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Chapter 6

Results

6.1 Statistical Significance

In probability theory, Normal (or Gaussian) distribution is the most commonly used
distribution method in statistics as it provides a suitable description of the spread of most
natural occurrences. This distribution describes a set of data using the mean, p,,, and spread of

2 or standard deviations, s.

values about this mean, generally expressed in terms of variance, s
The probability density of the normal distribution is described using Equation 6.1 . Graphical
representation of this probability density function surrounding the mean value can be seen in
Figure 6.1 . The standard distributions from the mean captures a specific volume of the data
range. For example 68.26% of the data falls within 1 standard deviation, 95,44% of the data
falls within 2 standard deviations and 99.73% of the data falls within 3 standard deviations
from the mean. The mean and standard deviation can be calculated used Equation 6.2 and

6.3, where N is the number of samples.

(x=)?
252 (6.1)

Fla | (s%) = mlﬂ)

i = = (6.2)
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Figure 6.1: Normal distribution of standard deviations around the mean

6.1.1 Significance Testing

The spread of distribution of tensile strengths measured for the control batch of samples has a
standard distribution as shown in Figure 6.2. It is the assumption of this normal distribution
of data which allows statistical analysis in the form of significance testing to be performed
on the batch of samples. Where the number of samples is sufficient to display a standard

distribution of data, the t-test can be applied to determine statistical significance.

1.2

08
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o 2 < [ 8 10
Measurement of Tensile Strength

Figure 6.2: Distribution of normalised tensile strength measurements for the Control Batch
1 samples

Significance testing calculates the probability that the relationship between the two set of

variables is by chance. It helps answer questions of whether you could duplicate the results
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accurately in further research by using probability at the normal distribution curve. There

are several steps involved in significance testing.

The first step to determining statistical significance is to clarify the study objective. This
is done by stating the Null hypothesis Hp, which the investigation aims to disprove. The
null hypothesis for this investigation claims that there is no significant difference between the
mean of the experiment group, p4 and the mean of the control group, pc. If the mean falls
into a region showing a significant difference, to a pre-determined level of significance, then

the null hypothesis can be rejected.

The tensile strength of samples treated with ultrasound is not significantly different to the

untreated, control samples.

Hy : ControlSamples = TreatedSamples (6.4)

In this case:
Hy: po = pa (6.5)

Once the null hypothesis is clear, the Alternate hypothesis Hi is stated. The alternative
hypothesis directly rivals the Null hypothesis and must be true if the null hypothesis is
rejected. A statistical hypothesis test will be used to determine which hypothesis can be

rejected and is supported.

H; : ControlSamples # TreatedSamples (6.6)

In this case:
Hy:pe # pa (6.7)

Proceeding to claim significance of a result requires a level of significance to be selected prior
to analysis, depending on how confident we want the results to be. The level of significance
(avs) used is 0.05 for the null hypothesis, giving 95 % confidence (shown in Fig 6.3) [118] in all
statistical analysis throughout this thesis as is the generally accepted threshold for publication

confidence.

Once the null, alternative hypothesis and level of confidence have been assigned, the t-test
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can be performed. The t- test is performed on the sets of data to find the mean and spread

taking the number of samples and the variance of the data into consideration.

T-Test

Before performing the t-test, it must be decided if the samples are paired or unpaired and
if the variances are equal. An example of paired samples occurs when the populations are
dependent on one another. Consider testing the performance of the same group of runners
after drinking two types of energy drink. Since the group of runners remains the same, the
results depend on each other therefore the samples are paired. Considering our groups of
samples, different samples are used for each test. They are independent from one another and

an unpaired t-test is chosen.

An unpaired t-test can take two forms, that of equal or unequal variances. The F-test (or
Fisher’s Test) can be used to determine if the variances of the sample are equal. The F-Test
itself requires a specific standard null and alternate hypothesis to be set as in Equations 6.8
and 6.9. The F value is the ratio of the variances of the two sets of data putting the largest
variance as a numerator, meaning values are always higher than 1 as shown in Equation
6.10. A larger F value denotes a greater difference in variance and leads to a rejection of
the null hypothesis. The critical F value depends on the number of degrees of freedom used
(corresponding to the quantity of samples) and the level of significant which is required. F-
tests are performed prior to t-testing for each set of data analysis and compared to the critical

F-value to determine if unequal or equal variance t-testing is necessary.

Null Hypothesis: The variance of sample 1 is not equal to the variance of sample 2

Alternate Hypothesis: The variance of sample 1 is equal to the variance of sample 2

Hy(F): s} # 53 (6.9)
2

F = —% wheres; > s9 (6.10)
82
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Figure 6.3: Fisher distribution of variances, highlighting the 0.05 level of significance in which
the data must sit in to be considered valid

Depending on if the variances for each analysis has been determined equal or unequal, the

t-test analysis is applied to the data using Equation 6.11.

¢ = Hml — Hm2 (6.11)
Se

Where the standard error (s¢) has to take into account the variances of the two samples shown
in Equation 6.12 , and the pooled estimate of the standard deviation s, is calculated as in

Equation 6.13 where ny and ns is the quantity of samples in group 1 and group 2 respectively.

The P value calculated using the t-test determines whether the null hypothesis can be
accepted. Provided that the 'P value’ is below 0.05 (giving 95% confidence in the result)
then the null hypothesis can be rejected. The higher the P value, the more confident the

results are.

1 1
Se = Sp sqrt(n—1 + n—Q) (6.12)

2 (m — 1)812 + (?12 — 1)822
= 6.13
K ny +ng — 2 (6.13)
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6.2 Discussion

There were two key areas of investigation with this study. The first was the effect of the
ultrasonic wave field on the tensile strength of the sandstone samples. The second was the

effect of the ultrasonic wave field on the fluid within the sample pores.

Four separate statistical t-tests are performed to analyse the results of the tensile strength and
mass loss of samples following ultrasonic treatment. The t-tests are set to disprove the the
below hypotheses stating that all tested samples are equal to their respective control samples.
The hypotheses are in terms of the tensile strength values T'Ss,,,,, and T'S2 5,,», and the masses
lost from the samples exposed M L5, and T'S2 5., following exposure to the 5 um and 2.5
pm amplitudes of pressure fields respectively. T'SCs.y, and T'SC3 5.0, are the control batch
values of tensile strength and M LC5 5.y, and M LC5 5., are the control batch values for the
mass lost for each amplitude. The control batches were intended for direct comparison to the
corresponding amplitude only and differ due to the quantity of saturation time of the control
samples. These four null hypothesis are listed below and are the results of which are discussed

individually:

TS5m = TSCsum

TSQ.B,um = TSCQ.B,um

MLs;m = MLCspm,

MLy 5um = MLCs 55

Tensile Strength

5 ym Amplitude Acoustic Pressure Field

Figure 6.4 shows the average and spread of tensile strength measurements for the samples
exposed to the 5 pm ultrasonic field. A description of the spread of data are compared
in Table 6.1 with corresponding t-test analysis results are shown in Table 6.2. The most
important value in this table is the significance status, which for this data shows that there
the tensile strengths of the set of samples which were exposed the the acoustic pressure field

did not differ significantly to the control batch of samples.
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Figure 6.4: Comparison of Average Tensile Strengths and 95% confidence levels between
samples treated with 5 pm ultrasonic field compared to the control batch

| | Tested | Control |

Mean 1.52 1.59
Variance 0.16 0.25
No. Samples 17 17

Table 6.1: Data Analysis for Tensile strength of the samples treated with 5 pm ultrasonic
pressure field compared to the control

| Statistical Characteristic | Value |
Critical value for 95% confidence 1.17
Calculated t value -0.43
Significance status 32.676% : Not Significant

Table 6.2: Statistical Output for Data Analysis for Tensile strength of the samples treated
with 5 pm ultrasonic pressure field compared to the control

2.5 pym Pressure Field Exposure

Figure 6.5 shows the average and spread of tensile strength measurements for the samples
exposed to the 2.5 ym amplitude ultrasonic pressure field. A description of the spread of data
are compared in Table 6.3 with corresponding t-test analysis results are shown in Table 6.3.

The most important value in this table is the significance status, which for this data shows
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that the tensile strengths of the set of samples which were exposed the the acoustic pressure
field did differ significantly to the control batch of samples with a confidence level of 97.35 %.
What was unexpected which is clearer in Figure 6.5, is that the samples exposed to the 2.5

pm acoustic wave field showed an increase in tensile strength when compared to the control.
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Figure 6.5: Comparison of Average Tensile Strengths and 95% confidence levels between
samples treated with 2.5 pm amplitude ultrasonic pressure field and the control batch

‘ ‘ Tested ‘ Control ‘

Mean 1.43 1.15
Variance 0.16 0.06
No. Samples 17 14

Table 6.3: Data Analysis for Tensile strength of the samples treated with 2.5 pm amplitude
ultrasonic pressure field compared to the control

‘ Statistical Characteristic ‘ Value ‘
Critical value for 95% confidence 1.17
Calculated t value 2.24
Significance status 97.35% : Significant

Table 6.4: Statistical Output for Data Analysis for Tensile strength of the samples treated
with 2.5 pum amplitude ultrasonic pressure field compared to the control
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6.2.1 Mass Lost

Mass change during testing with 5 ym Ultrasonic Pressure Field

Figure 6.6 shows the average and spread of mass loss measurements for the samples exposed
to the 5 pm amplitude ultrasonic pressure field. A description of the spread of data are
compared in Table 6.5 with corresponding t-test analysis results are shown in Table 6.6. For
this data, the significance status shows that the mass gain of the set of samples which were
exposed the the acoustic pressure field did differ significantly to the control batch of samples
with a 99.93 % confidence level. The samples exposed to the 5 um acoustic pressure field
lost between 60 and 100 mg during exposure to the ultrasonic wave field. In comparison, the
control sample mass measurements varied from between 36 mg of loss and a mass gain of 38

mg.
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Figure 6.6: Comparison of Average Mass Gain and 95% confidence levels between samples
treated with with 5 um amplitude ultrasonic pressure field ultrasonic field and the control
batch

’ ‘ Tested ‘ Control ‘

Mean 0.0788 | 0.0018
Variance 0.0051 | 0.0017
No. Samples 17 17

Table 6.5: Data Analysis for Mass Lost of the samples treated with with 5 um amplitude
ultrasonic pressure field compared to the control
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‘ Statistical Characteristic ‘ Value ‘
Critical value for 95% confidence 1.17
Calculated t value 3.85
Significance status 99.931 % : Significant

Table 6.6: Statistical OQutput for Data Analysis for Mass Lost of the samples treated with
with 5 pm ultrasonic pressure field compared to the control

Mass change during 2.5 ym Ultrasonic Pressure Field

Figure 6.7 shows the average and spread of mass gain measurements for the samples exposed
to the 2.5 um ultrasonic pressure field. A description of the spread of data are compared in
Table 6.7 with corresponding t-test analysis results are shown in Table 6.8. For this data,
the significance status shows that mass gain of the set of samples which were exposed the the
acoustic pressure field did differ significantly to the control batch of samples with a 99.9998 %
confidence level. The samples exposed to the 2.5 pm pressure acoustic pressure field gained
between 120 and 170 mg during exposure to the ultrasonic wave field. In comparison, the

control sample mass gain varied from between 23 mg and 70 mg during the controlled process.
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Figure 6.7: Comparison of average mass gain and 95% confidence levels between samples
treated with 2.5 pm amplitude ultrasonic pressure field and the control batch
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’ ‘ Tested ‘ Control ‘

Mean 0.1460 | 0.0460
Variance 0.0026 | 0.0023
No. Samples 17 16

Table 6.7: Data Analysis for mass gain of the samples treated with 2.5 ym amplitude ultrasonic
pressure field compared to the control

‘ Statistical Characteristic Value
Critical value for 95% confidence 1.17
Calculated t value -5.81
Significance status 99.9998% : Significant

Table 6.8: Statistical Output for Data Analysis for Mass gain of the samples treated with 2.5
pm amplitude ultrasonic pressure field compared to the control

6.3 Conclusions

6.3.1 Tensile Strength Measurements

Measurements showed a variation in tensile strength between the two batches of control
samples. This is caused by the difference in moisture content between the two sample batches
at the time of testing. The samples for the 2.5 pm acoustic field tests had been left to soak at
an ambient environment for 21 days. In contrast, the samples for the 5 pm acoustic field test
had been soaked for 35 days. It is thought that after 35 day duration, the sample pores are
essentially filled with the saturation fluid (i.e. almost fully saturated) whereas the samples
soaked for 21 days are partially saturated. As outlined in Figure 3.8 (Chapter 3) the increased

moisture content results in a lower tensile strength of the sample.

To consider the tensile strength of the samples following exposure to an ultrasonic field, the
treated samples are compared to the corresponding control batch only. It was expected that
the alternating acoustic field would generate stresses within the sample which enhance micro-
cracks, decreasing the strength resulting in a lower tensile strength. In contrast to what was
expected, statistical analysis confirmed what was indicated through graphical representation
- that there was an insignificant difference between the tensile strength of samples exposed to

a b pum acoustic pressure field when compared to the corresponding control batch. Further
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unexpected results were measured for the samples exposed to the 2.5 pm acoustic pressure
field showed a statistically significant increase in strength of the samples when compared to

the control batch.

Calculated peak stresses generated in the samples as a result of the 5 um and 2.5 ym amplitude
acoustic field reached 285 and 764 kPa respectively. The compressive and tensile strengths
of the sandstone samples was measured as 36.3 and 71.2 MPa respectively. These stresses
generated within the samples were below that calculated within the samples as a result of the
acoustic field, however it should be noted that the stress generated within the sample as a
result of an acoustic field was not intended to directly exceed the strength of the sample, but
the application of the cyclic acoustic wave field to weaken regions within the sample. It is this
cyclic load on the sample which is proposed to cause a strength decrease during oscillating

loading would cause an effect on the rock matrix resulting in a decrease in strength.

Research has shown that in contrast to metals, the fatigue life of geo-materials is affected by
the frequency of loading. Application of an oscillating force in granite samples showed that
a higher frequency field (5 Hz as opposed to 1 Hz) resulted in an increase in fatigue life and
decrease in rock propagation rate [119]. It has also been shown that the dynamic strength of
the rock depends on loading rate, where fatigue life increases with increasing frequency [120].
Studies on intact sandstone show a decrease in fatigue strength within the frequency range
of 0.1 - 3 Hz, however at a frequency of 10 Hz the rock showed an increase in strength and
deformation properties. Investigations based on the high dependence of micro-structure on
sample properties concluded that a redistribution of grains occurs during exposure to the
cyclic load, making the rock more compact and the sample stiffer. They found that the
cyclic loading response is sensitive to geometry and mineralogy [121]. It is proposed that low
frequency loading enabled the brittle behaviour of the rock to develop, where crack growth

has enough time to coalesce and generate a failure at the maximum load [119].

Investigations have been performed on the dependence of the frequency of the applied load
at low frequencies and with a variety of wave shapes [122], however there were no similar

investigations performed at an ultrasonic frequency.

Based on research performed at low frequencies, it is suggested that the lack of difference in
tensile strength observed with the 5 pm amplitude may be explained by the existence of a
threshold stress under which there is no significant change to the rock matrix. It is clear that
the behaviour exhibited here is extremely complex, and further thorough experimentation and
investigation is research is necessary before any conclusions are drawn regarding these results.
Further to the changes in tensile strength, cavitation erosion was evident throughout testing

which in sufficient amplitudes could cause a decrease in sample strength, the breakdown of
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blockages or change of properties of the pore wall.

6.3.2 Pore Fluid Loss

Mass measurements of the sample before and after testing was used to determine how much
fluid was contained within the sample pores. An increase of mass signifies the displacement of
air within the sample pores by the fluid within the cavitation bath. The difference between the
mags gain for the control treatment can be explained by the duration of the saturation period
prior to testing. As highlighted, the control samples for the 5 pm amplitude test had a higher
moisture content than the control samples for the 2.5 ym amplitude test following soaking
durations of 35 and 21 days respectively. Control samples were intended for comparison with
the tested samples only. Excluding the duration of saturation the control samples experienced

the same conditions throughout testing.

Samples exposed to 5 um acoustic field experienced a loss in mass compared with the control.
This indicates a significant loss of mass of the rock and containing fluid during the test. The
measured mass loss can be accounted for by cavitation erosion of the external surface, as shown
in Figure 6.8. Eroded rock could be seen at the bottom of the tank and dispersed within the
fluid. Significant cavitation erosion was also observed surrounding samples exposed to the 2.5
pm acoustic field, however any decrease of mass measured due to erosion was shielded by the
displacement of gas bubbles within the pores with surrounding fluid of greater density and
therefore increasing the mass. This was observed by bubble formation at the pore surface

during ultrasonic exposure.

The relative gain in mass observed for the samples exposed to the 2.5 pum acoustic field
indicates an exchange of air within the sample pores with the surrounding fluid. Air bubbles
were observed forming at the mouth of the pores during the 30 minutes of exposure before
detaching and rising to the surface. The gas within the pores is displaced by the heavier fluid
resulting in the mass change. This effect would make a larger impact for these samples as
opposed to those exposed to the 5 pm due to the difference in air content of the pores prior
to testing. The 5 um samples had been soaked longer therefore had less pore air content to
displace. On the other hand, the 2.5 ym amplitude acoustic field may also be a more effective
amplitude to cause this displacement. The displacement of fluid as a result of the acoustic
field is clear, however the exact reason for the 2.5 ym amplitude having a more pronounced

effect needs further investigation with consistently saturated samples to be confirmed.
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Figure 6.8: Cavitation erosion evident during testing

6.3.3 Conclusion

The inconsistent and unexplained variation of reservoir recovery following nearby seismic
activity is the source of this investigation. Evidence shows the generation of ultrasonic wave
fields at a range of frequencies up to 150 MHz within a saturated, porous media due to seismic
waves travelling through. The investigation looked to potential mechanisms brought about by
these ultrasonic field within the fluid saturated porous rock within the reservoir. This study
is intended as a preliminary stage of research performed at atmospheric conditions, where any
observed effect would need further investigation to see if the specific type of wave field had

the potential to be generated within a reservoir.

The two main mechanisms of investigation can be separated into the decrease of strength of
the reservoir rock with subsequent fracture and modification of the properties of the pore
walls, pore fluid or interaction between the two. These mechanisms were studied following
investigations into these changes in reservoir activity supported by research into other effects

brought about due to ultrasonic wave fields.

Firstly, we remind ourselves of the ways in which the recovery of reservoir fluid can be
enhanced. Petroleum is prevented from being recovered either by sedimentary rock providing
a barrier to fluid flow or the physical properties of the fluid making it immobile. Increasing the
pathways between where the petroleum is held and where it is readily recovered is proposed
by acoustic wave interactions with the rock matrix or with the fluid held within the rock
matrix. The acoustic waves generate internal stresses within the rock matrix. In addition,
the acoustic wave causes cavitation bubbles to be generated at the fluid to pore wall interface
and within the pore fluid itself. This cavitation acts on a microscopic level to erode the wall

of the rock matrix and increase the number or volume of pathways.
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Recalling the material balance, Equation 1.1 in Chapter 1.1, we know that increasing the

efficiency of a reservoir can be caused as a result of the following processes:

Increasing the free gas within the reservoir

Increasing the free oil within the reservoir

Increasing the free water within the reservoir

Increasing the free pore volume of the reservoir

Increasing fluid mobility

The goal of increasing the free pore volume and therefore fluid mobility by decreasing the
strength of the rock following ultrasonic exposure did not yield expected results. While
cavitation was observed eroding the walls of the sample, a significant decrease in sample
strength was not measured following the tested conditions. Cavitation erosion effects could
be implemented within reservoir conditions to increase the pore volume or to erode barriers to
the fluid motion between pores which can arise during reservoir recovery. This is a preliminary
investigation and will need significant and extensive further research into the feasibility of
implementation with real reservoir fluids and conditions using a more realistic representation

of the ultrasonic wavefields which have been postulated to be generated within the reservoir.

Where petroleum exists within a reservoir, it is likely that there is a considerable quantity
of accompanying dissolved gas and water. Behaviour of the test fluids within the pores as a
result of the interacting acoustic field showed an exchange of gaseous content of the pore fluids
with the degassed surrounding fluid. This gas fluid exchanged caused by bubble generation
could bring about localised perturbations within a reservoir increasing the free gas content
and modifying recovery. Although the presence of gas bubbles within the rock samples would
be significant compared to the dispersed gas molecules within a saturated reservoir, the state
exchange poses a promising driving mechanism for enhanced reservoir recovery. Separating the
states within the petroleum replicates the effects coming into play with naturally occurring
drive mechanism such gas cap drive and water drive. Where these mechanisms could be
implemented at the wave fields generated due to seismic wave dispersion, they would exist as
a secondary recovery mechanism which utilises the natural processes. This is supported by the
exchange of fluids observed with the core investigation. Analysis into the range of frequencies
and amplitudes for which this interaction of differing states occurs would be beneficial to

determine the best method of application to a reservoir.

It is proposed that in extension to this research, investigation into a more localised pore fluid
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interaction be progressed with regard to reservoir recovery to determine what is happening at
this level to cause the gas-fluid exchange. Regarding the strength increase observed, additional
supporting research would need to be performed to get a better understanding of what is
happening at the rock matrix level. Results indicate at a threshold value at which an increase
in rock strength occurs below which there is no influence. This should be investigated and
could be implemented along with reservoir recovery to increase strength in alternative fields

or for alternative uses such as increasing the integrity of porous rock.
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Chapter 7

Further Work

Basic investigation into a variety of potential further mechanisms of porous rock fracture as
a result of ultrasonic wave fields was performed, however due to time and sample quantity
limitations no statistically significant analysis was carried out. A brief summary of these
findings which may be further investigated to support the investigation are highlighted in this
chapter with a brief description of the background to the study.

In the core investigation, increasing permeability as a result of enhancing pathways for fluid
flow or modifying the behaviour of the fluid within the pores was considered. Water saturated
samples only were used for the core investigation, however to get a better understanding of
the changes of the fluid properties in response to the acoustic field, a variety of saturation

fluids are compared here.

7.1 Fluid behaviour with a Cavitation Field

7.1.1 Background

Modification of the way in which different pore fluids interacts with each other and the rock
maftrix under an ultrasonic wave-field is explored. Possible enhancements of fluid flow within

pores is proposed by:

e Encouraging peristaltic movement of the pore fluid
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e Enhancing pore pathways by eroding blockages or generating new pathways

e Stimulating fluid motion

Peristaltic movement occurs when a mechanical wave travels along the surface of material. It
is the same method by which the oesophagus transports food from the mouth to the stomach
by generating a wave of compression which forces food down the tract. In sandstone it is the
acoustic wave travelling along the pore walls of the samples which causes the fluid to flow
through. Any blockages within the pores such as sediment build up during fluid migration
through a reservoir could be unblocked by this mechanical vibration providing the material
with enough energy to move. For example, asphaltene deposits are a common problem in
reservoirs following recovery which clog the well-bore tubing and valves, as well as coating

the surface safety and process control equipment.

In addition to this mechanical vibration, cavitation erosion of the pore walls will increase the
pathways available for fluid to flow in porous rock. As mentioned in the core investigation,
cavitation bubbles can stimulate fluid flow by generating localised high pressures and

temperatures, or erratic pressure fields at the fluid interface stimulating flow.

Sandstone samples of 52 mm in length and 36 mm diameter are saturated with one of three
types of saturation fluid, exposed to an ultrasonic wave field and then dried. The cavitation
field was applied to determine how bubble collapse affects sample strength, the interaction
between saturation fluid and sample and the interaction between the saturation fluid with the

surrounding water.

Investigation into the relationship between a range of saturation fluids and the pore walls as a
result of ultrasound exposure would be useful to determine if the material properties between

the imbibing water and saturation fluid can be modified to enhance saturation fluid mobility.

7.1.2 Reservoir Fluids and Saturation Fluids

The wide range of fluid types and states present within a reservoir comes about as a result of
the conditions the petroleum experiences throughout its generation, migration and storage.
As described in Chapter 1, oil within reservoirs can range from light [21] or heavy [89]. With

this range of oil comes a range of properties, as shown in Table 7.1.

Water, kerosene and rapeseed oil were used as saturation fluids. They were chosen due to
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Fluid Density Viscosity Surface tension Interfacial Tension (w/water)
g/cms cpP Dynes/cm Dynes/cm
Light Mineral Oil  0.8383 35.5 32 51.0
Heavy Mineral Oil  0.8508 167 46.2 61.8

Table 7.1: Fluid properties of light and heavy mineral oils

their differing densities, viscosities, surface tensions and interfacial tensions which are listed
in Table 7.2. This allows the effect of the acoustic fields on the interaction between the rock
and the differing fluid properties to be considered. The range of properties allows comparison
of the effect of the ultrasonic treatment upon these to be isolated. Water provides the control

fluid and also represents water which would be present within a reservoir.

Fluid Density Viscosity Surface tension IFT (w/water)
g/cms cP Dynes/cm Dynes/cm
Water [21,123] 1 1.0038 72.86 1
Kerosene 0.768 2.9 27 48
Rapeseed oil [124-127]  0.9073 78.8 35.7 30

Table 7.2: Fluid properties of the saturation fluids used for testing at room temperature

7.2 Visual Observations

As previously described, cavitation bubbles generates extreme localised pressures and
temperatures on collapse which is thought to erode the surface of the rock and modify the
interaction between the pore walls and saturation fluid to enhance fluid flow. Samples were
saturated with one of the three saturation fluid using the wicking method. The fluid absorbed
during the saturation process is referred to as the ’Saturation fluid’. To remove the variability
associated with commercial cavitation baths, increase visibility and for greater control over

the parameters, a cavitation bath was mad using a vessel, degassed fluid and acoustic source.

A 20 kHz piston transducer was placed in a cavitation bath, consisting of a transparent
cylindrical water vessel of 100 mm diameter and 110 mm in height of relatively low volume at
room temperature and atmospheric conditions. The low volume vessel was used to maximise
the acoustic pressure field within the area and increase the cavitation activity. The amplitude
of vibration of the ultrasonic source and exposure time were varied in order to observe how
this affected the cavitation field created. The setup along with a pictorial representation

(for clarity) can be seen in Figure 7.1. The Samples were placed in the cavitation bath bath
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containing degassed, deionised water and a 20kHz planar transducer was applied to the surface
to generate a cavitation field. The degassed, deionised water was used to yield more consistent
and repeatable cavitation activity under the ultrasonic wave field due to the higher level of
control of the fluid. The cavitation field was quantified by measuring the Broadband Acoustic
Power (BIP) using the Cavimeter (as described in Chapter 5) to measure emissions which are
generated during cavitation bubble collapse [128-130]. This is measured in cavitation meter
units of 1075V2Hz or uV2Hz.

Ultrasonic
-_— Source —

Water

Sample —~

Figure 7.1: Experimental set-up for an optimum cavitation field

A high speed camera was used to observe the response of rapeseed oil saturated samples
within a cavitation field with an amplitude of 1, 2 and 3 1076V2Hz. As expected, increasing
the amplitude of cavitation activity from 1 to 3 increases the aggression of response of the
saturation fluid of the samples. A comparison of the response of rapeseed oil saturated samples

to the acoustic field can be seen in Figure 7.3.

The high speed camera captured the interaction between a cavitation field of amplitude of
3 pV?Hz BIP and sandstone samples saturated with the three saturation fluids. The fluid
behaviours compared in Table 7.4. This amplitude was chosen to enhance the observed effects

and for ease of visibility.

For water saturated samples the cavitation activity can be seen as a cloud of eroded sediment
dispersed in the surrounding fluid. Within 1 second of switching on the acoustic field,
cavitation erosion can be seen at the bottom of the samples in contact with the stand and at
the top surface of the sample. As time progresses, this sediment cloud grows as more of the
sample is eroded. The top surface of the sample closest to the acoustic source is the main

cavitation erosion site as seen at 60 seconds.
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Time (s)

1 uV2Hz

2 WV2Hz

3 uV2Hz

Table 7.3: Rapeseed oil saturated sandstone sample behaviour when exposed to a caviation
bath over time

For kerosene saturated samples, cavitation erosion can be recognised at 1 second as a mixture
of saturation fluid and eroded sediment in a cavitation cloud at the top surface of the sample.
At 5 seconds, this cloud has grown and begun to develop at the bottom of the sample in
contact with the stand. Further cavitation erosion can and what appears to be kerosene
removal from the sample pores from the top of the sample. At 40 seconds the kerosene which
has been removed from the sample and eroded sediment has spread significantly from the
sample into the surrounding cavitation bath and additional areas of cavitation activity are
identified at the sides of the sample. For the 60 and 80 second pictures the sample can be

barely seen through a cloud of kerosene and sediment as the sediment spreads further.

For the rapeseed oil saturated samples, cavitation activity can be observed from 1 second
as the fluid and eroded sediment is seen emerging from the pores at the top surface of the
sample. As transient activity continues, more pronounced bulbous accumulations of the oil
can be seen being draw outwards from the pores of the sample. In contrast to the kerosene,

the rapeseed oil spreads upwards and remains in a more globular form.

Following cavitation testing, the fluid from the bath was filtered to identify any sediment
which eroded from the samples. These filters can be seen in Figure 7.2 and are used for
discussion of erosion activity between the samples. The highest quantity of sediment erosion
was observed for the water saturated sandstone samples with an increase of sediment observed
following exposure to higher amplitudes of cavitation amplitude. Kerosene saturated samples
show the next largest quantity of sediment erosion, also producing an increased quantity of

sediment with increased amplitude of BIP during cavitation. The filtered water from the test
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Time (s)

Water

Kerosene

Rapeseed Oil

Table 7.4: Comparison of response of various fluid saturated samples with time

of rapeseed oil saturated sandstone showed the least filtered sediment. This may be a result of
mixing between the sediment and rapeseed oil itself making an emulsion which was observed
on the surface of the sample following testing as opposed to being dispersed within the water
due to the inter-facial tension forces between the two fluids. It must be noted however, that
since the samples were not flushed out after treatment, this filtered water will only contain
the sediment which is eroded from the outer circumference of the sample which were capable
of detaching from the rock and fluid. Any sediment eroded from within the pores of the
sample, or where the sediment is unable to adhere from the fluid or rock interface would not

be accounted for.

To confirm that cavitation erosion was occurring at the surface of the rock, plaster samples
were exposed to the cavitation bath to compare a uniform, non-porous material to the
sandstone samples. Following exposure to the cavitation bath, erosion was also visible on
surface of the plaster samples. The outer surface of a plaster which had been exposed to
a transient cavitation field is shown alongside a sample which had not been exposed to a
cavitation field in Figure 7.3. This confirms that the field facilitates cavitation activity at the

surface of the sample.

When a dry sample is placed within the cavitation bath, bubbles are observed growing and
detaching from the pore mouth at a constant rate as water naturally displaces the air within
them. When the ultrasonic field is applied to the bath, bubble formation stops. Vibration
of the sandstone pores due to the ultrasonic field appears to inhibit the flow of fluid into the
sample to displace the air at this amplitude. A further increase in amplitude of acoustic field

saw the return of this bubble formation, however at a less consistent rate.
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Water

Kerosene

Rapeseed
Oil

Figure 7.2: Filter from transient cavitation exposure of sandstone samples saturated with the
three saturation fluids, after three amplitudes of BIP

As the sample is placed in the fluid the displacement of air at the pore surface of the sample
with the surrounding fluid occurs naturally. Once the acoustic field is switched on, this natural
displacement is upset, potentially due to vibration of the pore walls or agitation of the fluid at
the mouth of the pore. As the amplitude of the acoustic field is increased, the displacement of
gas with fluid returns. It is thought that this is the acoustic field causing mechanical agitation

within the sample providing peristaltic motion to allow the flow of the fluid into the sample.

Dry samples in contrast to the samples with saturation fluid have a saturation fluid to
cavitation water interface preventing the natural displacement. When the rapeseed oil and
kerosene samples are placed in the water without the acoustic field being switched on, no
bubbles are observed at the surface of the pores. It is not until the acoustic field is initiated
that displacement of fluids occurs. Research has shown that an acoustic field provides the
change in pressure necessary to overcome the capillary and gravitational forces which holding
fluid in place [131]. The peak droplet rate of a fluid under an acoustic field has been found to
be proportional to the fluid viscosity and inversely proportional to the interfacial tension. The
peak droplet rate is shown to be higher with increasing amplitude and frequency of ultrasonic
wave field [89].
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(a) Side view

(b) Top view

Figure 7.3: Control vs Transient Cavitaiton bath exposure of Plaster samples. Note: control
sample is on the left

7.3 Findings

The cavitation field was used to look for a change of fluid properties, rock matrix or
permeability using the localised high pressure and temperature generated at bubble collapse.
Again, looking at the material balance equation of Chapter 1.1, we know that the recovery
of petroleum or water from a reservoir can be controlled by modifying the free volume of the
oil, gas or water, increasing the pore volume or water water influx. In changing the fluid
properties, a change in available or 'free’ fluid can be made. Changing the pore volume of the

matrix is another method of increasing reservoir recovery.
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Fluid properties

Literature tells us that the temperatures and pressures generated as a result of the cavitation
bubble could be used to lower the viscosity of the fluids, provide enough energy for the
fluid to overcome the surface tension properties holding it in place, erode the rock matrix to
change rock wettability or increase the amount of pores and therefore permeability. These
tests have showed that the cavitation field caused relative motion and dispersion of fluid from
saturated pores with the effect being more pronounce with increasing cavitation amplitude.
The cavitation bubbles were ohserved drawing gas from the saturation fluid at the pore surface.
Additionally, bubbles were observed drawing the fluid within the pores under the ultrasonic
field.

The highly viscous rapeseed oil was observed dispersing within the fluid as a result of the
ultrasonic wave field. This shows a change in state of the fluid making it more susceptible to
flow. An example of this is where cavitation was shown in lab conditions to cause cracking of
petroleum into lighter constituents [132] which are more easily obtained. The effects which
are involved in this cracking from one state of oil to another could be occurring here, and

implements within a reservoir to ease the rate at which the oil can be recovered.

Increasing fluid mobility can also take the form of pore wall modifications by changing the
wettability of the pore to the fluid. Wettability is dictated by cohesion and adhesion which
has been showed to altar from one form to another using cavitation [133]. The surface of the
rock changes from oil wet to water wet would release the strong pull of the rock wall to the

oil, making it more easily recovered.

Separating the gas from the saturation fluid could be used to modify the capillary pressure
within reservoir pores, which could be used to enhance gas cap reservoir recovery at the

primary stages.

This fluid agitation could also be applied in conjunction with other enhanced recovery
mechanism which drive fluids into the reservoir to enhance recovery. For example, the pumping
down of carbon dioxide which is sometimes performed would increase the amount of cavitation

opportunity to decrease the petroleum resistance to flow.
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Rock Matrix Properties

Literature shows that the ultrasonic wave field used to generate the cavitation bubbles can
cause peristaltic movement of the pore walls which drives the fluid, with optimum acoustic
amplitude relating to the pore fluid viscosity and inter-facial tension of the fluid. Peristaltic
motion of the pores in a reservoir would be extremely beneficial to enhancing oil recovery and
could cause trapped residual oil droplets to combine making them more mobile. Investigation
of the amplitude necessary for an effect within a pore channel should be investigated along

with research into what is achievable amplitudes within a real reservoir conditions.

Permeability

As identified in the previous chapter, cavitation erosion is occurring under the ultrasonic field,
which could be manipulated to expand micro-cracks and enhance pore pathways, increasing
the pore volume and thereby the permeability. This could be used to break down asphaltene
deposits within a reservoir which are generated throughout recovery. It must also be noted,
that this erosion could also cause the opposite effect if implemented incorrectly by eroded

sediment generating a new blockage.

7.3.1 Further Work

Based on this investigation, the following avenues of further research are suggested:

e Develop a means of testing permeability of samples to kerosene and rapeseed oil would
be beneficial to the study to determine if the wettability of the rock is being changed
during ultrasound exposure. This could heavily enhance reservoir recovery changing
from oil to water wet rock. Real time in pore analysis such as x-ray scanning, or using
a slice of porous rock against a transparent vessel would also aid in understanding what
is happening under the effects of the ultrasonic wave fields. The real time effect of the

ultrasonic wave field on the capillary forces can be observed using this method.

e Given the complexity of the cavitation process and the abundance of parameters, an
investigation into the feasibility of generating cavitation at the high pressures and
temperatures experienced within a reservoir would be the next step toward utilising

cavitation as an effective reservoir recovery mechanism.
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e Regarding the relative motion of the fluid, the relationship between the optimum
amplitude and frequency to promote motion of fluids at the range of viscosities and
densities relevant to reservoir oil should also be considered for two reasons. Firstly, to
determine if they are realistically generated waves within a reservoir and secondly to
ensure that the reduction of relative motion measured as a result of the ultrasonic wave

field at certain frequencies does not decrease the recovery.

e More complex FEA of the multi-physics relationship at the pore- fluid interface would
benefit further study by allowing the wave dispersion to be more accurately measured.
Using this model, the pore wall properties, pore fluid properties and relationship between

the two could be further analysed.

e Modification of the wave delivery method, such as the dual-shock lithotripsy method
which has been a recent cause of interest within the profession could provide a more

efficient form of wave delivery for reservoir recovery methods.
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