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ABSTRACT

For tight unconventional gas reservoir formations, such as shale or coal, the transient
6pudeseay 6 t e c heffectiyauneethad$o experiméntally estimate the rock permeability
from the pressure versus time profile data. Currently the analytical solution of permeability that is
derived based on the expression of simulated pressure profile has been widely used (Cui et al.,
2009). However, this solution may lead to erroneous results $etaeiassumption of constant gas
properties is not always valid. Besides, the permeability solution is obtained by making simulated
pressure profileand experimental pressureurve have the same latéme slope In some cases,
however, different pressutecay characteristics are obserdednonstrating the huge differences
between simulated and experimental pressure profiles and the invalidity of the permeability result
To overcome these limitations, in this study a new method of permeability measuisment
designed. Finite difference method is used to solve the governing equation numermchlly
reproduce the experimental pressure profile. Presiependent gas properties are incorporated in
numerical simulation, and permeability is obtained whendifferences between simulated and
experimental pressure profiles are minimum. The minimum differences ensure similar pressure
decay characteristics and can be quantifiedhieyhistorymatching method. This new approach
was tested by measuring permeabilitym pulsedecay experimentsonductecon lllinois coal
the types of tested gases inclddelium, methane and carbon dioxide. The results show improved
permeability values compared with the analytical solutions of Cui et al. (2009).factams
containg in this proposed numerical approaesult in the improvemen(1) be able to apply
pressuradependent gas properties; (2) using the whole pressure profile to capture the pressure
decay dynamicso thatimproved gas permeability estimatioan be providé Finally, sensitivity
analysisis carried out. It is found thahe secondfactor is more influential in determining

permeability in this studyandthe numericdy estimated peneability is not sensitive tporosity,



iV
Langmuir pressure andangmuir volune, which is an advantage for the reliable permeability

estimation through the pulskecay technique.
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Chapter 1

Introduction

Coalbed methane (CBM) is an important natural gas resource in the United States.
1-1 shows the production of CBM from 1989 to 2014. The prododticreased from 1989 to 2008
and accounted for about 9% of total natural gas production in 2008. After 2008, CBM production
slightly decreased because of a reduction in new CBM well drilling; however, it still takes up over
5% of total natural gas prodimn and remains an important part of produced gas. In the U.S.,
lllinois coal is one of the main contributors to coal production and contains a significant amount of
gas resources demonstrating its exploitation poterfta@l.CBM exploitation permeabiliy is an
important parameter that determines the production potential and ultimate recovery of the gas
resourceg¢Chen et al., 2015}herefore, a sound knowledge of permeability is required for CBM
reservoir evaluatior-iowever, accurate coal permeability estimation is quite challenging because
the gas transport is a multimechanical procBsg tocomplex and tight pore structures fdient
flow regimes may cexist in coal; these include viscous flow, Knudsen diffusion, slip flow, and
sorption(Javadpour,2009) I f only conventional Darcybés fl ow
be underestimate(Cui et al., 2009)Also, it is experimentally challenging to directpply the
traditional steadystate method to estimate the permeability because it may take an extremely long
time to achieve steaestate flow(Hsieh et al., 1981 and small flow rates cannot be measured with
sufficient accuracyFinsterle and Persoff, 1997j large volumes of flus are applied during the
traditional measurement process, damage tdighérockswill be readily inducedAmaefule et

al., 1986)
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Figure1-1 Coalbed Methane ProductigBIA, 2015)
Al ternatively, dteteay b6r dresihemntqué pu lsstremdf t en e

enables permeability measurement of tight rocks, which can be as lowas?10loting that
permeability is the only unknown parameter to be determined based on the experimental pressure
decay datgBrace et al., 1968)roper pressure curve analysis and interpretation are required to
accurately estimate the permedigili
Extensive efforthave been made toward puldecay permeability determinatioBrace
et al., 1968 Yamada and Jones, 1988sieh et al., 1981Bourbie and Walls, 198Dicker and
Smits, 1988Cui et al., 2008 Cui et al. (2009proposed an analytical solutiondetermine the
gas permeabilityor both sorptive and nesorptive gases, and their proposas widely applied.
I n Cui et al.ds method, gas properexgreessonadr e as s

simulated pressure profjléghe analytical dation of permeability is obtained bthe latetime
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techniqug(Cui et al., 2009)However this estimation method have two drawbacks that need to be
fixed: (1) the assumption of constant gas properties may not be valid under certain conditions
(Darabi et al., 2012)2) permreability obtained byhe latetime techniquenay not be representative
since significant differences between simulated and experimental pressure profiles may exist
although the latetime slopes aresatisfactorily similarThis is in contrast to the ultiate goathat

the desired permeability corresponds to simulated pressure data which can reproduntieethe
experimental pressure profile. Therefore, a reliable method of permeaistiityationbased on
pulsedecay data istill needed to assighe devéopment oftight reservoir rock permeability
estimationthat can be widely appliedn this study, a newmumericalapproach is proposed
overcome thdimitations already mentionedn the proposed approach, the ptdeeay pressure
profiles are numerichl estimated with the assumed permeability. This numerical estimation can
dynamicallyevaluatethe values of different gas properties. Then, based on the pressure- history
matching results, the permeability at each pressure step is determined when thedaadu
numerically modeled pressure data are well matcheid. prbposed approackas employed to
estimate the permeability of Illinois coal through ptdeeay experiments. Helium, methane, and
carbon dioxide (Cg are used as the tested fluids. Improyeatmeability results are shown
compared with the analytical solutions@ii et al. (2009)Suchimprovementan be attributed to

the adoption of pressudependent properties rather than constant properties, and the-history
matching method instead of thatétime techniquéo determine permeability. Sensitivity analysis
isolates the effect of each factor and shows Histbry-matching method is more crucial for
permeability results while pressuidependent properties impose little influence on permegabilit
results. Finally, pressure decay characteristics are shown to change little with the variation of
porosity, Langmuir pressure or Langmuir volume, which illustrates that permeability results are
expected to remain at a constant value as assumed pdrasigynuir pressure or Langmuir volume

varies.



Chapter 2

Background and Literature Review

2.1Background of Illinois Basin Coal Geology

lllinois coal, as the name indicates, is the coal found in the IliBasgsn, which covers 65%
of lllinois and portions ofsouthwestern Indiana and western Kentucky. According to the
classification standards, lllinois coal belongs to bituminous thermal coal, which is used in cement
plants, electric power generation, and other industrial fields. In the state of lllinoigairerount
of recoverable coal reserves is estimated to be 30 billion tons, which accounts for 12.5% of the total
coal reserves and 25% of the biturairs coal reservedn 2013, lllinois ranked second in
recoverable coal reserves at producing mines. Becaluthe abundance of lllinois coal, it has
become a major part of the lllinois economy and it rahksl in coal production followinghe
Powder River Basin of Wyoming and Montaaadthe Appalachian BasimAlthough the methane
content of lllinois coald small, the total amount of methane resources is huge because of numerous
coal resourcesDamberger and Demir, 19p%otentialgas resourcem the lllinois Basin are
estimated to be 21 T¢Tedesco et al., 2003)

Coalbed methane exploitation in lllinois coal started in theX880s. For the first fifteen

years, only small amount of gas was produced from numerous abandoned mines, and there were
some attempts to make coalbed methamoeluctive and profitabldRodvelt and Oestreich (2005)
set up a resource evaluation plan to make field development successfipeadand Demir
(2007) generated additional gas productidatathrough the drilling of new wells. Because of
positive factors such as multiple coal seams and strong gas markets, the future of coalbed methane

in the lllinoisBasin is still promising, and significant iastment is expected for its development.



2.2 Gas Flowin Coal and Permeability

2.2.1 Flow Mechanismsn Coal

The gas flow mechanisms in coal are complex and involve several processes. During a
typical production process, water is produced initially begahe cleats are filled with water
(Aminian, 2007)As water is produced continuously, free gas is also released and reservanepress
decreases. When o6critical desorption pressurebo
flows into the cleat system. As free gas accumulates in the cleat system, gas saturation increases
and gas flows toward the production well when thesgdsration exceeds critical gas saturation.

At the same time, gas desorption from the matrix surface forms the concentration gradient, inducing
gas diffusion within the matrix.

Generally, free gas flows, gas desorbs, and gas diffuses through the matsix pficesses
may overlap Javadpour et al., 200davadpour, 2009) herefore, gas flow in coal is usually a
combination of several flow mechanisms including gas sorption, molecular diffiegilvection,

and Knudsen/slip flowWAlharthy et al., 2012)

2.22 Apparent Permeability

Because of the complexity of nanoscale flo
permeability cannot represent gas transport insidepratliction from these strata is usually much
hi gher than expected. Therefore, the concept
the flow enhancemenddvadpour, 20Q9Its expression variedepending on the flow mechanisms
considered. To quantify the permeability enhancement induced by gas slipiaggenberg

(1941)first introduced the equation used to correct for permeability, as shayguéation 21:
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Equation2-1
where,Q is the apparent permedityi, Q is the intrinsic/Darcy permeability, is the mean pore
pressure, and is the Klinkenberg factor which can be expressed agiration 22 (Randolph et
al., 1984 Wang et al., 2015

. P® OV
(0V) — T =
0 0
Equation2-2

where,c is the constant typically taken as 0.9s viscosity,M is the molecular weighty is the

width of the pore throaR is the universal gas constant, ani$ temperature.

According to the derivation d€linkenberg (1941)— can be described as:

Equation2-3
where,c is a proportionality factor constant at 1.0, arid the mean radius of the pore§is the
mean free path of gas moleculelsich are expressed as follows:

QY
Mg 0

Equation2-4
where,E is the Boltzmann constant (1.3805€0/K), T is thetemperature, P is presswen d U
is the collision diameter of the gas molecule.
From equation 21 and equation 23, Klinkenberg (1941)concluded that apparent

permeability does not depend on the pressure differ@hde,) and it varies for different types of

gases since the mean free phthas different values in this case. Moreover, the apparent
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permeabilityextrapolated to infinite pressure ( 1) is the true permeability, which only depends

on the characteristics of the porous medium.

However, the equation #flinkenberg (1941liminated the kinetic effect the rebounding
molecules could have on the fluid flow in smaller capillarfestlii et al., 2012 According to the
theory of Fathi et al. (2012)both the molecules interacting with the capillary wall and those

interacting with bulk fluid slip. The doubkdip effect gives the modified Klinkenberg equation:

Q Qg - —
Equation2-5
where0 is a new | ength scale related to the rebo
By taking Knudsen diffusion and slip flow into account and taking the form afr c y 6 s

law, Javadpour (2009)ut forward another equation of apparent permeability:

. ¢i “0 YY"y, i
Q — 8 "O—0
ozp MY"Y “u 1

Equation2-6
where,r is pore radius, is viscosity,M is molecular weightR is gas constant; is temperature,

is average density, and F is introducedbgwn et al. (1946)o correct for slip velocity

. gy o g
O p o~ I S |_ p

U v |

Equation2-7
where] varies from 0 to 1 depending on wall surface smoothness, gas type, temperature, and
pressure. The ratio of apparent permeability to intrinsic permeability shows that apparent
permeability is always higher than intrinsic permeability. Depending on prepsuessize, or other
factors, the extent of permeability enhancement varies. At smaller pores and lower pressures, the
enhancement is larger. However, temperature and gas molar mass have the minimal effects on

permeability enhancement.
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To make apparent pmeability easily applied to the commercial reservoir simulator, gas
flow is written in the form of the Darcy equatigdavadpour, 2009)ith apparent permeability
applied Jiang and Younig2015)established muktortinuum numerical simulatancorporaing
the Obbapparent pte thengoeemind equatiod to tcanduot fractured reservoir
simulation, whichprovedto be usefulln this study,the value of apparent permeability can be
estimated by analyzing pulskecay data anthe method of estimating apparent permeability will

be intoduced in detail in 2.4.

2.2.3Sorption Effect on Permeability

As a primary storage mechanism in coaininian, 2007, sorption has nonnegligible
effect on gas flow. It influences coal permeability by generating coal volumetric variations.
Generally, coal shrinks when gas desorbs and swells when gas adsorbs onto the matrix surface.
Due to the volumetric change effect, in the fieldCO, sequestration for enhanced recovery,
permeability behavior can be complex since injected gas may adsorb to the surface leading to
matrix swelling and permeability reduction, which can be harmful to produ@taragd Durucan,
2005. The relationship between swelling strain and the amount of adsorbed gas can be linear
(Levine, 1996 Czerw, 2011 Wang et al., 20D)1lor nonlinear Pay et al., 2008Kelemen and
Kwiatek, 2009 Wang et al., 2011 To evaluate their relationshialmer and Mansoori (1998)
gave the permedhy equation expressed as a function of effective stress and matrix shrinkage
under uniaxial strain conditions which are usually expected in a resétaoiand Connell (2007)
derived the P&C model to quantify adsorptioduced coal swelling using an energy balance
approach which assumes that the change in surface energy caused bioads@gual to the coal
solidds elastic energy change. To mPahedd wi t h

Connell (2007)and reduce the relevant uncertaintlés,and Har@lani (2013aproposed another
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model to quantify the volumetric changes of the coal matrix under the additive effects of gas
sorption and mechanical compression. This strain model can be coupled into the permeability
prediction model to evaluate perméip evolution during primary depletiofiLiu and Harpalani,
2013b) All of these models enhance the understanding of sorptiuced coal volumetric change

and stress the importance of the sorption effegiermeability determination. Thereforegannot

be ignored to ensarcomprehensive interpretation.

2.3 PulseDecay Techniques

In this study, a transient pulsiecay experiment is conductedetstimatecoal permeability.
This method enables permeability measurement as low &s1#{1mD=10' m?). Figure 2-1
shows a typical layout of the experiment. Initially, the pressure over the whole system is in
equilibrium and the main valve is closed. Mhestream pressure is increased and the main valve
is opened, which forms the driving force for the gas to flow throughout the whole system. During
the process of gas flow, pressure transducers are used to record the pressure variations of upstream
and davnstream vessels. When the pressure equilibrates again in the system, the experiment ends
and the resulting upstream and downstream pressure profiles are used for permeability
determination.

There is extensive study on puldecay data interpretation. fopular method is thahe
analytical solutionof the pressure profile can be put forward based on the governing equation
describing gas flow in tight rocks. By comparing the simulated pressure solution with experimental
pressure datahe analytical solutin of permeability can be put forwarBrace et al. (1968jrst
derived thesquation to calculate permeability with the assumption of no compressive storage and
no sorption effect. However, the assumption of zero compressive storage is not valid and may

induce significant errord.{n, 1977 Yamada and Jones, 19&burbie and Walls, 198 Metwally
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and Sondergeld201). Bourbie and Walls (198X%howed that the margin of error frdBnace et

al. (1968)may be as high as 25% or larg®icker and Smits (1988proposed an improved
permeability equation by taking compressive storage into account. However, this method ignores
the sorption effect on the permeabiligsult.Cui et al. (2009)mproved the analytical solution by

adding a sorption term to the governing equation and introduced different governing equations
corresponding to different shapes of the specimens. This can be regarded as a comprehensive

interpretaibn and the resulting permeability equation is shown as:

7 i ®O
«? p P
OE @

Equation2-8

where,i is the semiog slope of differential pressure (pressure difference between upstream
pressve and downstream pressure)is viscosity,® is gas compressibility) is the specimen
length, 6 is crosssectional area of the specimen,andw are the upstream volume and

downstream volume, respectively, @fXs the factor used to cartt for mass flowJones, 1997

Qﬁ

W w
Equation2-9

where — is the first root of the equation below:

Equation2-10

where (is the ratio of pore volumé to upstream volumé andais the ratio of pore volume

to downstream volume :
. W
W
[H)

Equation2-11
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Equation2-12

For adsorptive gas like methane and carbon dioxide, the storage capacity of the specimen

becomes:

Equation2-13

Equation2-14
where %.is the true porosity of thggecimerand%o. is defined as the effective adsorption porosity

” o r 7
% ’ ZpT Aoz n o
W

0 U

Equation2-15

wherg " is skeleton density dhe specimenw  is mole volume of gas at standard temperature
(27315K) and pressure (101325P4)js gas density) is pressurefj and0 are Langmuir
volume and pressure, respectivelyis gas compressibility expssed as:

o PQ” p PAQ®
Q0 0 GOQO

Equation2-16
The method o€Cui et al. (2009)s based on the assumption that gas dehsityscosity’ ,
and gas compressibilitgd are constant. Howeveraccording toDarabi et al., (2012)the
assumption of constant gas properties is not always valid. When the pressure difference across the
specimen is large or the initial pressure is Ithe analytical solution may lead to a significant

error. Therefore, pressuoependent properties need to be implemented in permeability prediction.
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Furthermore, to get the analytical solution@fi et al. (2009)the slope of the serng curve at

late tine is taken as tersi in equation 28. However, considering the experimental conditions and
complexity of flow mechanisms, the trends that experimental curves and pressure solutions follow
may not be strictly the same so that only matching the slopeeatita¢ may induce huge
discrepancies between simulated and experimental pressure profiles, which is antithetical to the
goal that they should be as close as posskHifpure 2-2 shows the comparison of differential
pressur&d) (defined inequation 217) for CO; at the 6™ pressure step in this study. From this
figure it can be observed that although the-tates slope is satisfaatily similar, during the early

time period (1840s) significant variations raise concerns about the accuracy of the analytical
solution of permeability. This huge difference needs to be minimized as much as possible because

the governing equation appligsthe whole experimental process.

o 0
OV}
n

Ca Ca

0
Tt

CY ca

Equation2-17
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Figure2-1 Layout of PulseDecay ExperimentfAlnoaimi and Kovscek, 2013)
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\ Experimental result
i) — Ananytical solution

dPd

0 20 40 60 80 100 120

Figure2-2 Comparison oDifferential PressureDbtained bythe Experiment andAnalytical Solution

To get the best fit between pressure profiles, histoayching method is introduced. It
involves an inverse problem of obtaining unknown properties by matching simulation results to the
observed data as closely as posgbles Santos Amorim et al., 2010)askett et al. (198&pplied
the analytical solution to histotyatch the measured pressure data and verified the validhe of t
analytical solution by comparing it with the numerical simulator. However, this method does not
apply to adsorptive gafAlnoaimi and Kovscek (2013)sed the historynatching method to
investigate the gas permeability of Eagle Ford shale cores. However, the governing equation refers
to 2D flow and cannot be applied directly to this study. Moreover, coedpaith the analytical
solution ofCui et al. (2009)this method requires additional properties such as predependent
gas formation volume factdy, making the permeability measurement more complex.

In this study, pulselecay experimentsere conduted on lllinois coal. The types of gases

tested include helium, methane, and carbon dioxide. For each type of gas, six increasing pressure
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steps are performed; this can be achieved by the gas injection process. During the experiment,
constant stress bouay condition is used, which means that axial and confining stresses are kept
constant. After obtaining the experimental results, a new method which combines numerical
simulation with the histomatching method is introduced to measure permeability. bthod

does not require additional parameters compared with the analytical soluGom effal. (2009)

and ensures dynamic evaluation of gas properties and the best fit between simulated and
experimental pressure profiles, which ¢eregarded as an inguemenof the analytical solution

of Cui et al. (2009)
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Chapter 3

Methodology

In this part a general procedure fttre new approach of permeabiligstimationis
describedlt is mainly divided into three parts: the first part is experimental investigation. The
second part is numerical simulatiohhe governing equation with the assumption of pressure
dependent gas properties are put forveand finite difference methddusedo solve the governing
equationand reproduce thgpstream and dovetream pressure profilMATLAB codeis used for
simulation. The third part is history matching. To evaluate the matching extent between
experimental and simulation resylise objectivefunction is defined and the desired permeability
corresponds to the minimum objective functidio. investigate the effect of pressutependent
properties on the permeability results, the governing equation with the assumption of constant gas
properties islso numerically solved and the procedure of numerical simulation is detailed in part

3.22.

3.1 Experimental Work

3.1.1 Speimen Preparation

Blocks of lllinois coal were obtained from tHenois Basin. Cylindrical specimens with 1
inch in diameter wer drilled from the blocks, and they were trimmed tan¢hes in length. Then
all the specimens were dried for 24 hours to evacuate the moisture. Before the experiment,

specimens were preserved in the plastic sample bag to ensure their integrity.
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3.1.2 Eyperimental Setup

Figure3-1 shows the layout of the experimental apparatus, which is the same as the facility
shown byWang et al. (2016 V1 to V4 refers to different valves. V1 is used to control gas flow
into the specimen,ral V2 is used to control gas flow into the downstream reservoir. V3 and V4
control the confining stress and axial stress loaded on the specimen, respectively. With the help of
the desktop LabVIEW control panel, stress can be maintained or controlleddyyitige pumps.
The specimen, which is covered with aluminum foil, is placed inside the rubber jacket and the
rubber jacket is put into the center of the triaxial cell. The aluminum foil is used to avoid contact
between the specimen and the rubber jatketrubber jacket is used to isolate the specimen from
the confining fluid. Upstream and downstream reservoirs are placed at two sides of the specimen,
and the gas cylinder is capable of generating additional pressure in the upstream reservoir if
necessary Two USBbased Omega pressure transducers were installed to record pressure
variations in the upstream and downstream vessels. During the experimental process, the

temperature was kept constant at 23°C (296 K), and the resulting pressure profile cseld toe

[ — |
all
— 51

Syringe Pumps

estimate permeability.

Pressure
Transducers

Downstream
Reservoir ~

Upstream
Reservoir
Porous Disks

Triaxial Cell
S Core Sample

Ga s’é_\'lindcr

Figure3-1 Arrangement oExperimentalApparatugWang et al., 2015)
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3.1.3 Experimental Rocedure

In this study, the specimen permeability to helium, methane, and carbon dioxide was
measured under constant stress boundary condomeability evolution was investigatddring
the procss of gas injection.As a nonsorbing gas, helium permeability was tested fildte
confining stress was gradually loaded to 1000 psi, and the axial stress was gradually loaded to 696
psi. The vacuum pump could be applied to remove residuttbairtheexperimental apparatus.
Helium was injected into both the upstream and downstream segdebsi, and after equilibrium
was reached, upsi@am pressure was increased t@&ilby continuing to inject gas into the upstream
reservoir. This formed the driw force for gas to flow, and the valve which isolated the upstream
vessel from the triaxial cell and downstream vessel (V1) was opened to let gas flow through the
system.The experiment ended when the whole system reached final equililBased on the
recorded pressure variations, permeability could be estimated. After the first pressure step was
finished, upskeam and downstream pressures wiapgeased for the next pressure stefieA
reaching equilibrium, upstream pressure was increased by thesiralle to the previous step (17
psi) so that gas started flowing. By repeating the procedures mentioned above, six increasing
pressure steps were carried out and permeability evolution during this injection process could be
evaluated. After the helium ch methane and carbon dioxide were used for permeability
measurements following the same procedures mentioned above. Six pressure steps were conducted
for each type of gas and the confining and axial stresses remained at 1000 psi and 696 psi,

respectively
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3.2 Numerical Smulation

With the pulsedecay data, permeability of the tested azailbe estimated. | propose to use
numerical method to replicate the pressure profiles for both downstream and upstream vessels
because the governing equation inckigeessur@ependent properties which are dmear terms
and cannot be solved analytically. To investigate the effect of predspemdent properties on the
permeability results, numerical simulation is also used to solve the governing equation with

constant gas properties. The detailed numerical procedure is shown below:

3.2.1 Numerical Simulation Using Constant Gas f@perties

When gas properties including gas dengjily ¢compressibility ¢;) and viscosity |{) are
constant and taken as a function ofafiequilibrium pressure at each pressure step, the governing

equation describing pressure variations along the axis of the cylindrical sa(legsal., 2009)

' © 1Y Ao @ 0O
. - : - w U 1S
0O ‘W % p %ou Tw

—a

Equation3-1

where Pis pressuredis time,kis permeability %.is porosity,wis displacement, is sample length

and0 —_ —

is defined as the derivative of adsorbdensityq with respect to

the gas density and it is takn as a function of final equilibrium pressateeach pressure step.

The gas density can be given by real gas law:
0
Y'Y
Equation3-2

where Gis gas compressibility fact@stimatedoy the PengRobinson equation of statR is the

universal gas constant, amds temperature
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The initial cordition isgiven below:
vifm 0 mAMi 0
Equation3-3
Initially, pressure along thespecimen is equal to the initial downstream pressutee T
correspondindpoundary conditiopare listed below:

omd 0 o £loO 1

Equation3-4
00 0 o0 &0
Equation3-5
5 ,Q(ﬁ (.O,QOFEIOOT[
Equation3-6
06, Q0 LD
s ,ng w ,Qb/EIoOn
Equation3-7

where, A is crosssectional area of the cylindrical specimeén,andd are upstream and
downstream pressures, respectively, @ndndw are the volumes of upstream and downstream
vessels, respectively.

To solve the equations above, the specirim finite difference form is constructedsed
on the pointdistributed grid systerfigure 3-2). Thenumerical scheme of governieguation 31

is shown below

6 . p 6 o . P = Fiod 0 &0
o o Yo S o U P

Equation3-8
where ngis the number of gridblocks excluding the boundary gridblatksidn+1 represent

old and new time level, respectively, anepresents the center of gridbldckVheni=1, i-1

represents the upstream location. Whemy, i+1 represents the downstream locatieandYo
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represenspaceand timestep used in numerical simulatiaespectivelyYois expressed as

follows:

Cc:

Yo Yo Yo E Yo

Equation3-9

The length of the gridblock which contains left or right boundary is qual tbis expressed as

Q
‘0 %o P %o 0

Equation3-10

Equation3-8 can be arranged into the matrix form to solve for the pressure distribution
along the specimen at the next time step. The matrix is shelew as matrix term-3. However,
this matrix term needs upstream and downstream pressutes next time step as input and such
pressure data can be obtained by solving thntbary conditions numericall¥quation3-6 and

equation 37 in numerical form is:

0 p 0 Q6 , 0 0
z — w
Qw fw Qo
Equation3-11
0EQ O Q6 0 0
z — w
Qw ‘w Qo

Equation3-12

Thereforegiven the initial condition, upstream and downstream pressures at the next time
step can be solved bygeation 311 and guation 312. Then thgressure data can be plugged into
the matrix term 3l to solve for pressure distribution along the specimen at the next timafséep

that, pressure data of the whole system at the next time step are regarded as the initial condition



and used for the s@e cycle

numerical simulation

21

mentioned abové&lowchart 3-1 summarize the proceduref

p ¢o o) .
1 Y(‘)’ Yo Yo mm
1 0 p ¢go 0 E
Yo Yo Yo o Vo "
I 6
1 Yo Yo Yo Yo n
I é ]
1 x 0
T nmE T m o uﬂ
u Yw Yo

> 0
T Tl N
(. 1 YO
|’|nl,) 11l
T Te o 1
I’II i d i 11
E ! l" PR
il l € n 11
|°|l:f) L’J’ )
cO 1
Yo U uyo

Os= ('D),é,‘| c §‘| C‘lgfl Os=

C

<
8‘<

Matrix term 31 Matrix term used to get the pressure distribution along the specimen

Gridblock Gridblock
which contains left which contains right
boundary ) boundary
Gridblock Gridblock  Gridblock  Gridblock Gridblock
Ax 1 il i i+1 ng Ax
2 Axg Ax;_y Ax; AXisp Axpg 2
® Py o Mty ¢ Mgz o ° P

*o X1 Xi—1 X; Xiv1 Xng Xng+1
P(0.t) = P, (t) Yi-a/2 Xi-1/2 Xit1/2 Xi+asa P(L,t)|= Py(t)
L

Figure3-2 Specimen irFinite DifferenceForm
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Initial Condition

Calculate upstream and downstream pressiiirthe next
time stepusingequation 311 andequation 312

v

Matrix construction according to matrix terrril3and solving for
the pressure disbiution along the specimenthe next time step

Update time stepressure distribution of the whol
systemandthe corresponding gas properties

Final time?

Flowchart 31 Procedure of numerical simulatiovith the assumption of constant properties
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3.2.2 Numeical Simulation in This New Method

When gas properties are varied with pressure, numerical simulation is an effective tool to
solve for pressure profiles. In this condition, the governing equation turns ou{Dautadi et al.,

2012)

Equation3-13

Equation3-14
where is gas storageapacity,” is skeleton density of the sampley the molar volume of
gas at standard pressure and temperature (22%4®ifiol).; and0 are Langmuir volume and

Langmuir pressure, respectively. The initial conditiogii®n below:
Oifm 0 mAEMOi 0
Equation3-15
The boundary conditions are listed as follows:
O O o &Ei00
Equation3-16
00 0 o Fi00
Equation3-17

Q0 2 Eiso
oY Q0 n

Equation3-18
o 2 /100
W — o0 Tt
Qo

|0
€ ©

Equation3-19
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where,” and” are the densities corresponding to upstream and downstream pressures,
respectivelyThe boundarequation 318 andequation 319 arebased on mass balance. The gas
which flows into/ot of the vessel is equal the quantitychangeof gas insideghe vessel.

In fact, when gas properties are assumed to be constant, these equations caredeaed

the equations shown in part 3.2.1. Foverningequation 313, it becomes

M P RTTTs T
Equation3-20
Since— " ®, equation 20 beomes
LR A SR
T o 0 T®
Equation3-21
where,0 — ————— The final arrangement of the governing equation is expressed
as:
10 o) 10

— z
0 ‘W %o P %o 0 Tw

Equation3-22

The boundary conditia@shown inequation 318 andequation 319 become:

o0 Q6

Equation3-23

" 0jQb LD
‘ 'Q(S @ Qo @
Equation3-24
Qo 'QU D
(S @ Qo

Equation3-25
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Equation3-26

As a result, the governing equation and boundary equations are consistent with the
equations shown in the previous part. Therefore, the only difference betvesentwo groups of
equations is constant gas properties or varied gas properties. This is beneficial because by making
use of this difference, the effect of pressdependent gas properties on the permeability results

can be investigated.

The followingnumerical scheme is constructed to numerically solvgaherning

equation 313:
0 0

%o @ w ] ]

!_o?' S 0] %on—v‘L

Y'Y Yo Yo

0 L= Q ko) L= Q , o0

Vo o000 Vo - Ve Y Vo " P
Q :Q

Equation3-27

where, represents the iteration step. The pdiistributed grid system shown in figure23s still

applied in this case. The termsz— and - canbe estimated by the harmonic average:

P P P p

" Q ¢ 7 Q " Q

‘Yo o ‘Yo ‘Y

Equation3-28

p P p P

" Q ¢ " Q " Q

‘Yo ‘Yo ‘Y

Equation3-29
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Equation 327 can also be arranged into the matrix form, which is shown as matrix term 3

2. Theboundary equations in finite difference form are shown below:

0 p 6 ” 796 ) ” ”
N7, z ‘ 5 (.l) h1
Yw Yo
Equation3-30
Gt 0 "o o
= w =
Yw R Yo

Equation3-31

With initial condition givenequation 330 andequation3-31 is capable of solving for upstream

and downstream densities at the next time step. Iteration is needed to convert density to pressure.
Flowchart 32 shows the procedure graphically. After thaessure data is plugged into matrix

term 32 to solve fo pressure distribution along the specimen at the next iteration step and the
solution is not found until it coverages. During this procesessuralependent propertiesd.
compressibility factotd, viscositye, adsorbate density and gas density) are taken as a function

of pressure at the previous iteration stépried viscosity can be obtained DIST Standard
Reference Database softwaf@dowchart 33 shows the procedure of numerical simulation.
Compared with the procedure shown in part 31&d greatest advantage of numerical simulation

with constant properties assumed is that it saves a lot of computation time because iteration is

avoided.
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Calculate the corresponding
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Update compressibility factor &
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|Z-Z1<Tolerance?

7=
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Flowchart 32 Procedure to convert density to
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Initial Condition

il
Calculate upstream and downstream pressure at the next time
following flowchart3-2

Assuming an initial guess of pressure distribution along t
specimen P. For convenience, it is equal to the press
distributionat theprevioustime step

Matrix construdon according to matrix term-3 and solving for
the pressure distributioalong the specimen at the next iterati

step P2

P=P2

maxP2-P|<tolerance?

Update time steppressure distribution of thehole

systemandthe corresponding gas properties

End

Flowchart 33 Procedure of numerical simulation
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3.3 Pressure HistoryMatching M ethod

Figure3-3 showsan example ofiumerical simulation results under different permeabilities.
It can be observed that low permeability slows down the pressure change rate while high
permeability speeds up the rate of pressure convergéniseobservation applies to both constant
and pressurdependent gas properties used in numerical simuladiocording toChen (2015)
low permeability hinders convective transport of free gas, which results in accumulated gas
molecules and higher pressure. Conversely, high permeability is favorable for gas transport leading
to gasdepletion and a higher pressure decline. Therefore, the shape of the pressure profile changes
with permeability, and the estimated permeability should give the close fit between simulated and
experimental pressure results, which can be assessed usihisttivg-matching method. To

guantify their difference, the following objective function is defined:

Y zpnmb

Equation3-32

where,i andj represent discrete time stepsandM are the number of data points.and0d are
simulation data and experimental data, respectively. Based on a great amount of simulation work
conducted, the objective function éxpected to show the following behavidigire 34). As
permeability increases, the objective function decreases at first and then increases. To optimize the
matching extent, permeability estimated should correspond to the minimum value of the objective
functionR. Therefore, in this study a set of permeability values are tested, and the permeability is
not obtained until the minimum objective function is reached. If the minimum objective function

is within the tolerance, the corresponding permeability é applicable. In this study, the

tolerance iempiricallyequal to 2.5%.
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Chapter 4

Result and Discussion

In this studythree types of gasincludinghelium, methane and carbon dioxigere used
to test the permeabilityf the sample to different gas@de first part sows the permeability results
obtainedby this new method. Compared with the analytical soluticBwfet al. 2009) improved
permeability results are presented and such improvement can be attributed to two aspects of
methodology differences. Sensitivignalysiswhich is detailed in section 4.2 is performed to

investigate the influence of each aspect on the improvemeetrafeabilityresults.

4.1 Permeability Results

4.1.1Helium I njection

Table 41 shows the data input used in thermeability determinatiofor helium.0
corresponds to the final equilibrium pressareach pressure stapd representhecorresponding
pressurdor the estimated permeabilitfhe values of viscosity and compressibilitgy at final
equilibrium pressur® are shown intable 41, as obtained from NIST Standard Reference
Database software. These constant values can be used in the analytical solution of permeability and
numerical solution of permeability with the assumption of constant gas properties. The concepts of
0 and constant viscosity and compressibility alsoyfpthe cases of methane and carbon dioxide.

Porosity is empirically assumed to be 0.12.
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Step
Variable 1 2 3 4 5 6
Pui(psi) 31.33 148.13 264.25 380.33 496.43 613.38
Pdi(psi) 14.71 130.48 246.72 363.15 478.51 595.35
¢ ( Pa| 1.9757E05 | 1.9786E05 | 1.9814E05 | 1.9843E05 | 1.9871E05 | 1.9899E05
cy(psi?) 0.0408 0.00708 0.00386 0.00265 0.00201 0.00162
Vy(m®) 2.998E05 2.998E05 2.998E05 2.998E05 2.998E05 2.998E05
V() 1.78E05 1.78E05 1.78E05 1.78E05 1.78E05 1.78E05
L(m) 0.0602 0.0602 0.0602 0.0602 0.0602 0.0602
A(n?) 5.07E04 5.07E04 5.07E04 5.07E04 5.07E04 5.07E04
L 0.12 0.12 0.12 0.12 0.12 0.12
0 (psi) 24.51 140.54 256.75 372.89 488.69 605.47

History-matching results are shownfigure 41. It can be observed that at each pressure

step, the simulated curve is able to successfully replicate the experimental pressure profile. This

can be confirmed byable 42, which shows that the objective function R is always within the

tolerance. The permeability results are also showtalile 42. It can be seen that from an overall

point of view, permeability increases as pressure increasas2#.5 psi to 605.5 psi. Since helium

has no sorption effect, this trend can be purely attributed to decreasing effective stress: as pore

pressure increases, the effective stress defined as the difference between constant confining stress

and pore pressea decreases, resulting in the opening of microfracures and therefore increasing

permeability(Kumar et al., 2016)

Table4-2 PermeabilityResults forHelium

Step Pressure(psi) Permeability (mD) Objective function R (%)
1 24.51 0.87 0.48
2 140.54 0.82 0.037
3 256.75 0.98 0.02
4 372.89 1.24 0.022
5 488.69 1.65 0.014
6 605.47 2.91 0.011




Set 2

Set 1
40 150
Simulated upstream pressure Simulated upstream pressure
Simulated downstream pressure Simulated downstream pressure
30 F Experimental downstream pressure 145 Experimental downstream pressure
Experimental upstream pressure Experimental upstream pressure
o o
@ @
2420 24140
=W =
10 135
0 130
0 500 1000 1500 0 100 200 300
t/s t/s
Set 3 Set 4
280 400
Simulated upstream pressure Simulated upstream pressure
Simulated downstream pressure Simulated downstream pressure
270 Experimental downstream pressure 390 Experimental downstream pressure
Experimental upstream pressure Experimental upstream pressure
o— o—
7] @
24260 2380
= =)
250 370
240 N N " 360 N " " "
0 20 40 60 80 100 0 20 40 60 80 100
t/s t/s
Set 5 Set 6
510 630
Simulated upstream pressure Simulated upstream pressure
Simulated downstream pressure Simulated downstream pressure
500 + Experimental downstream pressure 620 Experimental downstream pressure
Experimental upstream pressure Experimental upstream pressure
o o
@ @
24490 £4610
=¥ =
480 600
470 590
0 20 40 60 0 10 20 30 40
t/s t/s

Figure4-1 History-matchingResult forHelium

4.12 Methane Injection

Table 4-3 shows the data input used in the numerical simulation for metiSnee
methane is primarily stored in coal through adsorption onto the coal siiacre, 2012)

adsorbate density q igoverning equation -23 cannot be ignored. Thereforbased on the
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Langmuir sorption modelinghe values of Langmuipressure antlangmuirvolume are needed

and must be acquired by performing another independent experiment.

Table4-3 Parametetnput forMethane

Variable Step
1 2 3 4 5 6
Pui(psi) 32.05 141.79 256.51 370.05 482.65 610.04
Pai(psi) 14.71 124.29 238.92 352.54 464.96 592.59
¢ ( Pa| 1.1019E05 | 1.1126E05 | 1.1252E05 | 1.1393E05 | 1.1549E05 | 1.1747E05
Cco(psi™) 0.0424 0.00759 0.00415 0.00288 0.00223 0.00178
Vu(m®) 2.998E05 | 2.998E05 | 2.998E05 | 2.998E05 | 2.998E05 | 2.998E05
Va(m®) 1.78E05 1.78E05 1.78E05 1.78E05 1.78E05 1.78E05
L(m) 0.0602 0.0602 0.0602 0.0602 0.0602 0.0602
A(nr?) 5.07E04 5.07E04 5.07E04 5.07E04 5.07E04 5.07E04
L 0.12 0.12 0.12 0.12 0.12 0.12
0 (psi) 23.64 133.87 248.59 362.58 474.98 602.45
gL(scf/ton) 393.3 393.3 393.3 393.3 393.3 393.3
pL(psi) 380.24 380.24 380.24 380.24 380.24 380.24

History-matching results are shownfigure 42. The experimentgiressure profilshows

that the systenpressuredeclinesafter initial stabilization between upstream and downstream
pressure. This can be attributed to the sorption effect and results in enhanced storage capacity of
the sampl€Aljamaan et al., 2013Because the pressure history data after initial stabilization does
not apply to the governirgguation 313, the pressure profilexcludngthe system pressudecline
is used for permeability determinatian.refers tathe initial stabilizdpressure.

Table4-4 shows the valusof permeability and the objective function R. It can be observed
thatpermeability increases from 0.25 to 08D with pressure increasing from 2386i to 602.4
psi. This trend can be attributed to the following mechanismsthiane permeability in coal is
controlled by effective stress and sorptioduced matrix swelling/shrinkag&li and Durucan,
2005 Liu and Harpalani, 2013a As pore pressure increases, methane keeps adsorbing onto the

coal surface, which results in the swelling of the matrix and reduction in permedbdityafd
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Connell, 2007 Liu and Harpalani, 2013aSimultaneously, effective stress decreases tending to

open the fracture and enhance the permealiligz(mder and Wolf, 20Q0®almer and Mansoori,

1998. Due to the fact that the permeability keeps increasing with pressure, it can be concluded that

for methane permeability, decreasing effective stress is the primary factor thatdfentability

change. Although sorptiemduced matrix swelling exists, it is not the dominant effect during this

injection process.

Table4-4 PermeabilityResuls for Methane

Step Pressure (psi) Permeability(mD) Objective function R (%)
1 23.64 0.25 1.9
2 133.87 0.31 0.26
3 248.59 0.36 0.098
4 362.58 0.42 0.03
5 474.98 0.54 0.026
6 602.41 0.87 0.022
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4.1.3Carbon Dioxide Injection
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Table4-5 shows the data input used in the numerical simulation for carbon dioxide. Carbon

dioxide is an extremely adsorptigas compared with CHind He(Zoback et al., 2013which can

be confirmed by evaating the Langmuir volume arldangmuirpressure of these different types
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of gases. Accordintp equation 314, at the same pressure, the amount of carbon dioxide adsorbed
is larger than either methane or helium given its larger Langmuir volume andrshaatgmuir
pressure. In addition, the experimental pressure profitpgé 4-3) show larger pressure declines

than helium or methane after initial pressure stabilization, which demonstrates the strong sorption

effect of CQ.

Table4-5 Parameteltnput forCarbonDioxide

Variable Step
1 2 3 4 5 6
Pui(psi) 32.20 118.64 231.85 348.23 476.88 592.30
Pai(psi) 14.70 101.15 214.85 330.48 459.31 574.93
€ ( Pa| 1.4839E05 | 1.4898E05 | 1.5014E05 | 1.5190E05 | 1.5482E05 | 1.5879E05
cy(psi?) 0.0460 0.00955 0.00491 0.00344 0.00273 0.00245
V() 2.998E05 | 2.998E05 | 2.998E05 | 2.998E05 | 2.998E05 | 2.998E05
Va(m®) 1.78E05 1.78E05 1.78E05 1.78E05 1.78E05 1.78E05
L(m) 0.0602 0.0602 0.0602 0.0602 0.0602 0.0602
A(nr?) 5.07E04 5.07E04 5.07E04 5.07E04 5.07E04 5.07E04
L 0.12 0.12 0.12 0.12 0.12 0.12
Pe(psi) 21.90 109.12 223.35 339.52 468.46 584.19
gL(scf/ton) 1170 1170 1170 1170 1170 1170
pL(psi) 287.41 287.41 287.41 287.41 287.41 287.41

History-matching results are shown figure 43 and the corresponding permeability
results are listed itable 46. The permeability results show ttzest pressure increasegrmeability
initially decreases and then startsrémover This can beexplained by the combined effects of
sorptiorinduced swelling and effective stress. Compared with methane, although the factors
controlling permeability are the same, the influence of each factor is different. At first the dominant
effect is a significanamount of CQadsorbed, inducing the swelling of the matrix. Therefore, the
flow channel is narrowed down and permeability decreases. When pore pressure continues to
increase, because of the characteristics of Langtypdr sorption effect, the amount GO,

adsorbed increases less so that there is less influence of swedlirngd permeability reduction.
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As a result, decreasing effective stress overcomes the opposite effect of swelling strain associated
with gas adsorption and permeability increasesugincsorptioAanduced matrix swelling.

This permeability behavior is consistent with previous measurements condudtéhy
etal.,(2011)andLi et al.(2013) One important finding that needs to be noticed is that permeability
doesnot recover to or exceed itgiginal value. This phenomenon is similar to that reported by
Wang et al. (205). In hisresearch work, the depletion proci&ssontrast to gas injection is applied
the result shows that, with pressure depletion, permeability initially decreases and then increases,
but it cannot recover to its original value. According to ihigestigation, the reason for this is
probably because the structure of anthracite is tight, and soeiptianed matrix shrinkage for
anthracite is comparatively less than bituminous coals. Similarly, in this study the reasons why
permeability cannot reser should include the following: (1) according table 46, initial
permeability is typically high. (2) Because of the significant sorption effect and tight structure of
lllinois coal, decreasing effective stress cannot completely compensate for sorgtioed

permeability loss.

Table4-6 PermeabilityResuls for CarbonDioxide

Step Pressure(psi) Permeability (mD) Objective function R (%)
1 21.9 1.48 2.40
2 109.12 0.9 0.38
3 223.35 0.62 0.21
4 339.52 0.55 0.12
5 468.46 0.59 0.069
6 584.19 0.66 0.045
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