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ABSTRACT

Coalbed Methane (CBM) is unconventional gas reservoir. High volume of gas located in
bituminous coal rank. Coalbed Methane reservoir is dual porosity which is fracture and
matrix porosity, gas or other liquids situated in the matrix porosity and migrate through
the continuous fracture called face cleats or through the discontinuous fracture called
butt cleats. The extraction or production can be made in term of desorption of gas from
coal. Desorption becomes more difficult when water production presents in the coal has
not been produced therefore it hinders the methane desorption or methane stuck in the
matrix and also less permeability of coal will create an inconvenience for methane to
migrate or flow from matrix and the declination of methane production. These are the
encountered problems that coalbed methane need to be stimulated. Therefore this
project is to investigate the effect of changes in Malaysian coal sample characteristics in
accordance with the important parameters i.e., frequency, surfactant and temperature.
Coal samples from Balingian coalfield, Sarawak, Malaysia are tested to investigate the
effect of surfactant and different frequencies at specified temperatures at which yield the
positive maximum effect called optimum condition. The results indicate that the coal
characteristics are improved or increased at optimum condition. Surfactant stimulation
yields the enlargement of the pore of the coal sample at higher temperature. Vibration
stimulation proves the improvement of coal properties at optimum frequency of 50 Hz
for both temperatures of 50 °C and 70 °C. Hopefully this project can bring some new

changes in study of the coalbed methane in the future.
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CHAPTER 1
INTRODUCTION
1.1 Background of study

Energy is critically needed in term of development. The demand is always
tremendously high with depleting in natural gas resources, particularly in the
developing country like Malaysia. To supply the high demand with the scarce
resources, Unconventional gas resource like coal (new alternative), cleaner and more
environmental friendly energy is required. In 1851, coal mining in Malaysia had
started. Recently the volume of Malaysian coal is 1050 million tons with coal rank
from lignite to anthracite. The coal resources are found mostly in Sarawak 69%,
Sabah 29% and other part 2%. Even though the coal reserve is quite big but the
demand for the methane is relatively low, but it is still sufficient to meet its demand
(Mohamed & Lee, 2014).

Even though the coalbed methane has not yet been produced officially, the
abundant study or research on the exploration, extraction and enhancement of
coalbed methane are ongoing, Based on the Preliminary study on gas storage
capacity and gas-in-place for CBM potential found out that the coalbed methane in
Balingian Coal Field, Sarawak Malaysia yields the good potential prospect for the

first time produce coalbed methane in Malaysia (Kong et al, 2011).

Coal is originated from the accumulation of the plant materials called “peat”
in the swamp environment as coal was buried deeper. It undergoes coalification
process where the peat is transformed to lignite, subbituminous, bituminous to
anthracite. Methane is generated by two ways, methanogenic (biogenic) process in
which the methane is produced in accordance to the bacteria activity in the fine-
grained sediment below hundred meters of seabed and thermogenic process where
the methane generation is influenced by the effect of temperature and pressure.
Desorption can be stimulated by reducing the pressure or increasing the temperature

to allow gas to release as free gas from the coal seam (Alberta Energy, 2013).



The mechanism on how unconventional gas reservoir is trapped in the coal
matrix is different from the conventional gas reservoir. For conventional gas
reservoir the hydrocarbon gas stored and occupied the void whereas the
unconventional gas reservoir, methane is trapped on the surface of matrix by the
adsorption in micropores (“Coalbed methane”, 2008). Production of methane can be
obtained by decreasing the pore pressure below desorption pressure which is the
point where the methane desorbs from coal seam as free gas. Coal should have
enough fractures either face cleats or butt cleats for gas and other fluids to flow for

production (Schlumberger Glossary).

Coalbed Methane production is obtained by pumping out water “dewatering”
to help the methane to desorb from the coal matrix. The cleats volume is larger as
water production in CBM reservoir decreases thus increases permeability for gas to
flow whereas in conventional gas reservoir the gas production is high during the

early stage and steadily declines (Kong et al, 2011).

Permeability is essential parameter which drives methane production from
coal. The stimulation methods are needed to accelerate the gas production and
improve the rock and fluid properties by all means (Christian & Tutuka, 2009). The
most common stimulation method is cased hole completion with hydraulic fracturing
applies to all CBM reservoir having permeability less than 100 mD (Ramaswamy,
2007). However there is also new alternative way to stimulate the CBM which is by
using acoustic wave (Christian & Tutuka, 2009).



1.2 Problem statement

Methane desorption becomes more difficult when water production presents
in the coal has not been produced therefore it hinders the methane desorption or
methane stuck in the matrix and also less permeability of coal will create an
inconvenience for methane to migrate or flow from matrix. After dewatering stage,
the stable production stage of methane continues to produce until it reaches the
decline stage which is the stage where methane starts to decline until it becomes
uneconomic to produce. Coalbed methane stimulations are needed to improve
coalbed methane characteristics, accelerate the water production to desorb the
methane and stimulate the coalbed methane to desorb remaining methane in the

decline stage.

1.3 Objectives
The main objectives of this project are

e To study the effect of vibration on Malaysian coal samples at specified
temperatures in order to enhance and improve coalbed methane
characteristics

e To study the effect of surfactant on Malaysian coal samples at specified
temperatures in order to enhance and improve coalbed methane

characteristics

1.4 Scope of study

Experiment in this project was conducted mainly in laboratory. The scope of

study covers the processes in  accordance to the  objectives.



CHAPTER 2
LITERATURE REVIEW
2.1 Formation of coal

The early stage origin of coal begins in the swamp environment saturated
mostly with water. All the plant and flora materials lied on layer by layer due to
compaction form peat formation. The deeper sediments deposit the higher the
pressure and temperature to lose some gases and water to gradually form soft coal or
lignite, the bituminous coal and continue to form anthracite as more gases and water
lose and exhaust. Depth of burial is the main driving force rather than time, different
coal rank can occur in the same time period therefore the coal rank is not the good
parameter to determine the age of origin (Trevor, 1996). Rank of coal indicates the
degree of metamorphism or coalification which is the transformation process of
organic materials therefore different type of plant materials deposit different degree
of coalification and the grade of coal or impurities contained (Miler, 2005). As

shown in figure 2.1

Burial pressure, heat, and time

Bl

Peat ngmfe Bituminous
Sub -bituminous Amhrocufei

Figure2.1: Coal rank formation (Source: Virginia Energy)

Coal rank class is according to the extent of metamorphism indicating the
coal maturation. The higher degree of metamorphism or alternation of coal, the
higher carbon content (Miller, 2005). The amount of carbon content increases with
respect to the coal rank classes; Peat 52-60%, Lignite 58-77%, Bituminous coal 76-
93% and Anthracite 91-93%. The coal rank and its quality are the main factors

indicating the capacity of methane desorption from the coal. The absorption in the



peat is relatively low if it closes to surface and gas can produce directly as free gas
(Anderson, 2003).

2.2 Formation of methane

Throughout the period of diagenesis process or alteration process of change
in sediment to the lithification, the methane is formed by biogenic and thermogenic
processes (Kong et al, 2011). Methane is formed from biogenic process by the
depleting of oxygen causes the anaerobic oxidation of organic matters at low
temperature (Rice & Claypool, 1981). While the thermogenic process, the methane is
formed with respect to the increasing temperature with burial depth. At 250 degree
fahrenheit the degree of produced methane is much higher than carbon dioxide and
methane is generated at maximum temperature of 300 degree fahrenheit (Rightmire,
1984).

2.3 Coalbed methane reservoir

Coalbed methane reservoir is dual porosity which is fracture and matrix.
Matrix acts as the porosity where the methane is adsorbed or stored on the inner coal
surface. Fractures act as the path for gas and other liquids to migrate to the wellbore
as shown in figure 2.2 (a) (Roger, 1994). The fracture in coal called cleat which is
the natural fracture formed by the dehydration or maturing process. Typically there
are two types which are continuous fracture called face cleats and discontinuous by
the effect of face cleat called butt cleats (Tarek & Nathan, 2012). As shown in figure
2.2 (b).

The mechanism on how the methane is stored on the inner surface of the coal
is the adsorption mechanism in which the molecules are attached to the surface.
Adsorption is reversible process because the attraction force is weak, for more
visualized term, adsorption is like how the magnets adhere on the metal surface
unlike the absorption which is irreversible process with high attraction force like how

the water is soaked in the sponge (Christian & Tutuka,2009).
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Figure2.2: (a) Methane desorption stages, (b) the natural fractures of the coal

(Source: Tarek & Nathan, 2012)

According to the Langmuir adsorption isotherm (figure 2.3), assuming in
condensed near liquid state and gas is stored as a single layer on the surface of the
coal. Initially the coal is undersaturated where the reservoir pressure is above
desorption pressure (1000 psia according to figure 2.3). As the reservoir pressure
declines below the desorption pressure (480 psia) undersaturated gas starts to expand
and become free gas releasing from the matrix of the coal. The amount of released
gas can be calculated by different amount of gas at initial pressure to the amount of
gas at final pressure (Christian & Tutuka, 2009).
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Figure2.3: Langmuir Isotherm (Tunio et al, 2012)
2.4 Coalbed methane production

For natural cleats with 100% water saturation, water need to be produced so
that methane can desorb, move freely through the cleat and diffuse from the coal
matrix easily by depressurizing the coal increasing the gas production rate and
decline in water production known as “Dewatering”. Production stage, methane
continues producing up to the maximum and water production becomes stable and
finally declining stage is where methane production declines and becomes

uneconomic to produce. (Roadifer & Moore, 2003). As shown in figure 2.4.

According to Lin (2010) widely used method in methane production is
primary recovery method by using downhole submersible pump to re move the water
production up to reduce reservoir pressure so that methane will desorb from the coal
and flow to wellbore. Grattoni et al (2006) also mentioned that most commonly
method used in methane production is by depleting the pressure which is simple and

effective but not efficient to use when the gas-in-place is less than 50%.
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Figure 2.4: Production cycle of CBM (Rogers et al, 1994)
2.5 Coalbed methane well stimulation

The stimulation methods used in this study are vibration and surfactant
stimulations to see the effect of changes in frequency, Sodium Lauryl Sulfate and
also additional temperature effect.

2.5.1 Vibration stimulation

The experiment was conducted by Christian & Tutuka (2009) using six core
samples with permeability range from 0.240-58.85 mD applying the vibration
frequency of 15-20 Hz , amplitude 5, 20 and 50 mv to the core samples while
injecting the nitrogen gas at 100 psi at overburden pressure of 300 psi. The result of
this study found out that, at optimum frequency 10-15 Hz and amplitude around
20mV lead to increase in permeability from 7.35% to 160 % as shown in figure 2.5.
The greater the amplitude the greater permeability and the vibration method can
reduce dewatering period as shown in figure 2.6. As the greater fracture permeability

more easily for fluid to flow and therefore reservoir productivity is increased.

Ariadji (2005) described the mechanism of vibration that the agitation due to
vibration helps to connect the non-connective porosity, reduce the surface tension,

reduce the tortuosity thus increases the interconnected flow path or permeability. In



term of viscosity, the vibration leads to reduce in viscosity as the stability is

disturbed by agitation.

K () Amplitude (mV)
Initial | ¥ib. 1 | Vib.2 | Vib.3 | Al | A2 | A3

5 £.333 | 11.027 | 12076 | 12.363 k1H h] 20

Sample

Ad | 1056 T.228 5855 160.772 3 20 30

3 024 0.361 0.456 B214 3 | 3l
An | 1.303 1.906 5.03% B.677 3 20 3l
| 58.B5 0423 (.203 (0.208 3 X 3l

Table 2.1: Permeability at different frequencies and amplitudes. (Christian & Tutuka,
2009)

o Dewatering Period (days) AHEE:::.;JdE
‘ Initial | Vib.1 | Vib.2 | Vibh. 3 | Al | A2 | A3
S 4 2 2 2 30 5 20
Ad Il 3 4 I 5 20 | =0
I 7 7 7 fi 30 5 20
3 i3 26 19 4 5 20 | =0
Ah 9 3 4 3 5 20 | =0
1 l.6 21 35 is 5 20 | =0

Table 2.2: Dewatering period at different frequencies and amplitudes. (Christian &
Tutuka, 2009)

The oil extraction from sand for conventional reservoir and methane
desorption from inner coal surface are similar in term of vibration stimulation. The
experiment was conducted by applying low frequencies and observed the effect of
vibration found that the oil extraction rate increases as increases in frequency. When
applied frequency is same with the natural frequency of sand which is 25 Hz the
wettability changes and reduces the adhesion strength causes the oil extracts from the
sand easily. The optimum low frequency range in laboratory scale is also similar in
unconventional reservoir at 15-20 Hz yields the better oil extraction efficiency 8.08%
comparing stimulation with surfactant alone without vibration effect (Jing et al,
2012)



2.5.2 Surfactant stimulation

Laboratory study conducted by Chen et al, (2006) on the effect of inducing
formation damage in coalbed methane by fracture fluids. Irreversible damages of
matrix swelling or gel fluids are plugged in the cleat cause permeability impairment.
To overcome these damages and reduce in permeability, fracture fluids are prepared
to test the improvement of formation. These fluids used in experiment are
conventional gel fluid, gel fluid with surfactant and viscoelastic to be flown through
the core sample which is placed in the core holder under different
overburden/confined pressures adjusted and maintained by pressure holding pump.
Pressure transducers at both upstream and downstream are to measure the pressure
drop across the core sample and flow rate is measured by gas flow meter located at
downstream. The result of this study found out that surface properties improve after
adding Ordered Mesoporous Carbons (OMC) 854 surfactants to the base fluids,
cross-linked gel. Reduce surface tension, contact angle and increase fluid recovery.
Cleanup of the residual fracturing fluids efficiently after stimulation especially for
surfactant added to cross-linked gel. Viscoelastic fluid reduces the permeability

damage, dewatering period and increases methane production.

Zhang (2004) stated that the potential of natural gas hydrate (NGH) relied on
various additives; he also found out that the higher concentration of additive the
higher the rate of NGH, its storage capacity and decreases the induction time where
induction time is the time when gas is introduced during hydrate formation. ICF
(2006) mentioned about the properties of Sodium Dodecyl Sulfate (SDS) or other
common name is Sodium Lauryl Sulfate (SLS) that using SDS as surfactant affects
the wettability of the fluids on the inner coal surface in which the permeability of

water or methane or both is improved.

The statement of Zhang (2004) is consistent with the result of experiment of
different surfactants on methane hydrate conducted by Ganji et al (2007) that
increasing the concentration of SDS from 300 ppm, 500 ppm to 1000 ppm will boost
the disassociation rate of methane hydrate as long as it is below the ice point. As can
be seen in figure 2.7 that the optimum concentration of SDS is 500 ppm where the
hydrate formation becomes constant at about one hour and higher methane hydrate

formation rate comparing to 300 and 1000 ppm. In the same year, they also

10



conducted experiment of mixed compounds on methane hydrate as well and found
out that increasing the rate of surfactant not only increases the methane hydrate but

it also boosts the decomposition rate.

0.6 +

_1—0— Pure water —0— SDS (300 ppm) —#A— SDS (500 ppm) —>— SDS (1000 ppm)l.‘

A A A

L= L=
1, 1r I.;

0.5 1

0.4 4

0.3 1

0.2 4

Moles methane consumed

0.1 4

0 1 2 3 4 5
Time (hr)

Figure 2.5: Methane hydrate formation rate without SDS and different SDS

concentrations in 4.17 mol water (Zhang, 2004)
2.5.3 Temperature stimulation

Laboratory experiment conducted by Zhao, Zhao and Feng (2011) to see the
desorption capacity of coalbed methane when affected by the water injection and
temperature. Experiment was conducted by increasing temperatures from 15, 20, 25,
30, 35 to 40 degree Celsius. The results of this study found that increasing
temperature gives the positive impact on the higher coal rank because it reduces the
matrix shrinkage during methane production, increases permeability and coalbed
methane recovery ratio. More CBM production increases intensively lead to
reduction in temperature downhole and the less permeability in higher coal rank, all
these conditions hinder the methane desorption. CBM is put forward to the rising-
temperature concept for improving methane desorption as the temperature is more
positively correlated with the desorption rather than adsorption. In the same year,
Salmachi & Haghighi (2012) also conducted experiment to investigate the effects of
temperature on gas sorption. The result of this study is that the methane adsorption

affinity reduces 50% with increasing temperatures from 308-348 Kelvin.

11
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Figure 2.6: The Percentage desorption (PD) as a function of water pressure at
constant temperature 25 degree Celsius (left) and function of water temperature at
constant 8.0 MPa (right) (Zhao, Zhao and Feng (2011)

As shown in figure 2.6, The PD is the ratio of desorption volume to the
adsorption volume. Applying water jet or high water pressure to the coal sample
improves the drainage area but prevents the methane from coal thus desorption is low
and as temperature increases desorption improves significantly therefore heated
hydro-fracture is suitable and feasible for CBM production (Zhao, Zhao and Feng
(2011).

Based on the work of Arenas & Chejne (2004), studied on the effect of
temperature and activating agent on porosity. Samples were prepared to undergo
different activating agents; carbon dioxide and nitrogen, and different temperatures.
The result of this study found out that both activating agent and temperature
significantly affect on porosity development. Surface area of coal sample reached
maximum at 50% burn-off as the pore wall started to merge due to thermal annealing
effect and then decreased at higher temperatures same goes to pore size distribution
(PSD) initially increased to maximum and reduced at higher burn-off. Coal rank is
also significant parameter influencing the porosity. Coal structure tends to be more

compact, microporous structure and less reactive at higher coal rank.

12



CHAPTER 3
METHODOLOGY

Methodology of this project involves the experiment using frequency, temperature

and surfactant in laboratory.
3.1 Correlation between methods and objectives

To make sure the experiment runs smoothly and safely, understand the
procedures and awareness of the hazard are important to avoid undesired

consequences

Table 3.1: Correlation between the objectives and methodology

Obijectives Methodology

To study the effect of vibration on | 1. Vibration shaker equipment
Malaysian coal samples at specified | 2. Mercury Porosimeter equipment

temperatures

To study the effect of surfactant on | 1. Sodium Lauryl Sulfate experiment
Malaysian coal samples at specified | 2. Mercury Porosimeter equipment

temperatures

3.2 Materials
1. Malaysian sub-bituminous coal
2. 20 mg Sodium Lauryl Sulfate (SLS) Surfactant in 20 ml water

3.3 Experimental apparatus

Figure 3.1: Containers Figure 3.2: Zip lock bags & Al foils

13




Figure 3.3: Hammer & Cutting tools Figure 3.4: Density test set

Figure 3.7: Vibration Shaker setup Figure 3.8: Oven

14



3.4 Control — constraints — constants

Table 3.2: Control, constraints and constants in experiment

Control

Constraints

Constants

Shockproof : Soft papers

Availability of equipment:

time gap

Duration of surfactant and

temperatures is two hours

Maintain temperature:
Aluminium foil, Plastic
lock zip and closed

container

Uncontinuity

Duration of vibration: one
minute and Gravitational

force 9.81 m/s?

One system: Fix the
sample on the plate of
vibration shaker rigidly
by double- sided tape

Fresh samples only:
Sample after Mercury
Porosimeter cannot be

reused due to toxic

20 mg Sodium Lauryl
Sulfate in 20 ml water

Coal samples are very
brittle

Initial weight 0.20 grams
& density 1.333 g /cm3

3.5 Experimental procedures / project activities

3.5.1 Coal samples preparation

1. Coal samples were taken from Balingian coalfield, Sarawak Malaysia.

2. The coals were broken into small pieces.

3. Thirteen (13) pieces of 0.2 grams of samples were prepared

4. The density of coal samples were determined as figure 3.4.

(i) The sample was weighted in air (gram) by using weighing scale.

(if) The sample was weighted in water (gram) by using density test set. As

shown in figure 3.9.

(iii) Density (g /cm3) was calculated from the division of weight in air over

the difference between the weight in air and weight in water.

5. The samples were dried in the oven at 100 °C for two hours.
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6. The properties of coal sample was measured by using Mercury Porosimeter (figure
3.5). Noted that weight in air and density are required prior performing the

measurement.

7. The prepared samples were wrapped by Aluminium foil, kept in closed container

and plastic zip lock for next experiments.

Figure: 3.9: Density test setup

3.5.2 Effect of temperatures
1. Four (4) coal samples were prepared.
2. Each sample was dried in the oven at 30, 50, 70 and 90 °C for two hours.
3. The density of coal samples were determined as figure 3.4.
(i) The sample was weighted in air (gram) by using weighing scale.

(if) The sample was weighted in water (gram) by using density test set. As

shown in figure 3.9.

(iii) Density (g /cm3) was calculated from the division of weight in air over

the difference between the weight in air and weight in water.
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4. The density tested sample was dried in the oven at 100 °C for two hours.

5. The properties of coal sample was measured by using Mercury Porosimeter (figure
3.5). Noted that weight in air and density are required prior performing the

measurement.
3.5.3 Effect of surfactant stimulation
1. Two coal samples were prepared

2. One coal sample was dried in the oven at 50 °C for two hours and another one at
70°C for two hours and wrapped by Aluminium foil, kept in closed container and

plastic zip lock for next experiments as shown in figure 3.10.

Figure 3.10: Maintain the temperature of the coal samples

3. Both coal samples were dip in 20 mg Sodium Lauryl Sulfate surfactant dissolved

in 20 ml water for two hours as figure 3.11.

o

Figure 3.11: Dipping sample in the Sodium Lauryl Sulfate surfactant
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4. The tested samples were dried in the oven at 100 °C for two hours.
5. The density of coal samples were determined as figure 3.4.
(i) The sample was weighted in air (gram) by using weighing scale.

(if) The sample was weighted in water (gram) by using density test set. As
shown in figure 3.9.

(iii) Density (g /cm3) was calculated from the division of weight in air over

the difference between the weight in air and weight in water.
6. The density tested samples were dried in the oven at 100 °C for two hours.

7. The properties of coal sample was measured by using Mercury Porosimeter as
shown in figure 3.5. Noted that weight in air and density are required prior

performing the measurement.
3.5.4 Effect of vibration stimulation
1. Six (6) coal samples were prepared

2. Three (3) coal samples were dried in the oven at 50 °C for two hours and three

coal samples at 70°C for two hours as figure 3.10.
3. The coal sample was stuck on the plate of the vibration shaker, as figure 3.12.

4. The vibration shaker was connected to the electronic controller.

Figure 3.12: The coal sample was stuck on the plate of vibration shaker
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5. Frequencies were applied at 50 Hz, 100 Hz and 200 Hz for one minute. Each

frequency was applied on two coal samples at 50°C and 70°C.
6. The density of coal samples were determined as figure 3.4.
(i) The sample was weighted in air (gram) by using weighing scale.

(if) The sample was weighted in water (gram) by using density test set. As

shown in figure 3.9.

(iii) Density (g /cm?®) was calculated from the division of weight in air over

the difference between the weight in air and weight in water.

7. The properties of coal sample was measured by using Mercury Porosimeter (figure
3.5). Noted that weight in air and density are required prior performing the

measurement.
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3.6 Research methodology

COAL SAMPLES PREPARATION

i

EFFECT OF TEMPERATURES

0

APPLY SPECIFIED TEMPERATURES

z
) A4

1 SURFACTANT 2 VIBRATION
STIMULATION STIMULATION
DIP IN APPLY
SURFACTANT FREQUENCIES
DRY AT 100
DEGREE CELSIUS

\— DENSITY TEST + MERCURY POROSIMETER

G (Yes)

NEXT COAL SAMPLES?

{} (No)

RESULTS AND DISCUSSION

y
(o >

Figure 3.13: Research methodology
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3.7 Key milestones

3.7.1 Final Year Project 1

Week 13
Week 8 Submission of
Submission of Interim draft
extended proposal report
Week 9 Week 14
Proposal Submission
defense of Interim
report
Figure 3.14: Project key milestone for FYP1
3.7.2 Final Year Project 2
Week 7
Submission of Week 13
progress report Viva
Week 10 Week 15
Pre-SEDEX Submission
of project

dissertation

Figure 3.15: Project key milestone for FYP2

3.7.3 Experiments Key Milestones

Week 1-3
Vibration Week 7-8
stimulation Result a_nd
without surfactant analysis
Week 4-6 Week 9-10
Vibration Documentation
stimulation
with
surfactant

Figure 3.16: Experiments Key Milestones for FYP2
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3.8 Gantt chart

3.8.1 Final year project 1

No Detail/ Week

1 [ Confirmation of project
topic and supervisor

2 | Preliminary Research
work

3 | Submission of Extended
proposal

4 | Proposal Defense

5 | Project work continue

6 | Submission of Interim
draft report

7 | Submission of Interim

report

Table 3.3: Gantt chart for Final Year Project 1
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3.8.2 Final year project 2

No Detail/ Week |1|2|3|4|5|6|7|8 91101112

1 | Project work

continues

2 | Submission of

Progress Report

3 | Project work

continues

4 | Pre-Sedex

5 | Submission of Draft

final report

6 | Submission of
dissertation (soft
bound)

7 | Submission of
Technical Paper

8 | Viva

9 | Submission of
Project Dissertation
(Hard bound)

Table 3.4: Gantt chart for Final Year Project 2
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3.8.3 Overall experiments against gantt chart

No

Detail/ Week

Supervisors

Consultation

2 | Stimulation design
planning

3 | Booking the
equipment

4 | Coal samples
preparation

5 | Density test

6 | Temperature
stimulation

7 | Surfactant
stimulation

8 | Mercury
Porosimeter
Measurement

9 | Documentation

10 | Vibration
stimulation

Table 3.5: Gantt chart of overall experiments for Final Year Project 2
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CHAPTER 4
RESULTS AND DISCUSSION

Coal samples were prepared and undergone under different stimulation methods
which are temperature, vibration and surfactant. The following sections describe the

effect of change on coal characteristics after stimulation methods.

4.1 Effect of temperatures on coal

Table 4.1: Coal properties after effect of temperatures

) Specific
Porosity . Total
Permeability _ - pore
(%) Temperature | Porosity | specific
Sample (md) surface
Base (°C) (%) volume
Base case area
case (mm3/g)
(m?/g)
Sa 30 14.93 97.26 13.897
So 50 11.61 68.95 16.709
-4.93 0.475
Sg 70 12.02 74.09 13.704
Sc 90 -6.33 -29.45 -6.654

Based on Figure 4.1, Applying temperatures range from 30,50,70 and 90°C found out
that temperature significantly affect the total specific volume of coal which is the
total volume per unit mass of coal. The trend for porosity and total surface are
relatively the same. However optimum porosity , specific volume and total surface
area are at 30 degree Celsius where porosity and specific volume yield highest.
Based on the research of Arenas & Chejne (2004) mentioned that 20% of burn off,
merging of pores are dominant and decreasing in surface areas after high burn-off
due to the conversion of micropore into meso- and macropores. This experiment is
consistent with his work on the development of surface area that maximum surface
area is reached at 50% burn off and gradually decreased. Same goes to PSD that will
decrease at higher burn off. Noted that data from table 4.1 refer to Appendices
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Figure 4.1: Coal

pores curves after effect of temperatures

4.2 Effect of temperatures on porosity & permeability

Table 4.2: Porosity&Permeability results after effect of temperatures

Temperature Tortuosity Permeability )
Sample . ) Porosity (%)
°C) (um*) (md)
S, 30 354.74x 107° 0.359 14.93
So 50 942.43x 1077 0.095 11.61
Sp 70 167.82x 107 0.170 12.02
Sc 90 167.82x107° 0.170 -6.33

Noted that since only tortuosity is provided in Mercury porosimeter report to

determine the permeability of the coal sample, here is the steps how to obtain

permeability from tortuosity and these steps will be applied throughout the report.

Based on International system of units (SI) stated the conversion of one square meter

to darcy as following;

1m? =1.013249966 x 102 D and 1 pm? = 10712 m? = 1.013249966 D

Thus Permeability (mD) = Tortuosity (um?) x 1.013249966 D
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Figure 4.2: Porosity&permeability bar charts after effect of temperatures

Based on Table 4.2 and Figure 4.2, Temperature predominantly affects the porosity

rather than permeability. The development of porosity and permeability as a function

of temperature: porosity and permeability increased to a maximum value at optimum

temperature 30-C and then decreased. These developments depend, in unpredictable

ways on different factors encountered. The highest porosity and permeability are

reached at 30°C due to thermal annealing phenomenon that is the reduced porosity at

higher temperatures and the higher the rank coal, the samples tend to be less reactive

coal lead to more microporous structure. These results are consistant to the work of
Arenas & Chejne (2004). Noted that data from table 4.2 refer to Appendices.

4.3 Effect of surfactant stimulation on coal

Table 4.3: Coal pores properties after effect of surfactant stimulation

Total -
- Specific pore
Temperature ) specific
Sample Porosity (%) surface area
(°C) volume
(m?/g)
(mm?3/g)
Si 50 2.05 16.21 -12.682
S, 70 3.79 34.69 2.109
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Coal pores after effect of
Surfactant Stimulation
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Figure 4.3: Coal pores curves after effect of surfactant stimulation

Based on table 4.3 and figure 4.3, 20 ml Sodium Lauryl Sulfate (SLS) Surfactant in
20 ml water was applied. The results found out that at constant concentration of
surfactant, the porosity, total specific volume and specific pore surface increase at
higher temperature from 50 to 70 °C. the porosity and surface area are relatively low.
Based on the work of Ganji et al (2007) found out that increasing surfactant SLS
concentration will increase the methane hydrate which is preferable in desorption of
methane. It can be concluded that increasing temperature and concentration at
optimum will yield the desired result for CBM stimulation. Noted that data from

table 4.3 refer to the appendices.
4.4 Effect of surfactant stimulation on porosity&permeability

Table 4.4: Porosity&permeability results after effect of surfactant stimulation

Temperatures ) .
Tortuosity Permeability ]
Sample (°C) 5 Porosity (%)
(um*) (md)
S: 50 337.93x 107* 0.034 2.05
S, 70 469.25x 106 0.475 3.79
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Figure 4.4: Porosity&permeability bar charts after effect of surfactant stimulation

Based on Table 4.4 and figure 4.4, Surfactant stimulation where concentration and

volume are fixed constant throughout. The results found out that surfactant

significantly affect the porosity and permeability of the coal samples. Increasing

temperatures, coal characteristics trends tend to increase eventhough the ranges are

quite small. In general, Increase the volume and concentration the porosity and

permeability will also increase.lt is believed that the surfactant helps to reduce the

surface tension, contact angle and increase fluid recovery. Data from table 4.4 refer

to the appendices.

4.5 Effect of vibration stimulation on coal

Table 4.5: Coal pores properties after effect of vibration stimulation

Total Specific

Temperature Porosity | specific surface

¢0) Sample Frequency (%) volume are
) (mm?lg)  (m?g)

S3 50 16.59 121.43 3.295

50 S, 100 N/A

Ss 200 10.91 88.77 2.527

Se 50 17.55 127.66 16.105

70 S 100 -2.23 -15.61 -12.845

Sg 200 2.57 23.08 -2.536
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Coal pores after effect of
Vibration Stimulation
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Figure 4.5: Coal pores curves after effect of vibration stimulation

Based on table and figure 4.5, Vibration stimulation is applied by using vibration
shaker. The results found out that at sample of 50°C Sample 3 and 5, increasing
frequency will yield the lower porosity, specific volume and surface area while for
sample of 70°C which are sample 6,7 and 8 yield the optimum at 50 Hz then
gradually decrease and increase at 200Hz. The negative values indicate the
deformation of internal structure that deteriorates the coal pores. For sample at 50°C
and 100 Hz is not available due to technical problem occurred during measurement
using mercury porosimeter, this constraint refers to table 3.2. It can be concluded
that the optimum frequency of both temperature at 50°C and 70°C are at 50 Hz with
relatively high value of porosity which is the desired effect of CBM stimulation.

4.6 Effect of vibration stimulation on porosity & permeability

Table 4.6: Porosity&permeability results after effect of vibration stimulation

Temperature sample Frequency Tortuosity Permeability | Porosity
(°C) (H2) (um?) (md) (%)
Ss3 50 110.28 x 107* 11.2 16.59
>0 S4 100 N/A
Ss 200 639.45x 107° 6.479 10.91
Se 50 542.68 x 10~° 0.549 17.55
70 S 100 542.68 x 10~° 0.549 -2.23
Sg 200 542.68 x 10~° 0.549 2.57
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Effect of Vibration Stimulation
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Figure 4.6: Porosity&permeability bar charts after effect of vibration stimulation

According to table 4.6 and table 4.6 found out that maximum porosity for both
samples at 50-C and 70-C (S3&S6) are at optimum 50 Hz and tends to reduce after
optimum frequency. For sample at 70-C (S7), at 100 Hz, porosity is severely low and
gradually increases at 200 Hz, In addition, maximum permeability of the sample at
50-C is at optimum 50 Hz (S3) and gradually decrease while the permeabilities of
sample at 70 -C (S6,S7&S8) remain thoroughly constant at 0.549 mD at 50, 100 and
200 Hz therefore frequency does not significantly affect the sample at 70 -C. noted
that density after effect of vibration stimulation is reduced. Ariadji (2005) described
the mechanism of vibration that the agitation due to vibration helps to connect the
non-connective porosity, reduce the surface tension, reduce the tortuosity thus
increase the interconnected flow path or permeability. Noted that data from table 4.5

and 4.6 refer to the appendices.
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4.7 Sample compressibility

Table 4.7: Compressibility results after stimulation effects

) ) Sample
Stimulation o .
Sample compressibility | Permeability (md)
method
(1/MPA)
S, at 30°C 1.144x 1073 0.359
Sp at 50°C 2.336 x 1073 0.095
Effect of
Sgat70°C 1.532x 1073 0.170
temperatures
Sc at 90°C 7.197x 1073 0.170
S 4.034x 1073 0.034
Effect of surfactant
S, 4.009 x 1073 0.475
S5 at 50 Hz 1.784x 107° 11.2
Sg at 200 Hz 0.000 6.479
Effect of vibration Se at 50 Hz 0.000 0.549
S, at 100 Hz 6.353x 1073 0.549
Sg at 200 Hz 2.810x 1073 0.549
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Figure 4.7: Compressibility and permeability curves after stimulations

According to Compressibility and Permeability curves after effect of stimulations.

On the x-axis 1 to 4 are effect after temperature, 5 to 6 are effect after surfactant

32




stimulation and 7 to 11 are effect after vibration stimulation. The results found out
that the lower the sample compressibility the higher permeability. Apparently
reached the peak during vibration stimulation effect at point 7 which is vibration at
50 Hz and 50°C and gradually decreases at higher frequency (100 Hz and 200 Hz)
and also for higher temperature of sample 70°C at 50 Hz, 100 Hz and 200 Hz.Effect
of temperatures, permeabilities are relatively low due to increase in sample
compressibility whereas surfactant stimulation effect is not dominant. It can be
concluded that effect of vibration stimulation yields the relatively high permeability
at low compressibility. When frequency is applied, increase in stress, the coal tends
to gradually bend and break the rock until it exceeds the internal strength changes its
internal structure and cause fractures. In general, increase in stress will decline the
compressibility. Harpalani & Schraufnagel (1990) stated that proper sample
compressibility is important parameter and necessary for analyzing long-term
production data or during drawdown. Noted that data from table 4.7 refer to the

appendices.
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4.8 Density calculations

Table 4.8: Results of density measurement experiment

Weight in air |  Weight in Density
Type of
Sample _ _ (9) water () (g /cm3)
stimulations
Without
Spase ] ) 0.20 0.05 1.333
stimulations
S, at 30°C 0.20 0.05 1.333
Sp at 50°C 0.20 0.05 1.333
Temperatures
Sgat70°C 0.20 0.05 1.333
Sc at90°C 0.20 0.05 1.333
S 0.18 0.04 1.286
Surfactant
S, 0.18 0.04 1.286
S5 at 50 Hz 0.18 0.04 1.286
S, at 100 Hz 0.18 0.04 1.286
Se at 200 Hz o 0.18 0.04 1.286
Vibration
S¢ at 50 Hz 0.18 0.04 1.286
S, at 100 Hz 0.18 0.04 1.286
Sg at 200 Hz 0.18 0.04 1.286

Density(g /cm3) =

[A]: Weight in air (g)
[B]: Weight in water (g)

Density and weight in air of samples are needed for Mercury porosimeter equipment.
The initial weight of sample is 0.20 grams. Based on table 4.8, found out that the
effect after temperatures, Density and initial weight remain constant whereas
surfactant and vibration stimulation slightly affect on density values but it indicates

that after stimulations, the internal structure of the samples do change
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CHAPTER 5
CONCLUSION AND RECOMMENDATIONS

Conclusion after thorough literature review, it can be concluded that the
effect of change in coal characteristics were observed after surfactant and vibration
stimulation at specified temperatures. Based on literatures and experiment, the

conclusion of this study are

e At 30-C which is the optimum temperature after effect of temperatures yields
better improvement of coal characteristics.

e Surfactant stimulation yields the desired effect of CBM stimulation at higher
temperature and concentration.

e Optimum frequency for both 50-C and 70-C are at 50 Hz significantly yields the
high value of porosity and permeability which are the positive effect on coal
characteristic after vibration stimulation.

e Sample compressibility and permeability are inversely proportional to one
another. Compressibility from this experiment can help to provide the proper
compressibility for long term production analysis.

Recommendation on future studies on the effect of desorption and coal
characteristics at constant temperature under different pressures can be conducted
with the same procedures and modified current setup. In addition for future
recommended on this project is to conduct experiments with wider ranges of
temperatures and different types of wave for example acoustic waves,
electromagnetic waves at different frequencies and also apply different volumes of
Sodium Lauryl Sulfate surfactant or different types of surfactant for broader and
comprehensive results. It is highly preferable to invent the integral equipment where
it contains the installed vibration generator, temperature regulator and injection path

of fluid into one whole equipment to avoid such errors from environment and so on.

Objectives were achieved with the successful outcome of Coalbed methane
stimulations by using surfactant and frequencies. The results of this project will be
helpful in finding the suitable method for CBM stimulations and hopefully this
project can bring some new changes on CBM study.
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APPENDICES

MERCURY POROSIMETER RESULTS

Sample A
ThermoFisher SA ’
SCIENTIFIC o Report date:14-10-14

COMPRESSIBILITY CORRECTION

COMPRESSIBILITY - SA

diameter (nm)
1000 100 10

130
120-
110
100

Yolume (mm/g)

Pressure (MPa)

RESULTS WITH COMPRESSIBILITY CORRECTION

Correction enabled (Y/N):

Linearity range:

Carrection factor (mm%g.MPa)
Compressibility factor (MPa.g/mm®)
Compressed volurme {mm®¥g):
Sample compressibility (1/MPa):
Bulk modulus {(MPa):

Total intruded volume (mm3g):
Intruded vol. {mm%:

Envelope density (g/cm?):

Bulk density @ pressure (g/cm®):
Apparent density (g/cm?):

Real void volume by real dens. (mm®%g):

Accessible porosity (%):
Inaccessible porosity (%):

Surface area model:
Tortuosity (Camiglia):

Tortuosity extended calculated:
Exponent cylindrical pare:
Tortuosity extended (Carniglia):

RESULTS OF PERMEABILITY:

Cylindrical pores permeability (pm?):
General permeability calculated:
General permeability (pm?):

Yes

From (MPa): 160.8690 To {MPa):
0.144389

£6.9258

2898

1.144E-3

8.743E+2

200.7112

97.26 at pressure (MPa):
8.42
1.5343
1.6409
1.8043
-98.68
14.93
-30.08

Cylindrical and Plate
2.061

200.7112

0.1735
2007112

at pressure (MPa):
at pressure (MPa):

from Tortuosity
1.754
1.638

365.62E-6
from Tortuosity
354.74E-B
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e Sample B

ThermoFisher
SCIENTIFIC

COMPRESSIBILITY CORRECTION

100000

SB
Comment

COMPRESSIBILITY - 5B
diameter (nm)

10000 1000 100

Report date:14-10-14

110

100

90

80

70

60

50

Yolume (mmig)

40

30

Pressure (MPa)

RESULTS WITH COMPRESSIBILITY CORRECTION

Correction enabled (Y/N): Yes
Linearity range: From (MPa): 160.6489 To (MPa): 200.8111
Correction factor {mm%g.MPa) 0.164008
Compressibility factor (MPa.g/mm? 6.0973
Compressed volume (mm%g): 3293
Sample compressibility (1/MPa): 1532E3
Bulk modulus (MPa): 6.526E+2
Total intruded volurne {rmm%dg): 74.09 at pressure (MPa): 2008111
Intruded val. (mm?: 9.13
Envelope density (g/cm?: 16226
Bulk density @ pressure (g/cm®): 1.7525 at pressure (MPa): 01735
Apparent density (g/cm?): 1.8443 at pressure (MPa): 2008111
Real void volume by real dens. (mm%g):  -133.89
Accessible porosity (%): 12.02
Inaccessible porosity (%): -33.75
ThermoFisher 5B
SCIENTIFIC ORI Report date:14-10-14
OTHER CALC.

{Corrected curve)
RESULTS OF TORTUOSITY:

Surface area model:
Tortuosity (Carniglia):

Tortuosity extended calculated:
Exponent cylindrical pore:
Tortuosity extended {Carniglia):

RESULTS OF PERMEABILITY:

Cylindrical pores permeability (pm?):
General permeability calculated:
General permeability (pm?):

Cylindrical and Plate
2.094

from Tortuosity
1.754
1.664

175.72E-6
from Tortuosity
167 .82E-6
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e SampleC

ThermoFisher
SCIENTIFIC

COMPRESSIBILITY CORRECTION

SC
Camment

COMPRESSIBILITY - SC
diameter (nm)

Report date:14-10-14

100000 10000 1000 100 10
L ool oL LU L L teob-d kbl
63 : ; ‘
60
55-
50
45
- !
A 40 :
5 35 125
o '
S : )
= : '
25 : i
2 a s
154 :
10 ; l ;
5 : : :
ot : : T
0.01 01 1 10 100 1000
Pressure (MPa)
RESULTS WITH COMPRESSIBILITY CORRECTION
Correction enabled (Y/N): Yes
Linearity range: From (MPa): 1606493 To (MPa): 200.8116
Correction factor {mm%g.MPa) 0.475997
Compressibility factor (MPa.g/mm®) 2.1009
Compressed volume (mm®g): 95.58
Sample compressibility (1/MPa): 7197E-3
Bulk modulus (MPa): 1.389E+2
Total intruded volurme {mm®¥dg): -29.45 at pressure (MPa): 200.8116
Intruded val. (mm?): 4.74
Envelope density {g/cm®): 21491
Bulk density @ pressure (g/cm®): 2.2644 at pressure (MPa): 01735
Apparent density (g/cm®): 20212 at pressure (MPa): 200.8116
Real void volume by real dens. (mm%g):  -284.88
Accessible porosity (%): £.33
Inaccessible porosity (%): -54.89
ThermoFisher 5C .
SCIENTIFIC i Report date:14-10-14
OTHER CALC.
(Corrected curve)
RESULTS OF TORTUOSITY:

Surface area model:
Tortuosity (Carniglia):

Tortuosity extended calculated:
Exponent cylindrical pore:
Tortuosity extended {Carmniglia):

RESULTS OF PERMEABILITY:

Cylindrical pores permeability (prm?):
General permeability calculated:
General permeability (um?:

Cylindrical and Plate
2.302

from Tortuosity
1.754
1.829

000EO
from Tortuosity
167.82E-6
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Sample O

ThermoFisher
SCIENTIFIC

COMPRESSIBILITY CORRECTION

100000

SO
Comment

COMPRESSIBILITY - SO
diameter (nm)

10000 1000 100 10

Report date:14-10-14

140
130
120
110
100
90
80
70
60

olume (mmig)

50
40
a0
20

Pressure (MPa)

RESULTS WITH COMPRESSIBILITY CORRECTION

Carrection enabled (Y/N):

Linearity range:

Correction factor (mm%g.MPa)
Compressibility factor (MPa.g/mm?)
Compressed volume (mm®%g):
Sample compressibility (1/MPa):
Bulk modulus (MPa):

Total intruded volume (mm®g):
Intruded vol. (mm:

Envelope density (g/cm?):

Bulk density @ pressure (g/cm®):
Apparent density (g/cm®):

Real void volume by real dens. (mm%¥g):

Accessible porosity (%):
Inaccessible porosity (%):

Yes

From (MPa): 1606487 To (MPa):
0.303519

3.2947

60.95

2.336E-3

4.280E+2

200.8109

68.95 at pressure (MPa): 200.8109
6.63

1.6844
1.7839
1.9057
-1586.50
11.61

-37.97

0.1735
200.8109

at pressure (MPa):
at pressure (MPa):

ThermoFisher 50 .
SCIENTIFIC Bhrment Report date:14-10-14
OTHER CALC.

(Corrected curve)
RESULTS OF TORTUOSITY:

Surface area model:
Tortuosity (Carniglia):

Tortuosity extended calculated:
Exponent cylindrical pore:
Tortuosity extended {Carniglia):

RESULTS OF PERMEABILITY:

Cylindrical pores permeability (pm?):
General permeability calculated:
General permeability (pm?):

Cylindrical and Plate
2.099

from Tortuosity
1.754
1.668

988.97E-7
from Tortuosity
942 43E-7

43



Sample 1

ThermoFisher
SCIENTIFIC

COMPRESSIBILITY CORRECTION

100000

10000

51
Comment

COMPRESSIBILITY - 81
diameter (nm)

1000 100 10

Report date:29-10-14

90
85
80
75

01

1 1 100
Pressure (MPa)

RESULTS WITH COMPRESSIBILITY CORRECTION

Correction enabled (Y/N): Yes
Linearity range: From (MPa): 1606492 To (MPa): 200.8115
Correction factor {mm¥g.MPa) 0.344142
Compressibility factor (MPa.g/mm®) 2.9058
Compressed volume (mm%g): 69.11
Sample compressibility (1/MPa): 4.034E-3
Bulk modulus (MPa): 2.479E+2
Total intruded volume {mm%¥g): 16.21 at pressure (MPa): 200.8115
Intruded vol. (mm?3): 11.89
Envelope density {g/cm®): 1.2618
Bulk density @ pressure (g/cm®): 1.3765 at pressure (MPa): 0.4012
Apparent density (g/cm?): 1.2882 at pressure (MPa): 200.8115
Real void volume by real dens. (mm%g):  14.88
Accessible porosity (%): 205
Inaccessible porosity (%): 017
ThermoFisher 51
SCIENTIFIC CEre Repaort date:29-10-14
OTHER CALC.

(Carrected curve)
RESULTS OF TORTUOSITY:

Surface area model:
Tortuosity (Carniglia):

Tortuosity extended calculated:
Exponent cylindrical pore:
Tortuosity extended {Carniglia):

RESULTS OF PERMEABILITY:

Cylindrical pores permeability (pm?):
General permeability calculated:
General permeability (pm?:

Cylindrical and Plate
2.207

from Tortuosity
1.754
1.754

DODED
from Tortuosity
337 93E-4
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e Sample?2

ThermoFisher
SCIENTIFIC

COMPRESSIBILITY CORRECTION

100000

52

Report date:29-10-14
Comment

COMPRESSIBILITY - 52

diameter (nm)
1000

190
180
170
160
150
140
130
120
S1104
5100»
a0
804
704
604
504
40
304

‘olume

Pressure (MPa)

RESULTS WITH COMPRESSIBILITY CORRECTION

Correction enabled (Y/N): Yes
Linearity range: From {MPa): 160.4892 To (MPa): 2006115
Correction factor {mm%g.MPa) 0.710882
Compressibility factor (MPa.g/mm®) 1.4067
Compressed volume {mm%g): 14261
Sample compressibility (1/MPa): 4.009E-3
Bulk modulus (MPa): 2.494E+2
Total intruded volume (mm%g): 34.69 at pressure (MPa): 2006115
Intruded vol. (rmm?: 11.56
Envelope density (g/cm®): 1.0939
Bulk density @ pressure (g/cm®): 1.1765 at pressure (MPa): 0.4012
Apparent density (gfcm?: 1.1370 at pressure (MPa): 2006115
Real void volume by real dens. (mm¥g):  136.59
Accessible porosity (%): 3.79
Inaccessible porosity (%): 11.15
ThermoFisher 52
SCIENTIFIC 5 i Report date:29-10-14
OTHER CALC.
(Corrected curve)
RESULTS OF TORTUOSITY:

Surface area model:
Tortuosity (Carniglia):

Tortuosity extended calculated:
Exponent cylindrical pore:
Tortuosity extended {Carniglia):

RESULTS OF PERMEABILITY:

Cylindrical pores permeability (prm?):
General permeability calculated:
General permeability (um?:

Cylindrical and Plate
2.187

from Tortuosity
1.754
1.738

513.15E6
from Tortuosity
469.25E-6
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e Sample 3

ThermoFisher
SCIENTIFIC

COMPRESSIZUTY CORRECTION

53
Carmment

COMPRESSIEILITY - 53

Report dxe18-11-14

dusteter (nm)
100000 10020 1 100 10
1” .......................................................................
120 YA
12 : J
—
100 e
€N .' '
2 .
5 i
g F) L 4 f.,.,a
|
0 o
P /’?
Ea) o,
) K,
/
10 " 4
’/’
oy 25 AP Oy, RASES-AIUE A33 FAIE RS, P LA e SRS R &2
001 01 | 10 100 1000
Presoue (VWPS)
SESULTS WITH COMFRESSEILITY CORRECTION
Covrechon enabld [ Yes
neanly ranvgs From (MPa). 1807282 To (MPa), 200908
Carraction fazsor (mm™g MPa) apo7a
Caompressilty faztor (MPa gimed 453 3333
Conpressed vokme [mmdfg). 244
Sanple compresslilty [1I1473). | JRAES
Suk moddus (MPa): SE05EH
Teta' intruded volume {mm¥g) 121.43 al pressure (MPa). ZA09ie
Intrudad vid. {inir?). 533
Ermelope densty (gl 1.3659
Buk densily 2 prassure (3'em?) 1.4235 al pressure (MPa)* 04012
Axparert densey (glernd: 16375 al prassure (MPa): A0 90E
Read void vobrne by real dens. (mm¥g) 4550
Acczsaible porosay (%) 15.59
Inaccesside porosdy (%) -Z2ED
ThermoFisher 53 T
SCIENTIFIC Comment
OTHER CALC.
{Comecled cure)

RESULTS OF TORTUOSITY:

Surface area mode!
Totuasity (Camiglia):

Tortwasity exlended calculsted
Exponent cyindrical pors.
Tortuosity extended (Carnigha).

RESULTS OF PERMZABILITY:

Cylindrical pores pemeabiity (um?);
General permeabilily calculated.
General pormeabilily {prd)

Cylindncal and Piate
2043

from Torluosily
1.75
1.623

112 63E-4
from Toruosity
110 26E-4
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e Sample5

Thermokisher

SCIENTIFIC
COMPRESSIELITY CORRECTICN

5
Comyrent

COMFRESSIZILITY - 85

Regort date: 121194

alaerner (nm)
00000 10000 1000 105 ]
(73 R IEE ST (SOTSIREESE R 1 (SRR RS S (O Wy T
w B L L T - . Lttt it D
¥ f
a0 i~
75 R L T T T .‘ s -,
) $ieaifs
RS ioof
& bl MARA LS e Bg e 1T |
B frre : I’
€ :
= -
w4z ."-l"' '
g QO ciemececesiitipratcacadniasbyone .-',-_ ....... :
= _',2—‘ : 0%
»{- SRR ;}‘?...... (RS IR SR A BRI S AT S 1 .
3 SRR :
21 o'y ‘,/. ................. o
12 / :
' o Ll : i
7 . / SHERLLES XU A SR 1 110) PO W L ceesemared
ol — : :
an 1 10 QU] 1000
Frazuae (Wa)
RESULTS vATH COMPRESSIBILTY CORRECTON
Conechon enazded (YN) Yes
Linzanly raege: Feom (MF3y 16072395 To|MPal 2003119
Correction facter (mm¥'g MPa) 0.003000
Compress ity factor (MPa gfmm?) 2.0000
Comprassed wlume (mm¥q): am
Sample cemgresziblity (LWPa) J.00E<Q
Bulk moddug (MF5) J.000E+
Total wlrudze wolume [mmi'g). 3377 & pressure [MP3) 20913
Intryded wil. {mm® 511
Ermvelope denzty {gem™: 1.2292
Buls dzrsiy £2 grassuee (p'end 12735 3l pressues (MPa) 04012
Zpparen: densty (afem® 13797 al pesswe [MPa) 2039
Real wid volure by real dens. (renfg). 3534
Agceszblz preosily (N 103
Inaccassizle porasty (%) £ 48
ThermoFisher 55 sy
OTHER CALC.
(Comectéed cur)
RESULTS OF TORTUOSITY:
Surfaca ares mode’ Cylindrical and Plate
Tortvasity (Camiglia); 2107
Tartwosity exlended calculated. from Torluosiy
Exponart cyindrical pore: 1.754
Tortwosity extanded {(Carnigha): 1674
RESILTS OF PERMEABILITY:
Cylindneal pores pemeabilty (urm?): G73 56E5
General permeabilily calculated: from Toruosily
General permeabilily {prd) B3 45E5
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Sample 6

Thermokisher

SCIENTIFIC
COMPRESSEILITY CORRECTICHN

Comrent

COMFRESSIBILITY - S5

Report dae 121114

disreter (rn)
100000 0000 1000 100 10
140 -
130 T
120 :
1:0 !
»
w ....... - "
Fw ot
) ' i
% Cass /-
20 A
2 i
0 e e
v ey
40 : o e
g™
0 ,J"
e RIS ACARSL R RSN, SER LT e B
wl ',.’4 ! L At b S s B L S S A s e e
/
o]~
o0 Qs 1 10 100 1000
Preszurs (NFa)
RESULTS WATH COMPRESSIBILTY CORRECTION
Comection enatled (YHN) Yes
Linzanty roge: From (MF3) 1806130 To [MPa): 2008112
Comaclion factee (mmi'g MPa) 1003000
Compresshilty factor (MPa gfmm? 0.000
Comprassed wlume (meiig) 200
Sample ceegrezziblity (LWPs) J.00)EC
Bul« moddus (MF3) 0.000E+
Total wtrudz¢ wlume [mmify) 12765 al pressure [MPa) 2003512
leeuded wal. (mm® 575
Emeiope denzity {gem3: 1.378%
Bulc dzraity £ geazsue (pom’: 14233 3l pressuee [MPa) caen2
Apparen; density (gfem® 18571 al presswe [MPa) 202
Real weid volurre by resl dens. (roenfg). 50010
Ancassblz ooty (%) 1755
Inaccassizle porasty (%) 72443
ThermoFisher S6 Repor date 10-11-14
OTHER CALC.
(Comrecled cursz)

RESULTS OF TORTUOSITY:

Sutface area mode!
Tortuosity (Camiglia)

Tartwasity exlended calculated.
Exponart cyindrical pors:
Tortwosity extended (Carnigha):

RESULTS OF PERMEABILITY:

Cylindncal pores pemneabitsy (ym%)
General permeabilily calculated:
General permeabibly {pr?)

Cylindncal and Plate
2032

from Torluosily
1.764
1615

551 2986
fiom Torduosity
542 BSES
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Sample 7

ThermoFisher

SCIERTIFIC
COMPRESSIALITY CORRECTION

7
Comrent

COMPRESSIEILITY - 87
alaenter (nm)
000

Regortdate 181114

100000 12000 1 100 0
m pedsrussassssssiesssdinssnsesbbnlicccstonnttocncaldiodtroshonsdddetsesidsvude
£ .J
50
ETe
£
2
H
o P
3l
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; ’ 2’
=4 irs o ed oo s abeenbamsreds ) PRI AR
I ..
2
oo 1 0 Rl 1000
Frezuze (VWPs)
RESULTS vATH COMPRESSIBILTY CORRECTION
Comection engzled (V) Yes
Linzanly raege: From (MF3x 1604032 To [MPa) 2005115
Comection factor (mmig MPa) 133
Compress ity factor (MPa g'mm?) 20517
Comprassed wlume (i) 7250
Sample cormgrezziblity (LWPs) 5.353E3
Bul< moddus (MF3) 1.578E+2
Total rlrud=e volune [mmig) -15.E1 4l pressure MPa) 2005113
Ireyded wil (mm? 510
Emlope denzty (g'cm?: 1.4271
Bul< dzrany £ geassure (y'om?): 1,433 3l gressurs (MPa) (IR 1H
Apparen: denzdy (gflom?: 1330 al prassure (MPa) 20515
Real wid wolurre by red dens (mery)  -75.E3
Apcesaibla poeosily (N0 22
Inaccassizle porosey [55) E74
ThermoFisher S7 Report dale 10-11-14
OTHER CALC.
(Comecled curve)

RESULTS OF TORTUCSITY:

Surface area mode!
Tortuosity (Camiglia):

Tortuosity extended calculated.
Exponart cyindrical pore:
Tortvosity extended (Carnigha).

RESULTS OF PERMEABILITY:

Cylindncal pores pemeabilty (umd):
General permeabilily calculated:
General permeabilily ()

Cylindrical and Plate
2%

from Torlugsily
1.754
1.792

00080
from Toduesily
542 BBES
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Sample 8

Thermokisher

SCIERTIFIC
COMPRESSIEILITY CORRECTION

S8
Comrent

COMPRESBIZILITY - 82

Reportdate 121974

aiaerees (om)
100000 10000 1000 0 i
L T L LT R L
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Y DO TR TN - N A e A i
© i L
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z 4 :
7Y SO ¢ 00 IR L LA < U WL B ¢ K WL V- VY
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|
4 AN T Lo e BB ST 1 TEON JRLILE 1 e
o] — :
oo 01 1 0 m 1000
Frazoge (WPa)
RESULTS vATH COMPRESSIBILTY CORRECTION
Comechon enstded (YN Yes
Linzanty rarge: From (MF3) 1805131 To[MPa: 2003114
Coreclion factee [mm¥'g MPa) 0143354
Compresskilty factor {(MPa gfmm?) 5.7130
Comprassed wlume (i) pokic]
Sample zergrezzibinty (1Ps) 2.B10E3
Buk modlus (MFs) 3 559E+2
Total wirudz¢ volume [mmi'g) 2303 & pressure |MP3) 20814
Intmded vl (mm? 59
Emlope denzty {gem® 1nx
Bulk dzraity £ geassue ('em, 11525 3l presswes MPa) 04012
Appatent densdy (gom? 1140 3l pesswe [MPa) 200114
Real woid volurre by real dens. (o). 12112
Apcessiblz porosty (%) 257
Insccessizle porosey (6) 13N
ThermoFisher 58 Repot ate 10-1%-14
OTHER CALC.
(Comecled cure)
RESULTS OF TORTUOSITY:

Surface area mode!
Tortuasity (Camiglia):

Tartvasity exlended calculated:
Exponart cyindrical pors.
Tortuosity extended (Carnigha)

RESULTS OF PERMEZABILITY:

Cylindneal pores pereabilty (umd:
General permeabilily calculated:
General permeabilily {pr®)

Cylindrical and Plate
20

from Torluosily
1.754
1.749

000ED
from Toruosity
542 BBES
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