 min and 120 min.

Glass pack porosity

In order to calculate the porosity of the glass pack, calculations 
were done by measuring the ratio of occupied liquids in glass 
pack and the weight of glass pack. In order to reduce possibili-
ties of error, all data are measured three times and results are 
as tabulated in Table 1. Case 1 indicates glass pack without 
glass beads, Case 2 indicates glass pack with glass beads, and 
Case 3 indicates glass pack with water saturated glass beads.

Thus, the porosity measured from the glass pack was calcu-
lated using Eq. (1) to be 0.25 which indicated that the porous 
media used are found to have 25% allowable fluid storage.

Glass pack permeability

Size of the glass beads was measured by sieving in order to 
get the accurate range of sizes to attain a graph of grain size 
distribution which is widely used for geotechnic studies. It 
is possible to calculate the permeability using Eq. (2) which 
is greatly affected by the formation grain distribution. In this 
classification of grain sizes, the Wentworth grade scale is 
used to determine the class of particle. The size ranges from 
0.60 mm to 0.85 mm, and the particle can be determined as 
course sand (Yang, et al., 2007). Grain diameter attained from 
sieving was tabulated, and the cumulative weight percentage 
was calculated in order to form a graph of size distribution 
in Fig. 4 based on methods in Bunte and Abt (2001) Table 2.

(1)∅ =
Case3 − Case2

Case2 − Case1

∅ = 0.25

(2)k = 760dg
2e(−1.31�D)

(3)dg =
dmax + dmin

2

(4)�D =
�84 − �16

4
+

�95 − �5

6.6

Fig. 3  Glass pack dimensions

Table 1  Glass pack weight

Reading Case 1 (g) Case 2 (g) Case 3 (g)

1 224.26 291.93 308.85
2 224.27 291.94 308.85
3 224.27 291.93 308.85
Average 224.27 291.93 308.85
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From the calculated data, we can determine that the sort-
ing class is very well sorted (Bunte and Abt, 2001). This 
is because of its standard deviation of 0.178 falls under 
very well sorted which is less than 0.35 to 0.50 range that 
indicates well-sorted category, based on Folk and Ward’s 
(1957) classification of the degree of sorting. The perme-
ability value attained is 316.389 Darcy (316,389 mD) which 
is close to the permeability used in a study from Mohamma-
dian et al. (2011). This proves that the initial assumption of 
glass pack being a representative of near-wellbore conditions 
is valid. The calculated value is greater than 1000 mD and 
is considered to be exceptionally permeable (Folk, 1980). 
Permeability of the sand pack is significantly higher (1–2 
orders of magnitude) than typical field conditions. For well 
sorted, unconsolidated pack used in labs the reported perme-
ability is consistent with other researchers.

Specific gravity of n‑decane

In order to determine the viscosity, density of n-Decane 
is measured. N-Decane was sonicated in beaker at ampli-
tudes of 100 percent. The needle of the density meter was 
submerged into n-Decane in order for the pump to allow 
fluid to flow up the needle to calculate its density. This was 
repeated three times to acquire the most accurate readings 
as in Table 3.

Results

Experimental designs were based on the scope of production in 
a green field to provide remedial measures against premature 
productivity decline. When indications of condensate banking 
become apparent from decline in productivity, the well is to 
be shut-in in order to carry out sonication in the near-wellbore 
region. After sonication, the well is allowed to flow naturally. 
The effects of ultrasonic waves of varying amplitudes on con-
densate removal and how it affects condensate mobility and 
sweeping efficiency in the near-wellbore region will be ana-
lyzed. Therefore, experiments of ultrasonic amplitudes on a 
glass pack of varying grain sizes shall be conducted in order to 
determine the amount of possible recoverable hydrocarbons in 
gas condensate reservoirs after varied durations of ultrasonic 
exposure. In order to simulate near-wellbore conditions and 
measure final condensate mobility, glass packs of varied grain 
sizes will be saturated with n-Decane. Ultrasonic waves will 
be fixed at 20 kHz, 20 Watts, and the amplitude applied will 
be at intervals of 10%, 50%, and 100%. The experiment will be 
performed twice in order to determine the relationship between 
duration of ultrasonic exposure and amount of hydrocarbon 

(5)� = −log
2
d recoverable. The most effective parameters will be observed, 

recorded, and analyzed.
Following that in order to determine the effectiveness of 

ultrasonic radiation on removal of condensate banking, the fol-
lowing parameters were observed, calculated, and evaluated:

 i. Mobility ratio
 ii. Sweeping efficiency
 iii. Oil recovery

Hamida and Babadagli (2007) and Hamidi et al. (2012) 
provide setup of core study under sonic using imbibition 
cells. The setup for displacement study of ultrasonic-based oil 
recovery in this study is based on Mohammadian et al. (2011) 
and Alhomadhi and Almobarky (2013). These studies shared 
similar setup from the aspects of core or sandpack saturation, 
sonic exposure and measurement of oil recovery. The setup 
was further improved for this study in order to imitate a gas-
condensate system with the availability of glasswares and 
apparatus in the lab.

Mobility ratio

Viscosity change under sonication of n‑decane

Prior understanding of viscosity change under sonication is 
necessary to correctly interpret the results. It has been reported 
by several eminent researchers that temperature is induced in 
the sonicated liquid during the sonic exposure. We investigated 
to ensure how significant the temperature change is. The result 
showed there is a slight viscosity reduction for 0.6 multipli-
cation of temperature increase (from 28 °C to 45 °C) which 
is 0.02 cP. The viscosity of the condensate liquid experience 
infinitesimal change, at increasing amplitude of sonication. 
The maximum operating condition of the ultrasonic equipment 
of 120 min and 100% amplitude reported a viscosity reduction 
of 0.02 cp and the temperature was 45 °C.

By using the falling ball viscometer, viscosity values of 
n-Decane before and after sonication of 20 kHz, 20 W, and 
100% amplitude. Duration of ultrasonic exposure was set to 
120 min. The test was conducted in order to later calculate 
the mobility to determine effectiveness of the ultrasonica-
tion on the removal of condensate banking in near-wellbore 
conditions. A typical Fenn Viscometer cannot be used in this 
experiment due to the low sensitivity of the Fenn Viscometer 
scale Table 4.

(6)v = K(�
1
− �

2
) ∙ t

(7)K =
gd2

18l
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As proven in the above table using Eq.  (6), due to 
increase in temperature during sonication, a change in 
viscosity can be observed in the fluid. The most likely 
cause is ultrasonic cavitation which occurs in the n-Decane 
on a microscopic level. When natural cohesive forces of 
a liquid are overcome by negative liquid pressure in the 
rarefraction region of a wave, cavitation occurs (Hamidi 
et al., 2014). Due to this, the higher the initial viscosity 
of a fluid, the bigger the amplitude needed to overcome 

cohesive forces in fluids such as gas condensates as rep-
resented by n-Decane. Thus, the change in fluid viscosity 
will influence the mobility of condensate in the forma-
tion. The mobility of condensate liquid is slightly increase; 
however, it exhibits reduced frictional drag due to reduced 
viscosity in the porous media.

Lowest and highest recoverable amount of n-Decane is 
determined as 9.5 ml without sonication and 17.39 ml with 
sonication of 100% amplitude for 120 min. By observing the 
glass pack throughout  CO2 flow, fluid saturation and relative 
permeabilities are estimated. As accurate values were not 
possible to be attained from visual observation alone, rela-
tive permeability data (Table 5) from the experiment without 
sonication were used to calculate both mobility ratios for 
no sonication and with sonication of 100% amplitude for 
120 min. The absolute permeability for three Berea sand-
stone cores of the same length was completely saturated with 
n-Decane with a core saturator. Permeability of all 3 cores 
was measured using a POROPERM instrument. The perme-
ability recorded were 567.22 mD, 563.48 mD and 589.48 
mD. The average permeability is 573.39 mD. From this data, 
a graph of relative permeability against saturation was plot 
in Fig. 5. The mobility ratio without and with sonication is 
calculated using Eq. (10).

Fig. 4  Glass bead size dis-
tribution. Data attained were 
analyzed as shown in Table 2 by 
calculating the permeability of 
glass pack using Eqs. (2) to (5)

Table 2  Glass pack weight Calculated parameters Values

�
D

0.178
dg (mm) 0.725
k (Darcy) 316.389

Table 3  Specific density 
measurements

Reading Density (g/cm3)

1 0.738
2 0.735
3 0.740
Average 0.738

Table 4  Viscosity measurements

Ball falling time (s) Without sonication 
(28 °C)

With sonica-
tion (45 °C)

Reading 1 137.32 128.94
Reading 2 137.58 130.27
Reading 3 136.00 130.62
Average 136.97 129.94
Viscosity (cP) 0.383 0.363

Table 5  Relative permeability dataset without sonication

Relative permeability Sn-Decane (%) SCO2 (%)

1.00 - 0
0.90 80 10
0.60 75 25
0.40 50 50
0.10 25 75
0.00 10 80
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Figure 5 indicates the plot of unsteady-state relative per-
meability against n-Decane saturation. In order to evaluate 
the relative permeability values of n-Decane and  CO2 at 75% 
n-Decane saturation, it was estimated that  krCO2 is 0.10 and 
 krnDecane is 0.60.

Calculation of mobility ratio is achieved by using a 
viscosity of 0.01508 cP for  CO2 at 28 °C based on online 
reported value for  CO2 gas at varying pressure and tempera-
ture (Engineering Toolbox, 2018). These values are used 
together with 0.383 cP and 0.363 cP for n-Decane without 
and with sonication, respectively, as calculated by using the 
falling ball viscometer. A system’s areal sweep efficiency 
will increase with an increase in reciprocal mobility ratio 
(1/M) (Lyons, 2009). Proven in Eq. (8), as n-Decane viscos-
ity decreases, n-Decane mobility will increase which will 
cause a reduction in the mobility ratio of the system. This 
shows that the decrease in mobility ratio calculated corre-
sponds to the calculated areal sweep efficiency in the next 
section.

Sweeping efficiency

Another important factor to observe is the sweeping effi-
ciency of the system before and after sonication. To deter-
mine this, the flow of  CO2 through the glass pack was 
recorded on camera and observed. The flow was redrawn in a 
simple diagram as shown in Fig. 6 and Fig. 7. The glass pack 
has a length of 12.000 in, height of 0.375 in, and width of 
3.000 in and the pack is being divided with equivalent cells 
of 25 × 6.5 cells. The size of each cell is 0.48 × 0.46 in. The 
n-Decane was dyed with a red dye to distinguish the differ-
ent types of fluid in the  CO2-decane system and to monitor 
the  CO2 flow. Figure 8 indicates labeling to calculate areal 
sweep efficiency (EA). EA is calculated as the following:

(8)Mobility =
Permeabilityofrocktofluid

fluidviscosity

(9)M =
MobilityofCO

2

MobiltyofnDecane

(10)M =

kkrCO2

�CO2

kkrnDecane

�nDecane

=

krCO2
× �nDecane

krnDecane × �CO2

(11)kr =
knDecaneorCO2

k

(12)EA =
SADO

SABC

Amplitude 10% reported in the experiment indicates 
sweeping efficiency similar to no sonication, and increas-
ing ampliture lead to higher sweep efficiency. The highest 
amplitude result was extracted and displayed. Adobe was 
used to select the area marked in red for the purpose of 
recolor the images in Fig. 3 and 4. Tolerance of selection 
was adjusted until the most similar amount of red area was 
selected. It was then filled in with red and the remaining 
filled in with blue.

Table 6 shows the respective areal sweep efficiency before 
and after sonication which are 53.11% at a sweeping area of 
19.12  inch2 and 77.44% at a sweeping area of 27.88  inch2. 
This indicates an increase of 24.33% in sweep efficiency 
after glass pack sonication. The increase in stability of the 
fluid front plays a great role in the improved recovery of 
n-Decane (Hamidi et al., 2017). A lower residual oil satu-
ration is able to be reached together with a high sweeping 
efficiency. Sweeping efficiency in the glass pack without 
sonication showed a viscous fingering effect due to the unfa-
vorable mobility ratio of  CO2 and n-Decane. However, after 
sonication, it was found to have improved as viscosity of 
n-Decane was reduced which allowed the  CO2 gas to travel 
through the glass pack without bypassing n-Decane.

Therefore, sweep efficiency increases with increasing 
sonic amplitude due to the change of fluid viscosity occurred 
in the porous media. Sohrabi and Jamiolahmady (2009) 
reported that the equilibrium position of a gas-condensate 
interface is affected by the application of ultrasonic energy 
leading to an induced flow. It is, therefore, conceivable that 
in a network of pores in a porous medium where the move-
ment of gas is hampered by liquid (condensate), ultrasonic 
radiation could improve the flow by opening up some of the 
pores restricted by condensate.

Decane recovery

After sonication of varying degrees of amplitudes of 10%, 
50% and 100%, the data obtained were collected and ana-
lyzed. The volume of n-Decane collected is tabulated in 
Table 7 and analyzed in order to determine the recoverable 
amount after sonication at various amplitudes and exposure 
durations. Without sonication, it can be observed that there 
is a recovery of only 9.5 ml after gas is flowed through the 
glass pack. However, after exposure to ultrasonic radiation 
for 120 min at 100% amplitude, the amount of recoverable 
hydrocarbons increased to 13.5 ml as recorded in Table 7. 
Based on the recoverable n-Decane amount through the out-
let port, it is further converted to percentage as recorded in 
Table 8.

(13)EA =
AADO

AABC
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The percentage recovery of N-Decane was calculated 
using Eq. 14 and plotted against ultrasonic amplitude, as 
shown in Fig. 8.

Comparing between the difference in amplitude of both 
duration cases, sonication of 100% will result in a higher 
percentage of recovery which surpasses all lower ampli-
tudes. However, when taking time into consideration, a 
higher duration of exposure to ultrasonic radiation with an 
amplitude of 100% will result in the highest recovery of 
17.39%.

Figure 9 shows the graphical representation on the rela-
tionship between degree of ultrasonic amplitude, duration 
and liquid condensate recovery. Due to highest recovery 
percentage reported at 100% amplitude, it can be concluded 
that sonication at the highest amplitude and long exposure 
duration is the best option in removing condensate banking. 
The results found were possible due to decrease in viscosity 
as discussed in mobility ratio section. The higher the initial 
viscosity of a fluid, the bigger the amplitude needed to over-
come cohesive forces in fluids such as gas condensates as 
represented by n-Decane. Thus, the change in fluid viscosity 
will influence the mobility of condensate in the formation. 
However, further study is recommended for optimization 
study on exposure time and amplitude, under reservoir con-
dition and to utilize consolidated samples.

The results of the experiment are due to the mecha-
nisms of ultrasonic exposure which is mainly cavita-
tion. Cavitation causes oscillation of pressure in the fluid 
which results in mechanical vibrations. These mechanical 
vibrations cause temperature to increase which leads to 

(14)Recovery(%) =
V
0%amplitude − Vn%amplitude

V
0%amplitude + Vn%amplitude

Fig. 5  Relative permeability against saturation

Fig. 6  a Areal sweeping nefore sonication and b simplified drawing 
before sonication

Fig. 7  a Areal sweeping after sonication and b simplified drawing after sonication

Fig. 8  Areal sweep efficiency (EA) labels (Mohammadian et al., 2013)
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viscosity reduction. With the reduction in viscosity, a bet-
ter sweeping efficiency is achieved which causes better 
overall recovery.

The disruption to the equal forces in fluid saturated 
system due to the effects of sonic forces to the inter-
face of gas-condensate has positive influence. This is 
aligned with the findings by Sohrabi and Jamiolahmady 
(2009) that highlighted the interfacial tension increases 
with the condensate forming bridges at the pore throats, 
causes a reduction in gas flow, and hence productivity 
loss. The condensate phase is able to be mobilized due 
to the mechanical acoustic waves that is able destabilise 
the gas-condensate interface. Karami et al. (2020) con-
ducted several studies with characterisation on the hydro-
carbon chain after exposure of sonic waves. The findings 
indicate that ultrasonic treatment is recommended in the 
blocked formations with higher acoustic impedence. 
The team highlighted the significant impact of increas-
ing wave frequency which induces pressure disturbance 
in the blocked formations. This shows that condensate 
banking could be removed effectively by using ultrasonic 
recovery.

Table 6  Parameters of areal sweeping before and after sonication

Parameters Calculated 
Values

EA (%)

Before sonication Sweeping area  (inch2) 19.12 53.11
Top planar area  (inch2) 36.00

After sonication Sweeping area  (inch2) 27.88 77.44
Top planar area  (inch2) 36.00

Table 7  Recoverable amount of n-decane

Time (mins) Volume (ml) at ultrasonic amplitudes of

No sonication 10% 50% 100%

60 9.5 10.5 11.0 11.5
120 9.5 11.5 12.0 13.5

Table 8  Percentage recovery of n-decane

Time (mins) Recovery (%) at ultrasonic amplitudes of

10% 50% 100%

60 5.00 7.32 9.52
120 9.52 11.63 17.39

Fig. 9  Recovery against ultra-
sonic amplitude
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Conclusions

Sonication provides mechanical vibrations to the fluid 
which causes cavitation and consequently creates mechani-
cal vibrations leading to increased fluid temperature. 
Application of ultrasonic amplitudes of 100% for 120 min 
showed remarkable increase in condensate recovery for 
a gas condensate system. This is due to the reduction in 
heavy oil viscosity caused by the increase in temperature 
which occurs with sonication. Due to continuous sonic 
exposure, it leads to increased temperature and reduction 
in viscosity, and the sweeping efficiency is also improved 
from a viscous fingering pattern to a piston like displace-
ment through the glass pack. This indicates that mobility 
of n-Decane is improved after sonication to allow higher 
hydrocarbon liquid production. Insights into the aspects of 
the mechanical wave are expected to contribute to a better 
understanding of tuning the sonic wave, to deliver remark-
able results in a closed solid and fluid system.
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