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ABSTRACT

Gas production from unconventional reservoirs such as gas shale and coalbed
methane (CBM) has become a major souradezfnenergy in the United StatdReservoir
apparenpermeability is a critical and controlling parametertfa predictions of shale gas
and coalbed methane (CBM) productions. Shale matrix and tight anthracite are
characterized by ultraght pore structure and low permeability at micand nanescale
with gas molecules stored by adsorption. Gas transpdngie and anthracite matrices no
longer always fali nt o t he continuum flow regi me de:
considerable portion of transport is sporadic and irregular due to the mean free path of gas
is comparable to the prevailimmprescale. Therefore, gas transporbisth anthracite and
shale will be a complicated nonlinear muttechanistic procesd. mumretcihani st i ¢ f
process is always hampe n@BrMgd udcutriionng, sihnaclleu d
viscous flowjtsonpfFfFowewantdr &msaidsen diffus
contributions to apparent pecaometaibndausy rae se
d e p | .eThe complexity of the gas storage and flow mechanisms in-fulapore
structure is diverse and kes it more difficult to predict the matrix permeability and gas
deliverability.

In this studya multrmechanistic appareipermeability model for unconventional
reservoir rocks (shale andnthracit¢ was derived under different stressboundary
conditiors (constantstres and uniaxiabtrain). The proposedmodel incorporates the
pressuredependent weighting coefficiento separate the contributions of Knudsen

diffusion and Darcy flow ommatrix permeability. A combination of both permeability
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components as coupled with pressutgependent weighting coefficient&.stres$strain
relationships for a linear elastic gdssorbing porous medium under hydrostatic stress
condition was derived from thermalastic equations and can be incorporated ihe
Daradan flow component, serving for the permeability data under hydrostatic stitess.
modekdresuls well agreewith anthracite and shale sample permeahiligasurediata.

In this study, &boratory measurementsf gas apparenpermeability were
conducted orcoal and shalsample for both helium and CQinjection/depletiorunder
different stress conditionsAt low pressure under constant stress condition,, CO
permeability enhancement due to sorpiieduced matrix shrinkage effect is significant,
which can beeither clearly observed from the puldecay pressure response curves or the
data reduced byCQappetemt . dsr medlhioldi.t y can

pressure higher thae ekx@d@omslhi miwtha & hs hmalye

capwn.cilel i um ipse rrmoeraeb isleintsyi t i ve ebDf edteri vs;ag i a
thanaf® it i s 1 ndepelmdentr uef egfdreec tprvees ssu Iree.
found two values at | ow pressure region (<
The negative value indicates Knudsen diffu

apparent per meabislhitty stwhameTBFeasmuz a&gh

Additionally, laboratory measurementof gas sorption, Knudsen diffusion
coefficient and coal deformation were conducted to biakn the key effects that
influence gas permeability evolutioAdsorption isotherms of crushed hrdcite coal
samples was measured using Gibbs adsorption principle at different gas pressures. The
adsorption isotherm result showed that the adsorption capacity at low pressure changes

with a higher rate and thus brings a significant sorpitioliced rock matrix
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swelling/shrinkage effect. And the isotherm data are important inputs for the Darcy
permeability models. The latter was coupled in the app@enmeability model as the
Darcy flow component which involves the sorptioduced strain component. Bifion
coefficients of the pulverized samples were estimated by using the particle method and was
used to calculate the effective Knudsen permeability. The Knudsen diffusion flow
component in the proposed appaspatmeability model was constructed by sfmmming
Knudsen mass flux into permeability term and used to match the effective Knudsen
permeability based on diffusion data. Increasing trends for all results were performed
during pressure drop down in the result plots. Ar@lmodeling result showeery good
agreements with them, giving a solid proof of the availability of Knudsen diffusion
componeh as part of the proposed moddlhe results of a series of experimental
measurements of coal deformation with gas injection and depletion revealectbaith
sorption induced deformation exhibits anisotropy, with larger deformation in direction
perpendicular to bedding than those parallel to the bedding pldredeformation of coal
is reversible for helium and methane with injection/depletion, bufand€O,. Based on
the modeling results, it was found that application of isotropic deformation in permeability
model can overestimate the permeability loss compared to anisotropic deformation. This
demonstrates that the anisotropic coal deformation shHmildonsidered to predict the

permeability behavior of CBM as well as €sequestration/ECBM projects.
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Chapter 1 Introduction

I n the United States, the devel opment o]
encouraged by federal tax incentive durin
considered as a valuable clean energy reso
by USyEnedf@r mati of MAd kiomwis &i rraetvieatl s, a201h)r
i ncrement i n coabthetlromt 8686 poo”ROWOBI. Al t |
production rate shows a |ittle decline tr
product i onAlsg shaldgasirdsarvbirs play important roles in natural gas supply
in the United StatesThe most ecent annual energy report by US Energy Information
Administration (US EIA) reveals an incredible increment in shale gas production from
2007 to 2013The gross production from shale gas wells increased from 5 bcf/d in 2007 to
33 bcf/d in 2013, represengrup to 40% of US total natural gas productidenrsylvania
became the secoddrgest shale gas producing state in 2013 with almost all the growth
coming from the Marcellus plagi mi | ar t o coal bed methane r
al so have distinctive features compared wi
form within the organic rich source rock b
per meabi |l iotry., HRuret hleown per meabi |l ity and ad
mi gration of gas to a more permeabl e reser

During CBM and shal e gas productions,
dynamically changes as a resuddr @ds @3 estshue re

be an increase of the effective stress, de
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and pore pressure, tending {(€ucl ase Bhhastame
Mazumder and Wol f , 200 8; Pal mer and Mansoo
al ., 2012; WanrAgr de tt heel .p,r exs®Blulr)e dr awdown al s

through a thermodynamic enmrghebédhbhanhacaeeswh

enhancement (OLi peamdabaltpalyani, 2013.a, 201
The pedmegygb evolution is, therefore, contr
stress i nduced permeabil ity reduction an

enhancement during pressure detpilgehtti onoc kKAd
expechedi nfol melnmeiecch athy stwscsuch as sorption,
and, Dandwvvfaldpws €l,hnD@afr0c9y) f | ows coul d be si
because of the extremely tight matrix str u:
with the pore size. Thus, the e&t ifrhatwe dnape
not be validdfehabheaet deéadi tgecs@met h kme Nand

(Gensterblum &mnd att he @I0daacrtceyr iczoantpioonne nafs nr

i mportance for both | aboratory measur ement

Previous investigations andr surudlarest amditr
unconventional gas flow dynamics. However,
overall gas deliverability and a h-alnidsti c
naypores in shale matri x-DaAfcgowd sumlkage K

di ffusi omandn-smabep and Da+acnyd fflisoavatier ensa cg tc
missing. Firstly, diffusion coefficient meseé
comparison to the Knudseéehnre dinfdfeurssitoann dmadye lo

fl@@wcontribution in permeability. The wuti
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di ffusion coefficient, trying to represen
approach in current r essterdeyspsee e xpeegaedk as s
condition. Mor eover, though existing Darc
model s can provide iIimportant knowledge of
permeability, the contmrebtust iyoent ogfo td iw efieg hetnet
none of the apparent permeability model s

reservoir condition.

The main hypothesis of this proposed res:
in tight matiintliuendgdamiyc @lals-jnec leamrsiug tei ¢ hfr
mechani sms, mainly including sorption, dif/
problems stated above and follow our mai n
research rszeoanodamacigthanhestmel fil ow dynami

and shale matrix at eiafr fce/r efnlto wg acso mproenend r

adsorption i sotherm and di ffusion coeffic
anthracite codalclasd analimcpaporated into a
Gas permeability has been measured on anth

boundary conditiome.chaAamdsftioalfl pwa mmdet |

per meabil i tiynimagdeeélotho-amrrccyy falnodw neofnf ect s, w
and validated.
Il n order to achieve the objective, t his

specific aspects:
1. Laboratory measurements of adsboptcoal

and shale sampl es.
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2 . Laboratory measurements of gas permeabil
consdtarngdss conditi on, hydgtorsdian i cormaintdiidn .or
3. Laboratory measur ement ofonc oaanld ddeefpolremaito
4 . Constructbaamryofcompmonent model ( Knudsen
and evalwuation of this model though measur
5. Developmenmeoliami snuil ¢i apparent per meabi l
Darpgrmeability and Knudsen permeab-ility

dependent weighting -sobedifnccemdisti amder un
6 . Derivation of proposed model under hydr

7 . Data validation and resul t anal



Chapter 2 Laboratory Investigations of Gas Flow Behaviors in Tight
Anthracite and Evaluation of Different Pulse-Decay Methods on
Permeability Estimation

Abstract

Permeability evolution in coal is critical for the prediction of coalbed methane
(CBM) production and C&enhancedCBM. The anthracite, as the highest rank coal, has
ultrartight structure and the gas flow dynamics is complicated and influencetly
mechanisticflow components. Gas transport in anthracite will be a nonlinaalti-
mechanstic process also including nddarcy components like gas-agesorption, gas
slippage and diffusion flow. In this study, a series of laboratory permeability measurements
were conducted on an anthracite sample for helium andi§fetions under both coasit
stress and uniaxial strain boundary conditions. The different transientdjadag methods
were utilized to estimate the permeability and Klinkenberg correction accounting for slip
effect was also used to calculate the intrinsic permeability. Thenh@kermeability results
indicate the overall permeability under uniaxial strain condition is higher than that under
constant stress condition because of larger effective stress reduction during gas depletion.
At low pressure under constant stress condito® permeability enhancement due to
sorptiorinduced matrix shrinkage effect is significant, which can be either clearly
observed fromthepulstecay pressure response curves O]
method. But within the same pressure rarilgere is almost no difference between Brace

et al .6s and Dicker & Smitsds met hod. Gas ¢

for low permeability coal based on the obtained experimental data.



1. Introduction

In United States, the developmeftoalbed methane (CBM) was initially encouraged
by federal tax incentive during the early 1980s. Since then CBM was considered as a
valuable clean energy resource, and the most recent annual energy report by US Energy
Information Administration{A. Markowski et al., 2014peveals an incredible increment in
coalbed methane production from 1989 to 2008. Although after 2009 the production rate
shows a little decline trend, CBM is still an important natural gasymt@on contributor.
In US, Pennsylvania is fourth largest coal producing state in the nation in 2014 and the
only state producing anthracite coal. And anthracite coal has a general higher heating value
than other coal typg€oal Age, 2014)The anthracites were known as ulight and also
the highest rank coal withighest fixed carbon content. Additionally, from environmental
standpoint, C@sequestration in anthracite coal seams is also attractive due to the high CO
holding capacity per unit volume/mass. For both anthr&e® and CQ-enhanced
CBM, the permeabity of coal is one of the key decisiomaking parameters and thus a
sound knowledge of the permeability evolution for anthracites will be essential.

During CBM production, the permeability of coal dynamically changes as a result of
pressure drawdown. Whemessure decreases, there will be an increase of the effective
stress, defined as the difference between the external stress and pore pressure, tending to
close the aperture of existing fractu(€sii and Bustin, 2005; Mazumder and Wolf, 2008;
Palmer and Mansoori, 1998; Shi and Durucan, 2004;Wang et al., 2012; Wang et al., 2011)
And the pressure drawdown also results in coal matrix shrinkage through a thermodynamic
energy balance which tends to open the factures and an enhancement of pgrr(¢abi

Liu & Harpalani, 2013a, 2013b; Pan & Connell, 200¥he permeability evolution is,



7
therefore, controlled by two competitive effects, namely, stress induced permeability
reduction and matrix shrinkage induced permeability enhancement during pressure
depl eti on. What 6s mor e, gas fl ow muiti- ant hr e
mechanistic flow dynamics such as sorption, diffusion, slippage and, Darcy flows
(Javadpour, 2009 he norDarcy flows ould be significant in anthracites because of the
extremely tight matrix structure when the mean gas flow path is comparable with the pore
size. Thus, the estimated permeability by
tight anthracites with noeideal gases like jl methane and C@Gensterblum et al., 2014)
and the characterization of n@arcy comnents raises its importance for both laboratory
measurements and modeling.

I n this paper, theéetcapdsieahnimgtdodasipus
low permeability on anthracite samBrace, Walsh, & Frangos, 196&jowever, this
original pulsedecay method has itsritations when applying to coal or other organah
reservoir rocks. For example, it assumes no compressive storage in the rocKldamaple
Tracy, Neuzil, Bredehoeft, & Silliman, 1981) pur e Darcyds fl ow cor
sorption effec{Cui et al., 2009and no gas slippage effgtteller, Vermylen, & Zoback,
2014) Thus in this study, both pulskecay approaches with pore compressive storage
effect ceveloped byDicker & Smits, 1988and with sorption effect developed @ui et
al., 2009)will be employed along with the classic putecay and Klinkenberg correction
will be introduced to weight the contribution of slip flow, in order to test howDarcy
effect would impact the tight coal permeability. Also, the permeability was measwted
various experimental boundary conditions and the influence of different boundary was

discussed in detail.



2. Background and literature review
2.1  AnthraciteCBM studies

Coal is generally considered as a seléirce reservoir rock with high gas storage
camacity due to sorption effect. Anthracite, as the highest rank coal, has higher adsorption
capacity for gas storage than lower rank cq#ls K. Markowski, 2014) However,
anthracite coal has a relatively low porosity due to high thermal maturity. Thus the lessons
learned from fluid dynamics in tigishale may help us to better understand the
permeability evolution of anthracite coal.&past coal permeability studies on anthracites
showed complex permeability behaviors with combined matrix swelling/shrinking and
effective stresses effeqtizadi et al., 2011; Shugang Wang et al., 2011; Yin, Jiang, Wang,
& Xu, 2013) Also, gas transport in anthracites isnalti-mechanistiqorocess including
sorption, diffsion, slip and advection flows. Therefore, a comprehensive characterization
and evaluation of anthracite coal permeability evolution in laboratory scale is critical to
decipher the complexity of gas and coal interactions during CBM/ECBM production.
2.2  Compressive storage and sorption effect on coal permeability

Compressive storagedetay hpermsabivioiitry i me
influenced by instantaneous volumetric fl o
reservoir cdmmreas sTihiedbytdygcagl dpBerhepedt bwnl
(1968pumed no compressive Hgoelmget ehémc( 19
derived a gener al solution accoundiecagyfor
an@Di cker andpfmistent @ed9&8 new model -deocaayppl vy
met hod. The significance of this effect d

st orage siamypil ke atrfdeownst heampr eservoirs, whi
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be evaluated case ®dymethbed &SndGBPimekb tio dB h&am
been widely applied in sample permeability

in oyr schaoosud d be del i-thieglatt ed yckested for wul

As a primary storage mechanism in CBM
necessary for I ndi r(eHatr tgmasn , GRO0BHtr pe¢ $ 0N Ma t:
typically influenced by rme esfsutrlee nte®alperan .
found that the absorbed amount of gas 1is p
ro¢iHi | denbr and, Krooss, Busch, & Gaschnit z
2011, Wal | s, Di a2z;, Z8 aChagv,a nEalulgihs,, 2Rulppel , Mi
For coals, adsorption has indiCuwicteti.ndll.uen
Permeability is a factoowméasouighg at lpor ab

foll owitegl(@rkey nan, Rutter, Me.Dlilreg bGB ® h
producti on, met hane mol ecules desorb from

matrix shrinkage that opens natu(rlailu cdredat

Har pal ani , 2014a; (IMi tbiau e& Hr pbaolz & i2y)e c2hOaln3
effect and sorption induced strain during
induced strain model t hat can bdé Scowplue &
Har pal ani ,Tha 01l 3cboupl ed model was tested to
However, the roles of sorptiomileifttycha®nnadt

investigate and quantified.
2.3  Pulsedecay method for stressed rock permeability estimation
Significant experimental work has been tried to measure the permeability and its

evolution in coal and other tight rocks. Bracee{(aBr ace ef i abt| y1D6&68) o0
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the petsy techniagseemdas met hods dleawved §rm
measure the permeability by applying a pre
sampl e. I n Table 1, we can see that this
conditions tda etcikmagptee meladi i gly has been
by numerouq Cuesedr aher,s 2009, Di ckeKamatdh Sn
et al ., 199 2; Luf f el et al ., 190Bcké&al Bods
Smits p(rlo9p8o8s)edl ea apulcaaé cul ati on met hod with
storage effect <cor @ecitnicoonr.p oH ocaw eev earn,y -tahdesyo rdp
Darcy flow regimes into the calculation I
per mdagbime asur e me n tboratory Mestimationv efr permehbility  of
unconventional reservoir rocks with adsorption effect has been reported and it has been
traditionally measured either under hydrostatic condit{@ns et al., 2009; Soeder, 1988)
or in the absence of applied stréSsii et al., 2009)l (Cui et al., 2009)an approach was
proposed to explicitly include adsorption during ptdeeay method to measure the rock
sample permeability. A sorption capadigym firstly derived byDi ¢ k e$ miatnsd ( 19 8 8
w a snplicitly introduced to correct the compressive storage in pore space at different
pressuresWang et al. (2011)sed the original pulsgecay calculation method to measure
the coal permeability and to quantify the sorption amount and sodiptioiced strain under
fixed stressed condition. These laboratory work advanced the understandings of the
unconventional gas permeability measurements, but their laboratory conditions are not
representative of true field conditions and consequently, the findings may be subject to
faulty permeability measurements of sorptelastic medigLiu and Harpalani, 2014a,

2014b; Mitra et al., 2012)



11

Mitra etpra¢e¢sent2dds?2e Isaker atory per meabil
uni axi al conditiaonsowdi chomeopfi catcesenal |
di mension and vertical stress. The applica
dynamic changes of the stat@E@S.ofLisur&sbBamdm:
2014@; 39Sh&,Dfmuoncan, 2014; Ji .Theanmxiabstrain & Dur
condition is widely accepted a@s situ condition for subsurface reservoir development, in
which the lateral boundaries of a reservoir are fixed and do not move, as well as the constant
vertical stress due to the unchanged overbui@ertsma, 1966; Lorenz, Teufel, &
Warpinski, 1991)A reduction in reservoir pressure, in turn, results in a reduction in stress
acting within and surrounding the reservoir. The horizontal stress actangeservoir at
depth is observed to decrease significantly with decreasing reservoir pore p{8stiue
& Harpalani, 2014e)This stress decrease is known from simple theoretical calculations
and has been observed in field for many conventional reservoir formé@mkels &
Eekelen, 1982; Teufel, Rhett, & Farrell, 199 this study, permeability measurements
were conducted on tight am#tite coal samples and different puttecay approaches were
applied to figure out the feasibility of each method on unconventional reservoir rocks, with
the evaluation of the permeability data under both constant stress condition and uniaxial
strain condion.
2.4  Slip effect

Note that unconventional reservoir rock has very tight structure, gas flow in matrix is
controlled by multiple flow dynamics inclu
(Cui et al., 2009; Javadpour, 2008)nce pulsalecay assumes Darcy flow as the only flow

regime during permeability test, it is critical to at least address the gas slip effect as a
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correction to differentiate gas permeability from that of liqiithkenberg(Klinkenberg,
1941) initially identified gas slip effect in porous media flow and introduced apparent
permeability as the corrected gas permeability. At a molecular level, gas molecules collide
with pore walls and tend to slide at the walls instead of losing velocity during gas flow
(Swami, 2012)So it is believed that gas slippage can be significant when the pore throat
size is comparable to the mean free path of gas moled¢@r®a pressure and temperature
(Amyx, Bass, & Whiting, 1960)The equation to predict apparent permeability component
for Klinkenberg effect is described as:

’?‘Q ';'Q (I)
P 3

whereQ is the corrected permeabilit is the intrinsic/Darcy permeabilityy is

pore pressure at each step of experimentscans the Klinkenberg factor shown as

(Ertekin, King, & Schwerer, 1986; Randolph, Soeder.D.J., & Chowdiah, 1984)

® — — S

where c is a constant typically taken as 0.8 the gas viscosity, M is the fluid
molecular weight, w is the width of potleroat, R is the universal gas constant, and T is
temperature. And when sorptive gas is used in the permeability measurement, its
Klinkenberg factor cannot be directly measured since there is a combination of both
slippage and sorptiemduced swelling/stimking effects. Therefore, the value of b should
be obtained firstly using helium in order to separate slippage effect and shrinkage effect
(Harpalani & Chen, 1997And the equation used to obtain the slip factor fop 8&Ghown

as:
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where' and‘ are the kinetic viscosity for GGand heliump ando
are the molecular weights for G@nd helium, ando andc are the Klinkenberg
factors for CQ and helium, respectively.

Since gas slip flow is happening in tight structure during the measurements, by
obtaining apparent permeability data through the pdészy method with sorption,
Klinkenberg correction is able to back estimate the coal intrinsic permedbility; Liu,

Yao, Cai, & Chen, 2013yhich can be further incorporated into existing stress/strased
coal permeability models to analysis the effective stress irdfien permeability and coal
structural changes and extrapolate the uniaxial strain condition in the laboratory scale.
3. Experimental work

The pulsedecay technique was employed to estimate the permeability of anthracite
coal. The advantages of this methsdhat the permeability can be calculated directly from
the linear portion of the solutiqikamath et al., 1992nd it is the only option for very low
permeability rocks since it is impossible for maintaining stestdie flow in ultradow
permeability rocks. With theonsiderations of gas storage/compressibility andDanty
components, this method will be suitable to estimate tight reservoir rock permeability.

3.1 Sample Procurement and Preparation

Blocks of anthracite coal were obtained from Jeddo coal mine locakéaiziaton in
Luzerne County, Pennsylvania. The proximate analysis is summarized in Table 2, and
yielded a fixed carbon percentage of 78.35%. Cylindrical cores were drilled from the

anthracite blocks with ormch in diameter. Following this, the top andttbon of the
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drilled core was trimmed to ~ 2 inches in length and the surfaces were polished to enable
proper placement in the triaxial cell. Two wpliepared samples were shown in Figure 2.
After the sample cores were dried, they were then preservedimn and clean plastic
sample bag in a labse alloy box for 3 hours before put into triaxial cell, in order to
maintain the samplesd Iintegrity.
3.2  Experimental boundary conditions

To estimate the permeability change under various sétems conditions, two
boundary conditions were mimicked in our laboratory, that is, constant stress boundary and
uniaxial strain boundary conditions. In triaxial cell test, the constant stressicomefers
to both the axial and confining stresses were maintained at a constant value throughout the
course of experimental duration. The stresses are generated and maintained by -computer
controlled syringe pumps. The constant stress boundary condiismelatively easy to
achieve. To better replicat@ situ condition, the uniaxial strain condition was also
implemented in our measurements. Under this condition, the horizontal physical boundary
of the sample and the vertical stress were maintainedasdagPalmer and Mansoori,
1998; Shi and Durucan, 2008)onsequently, the horizontal stress was adjusted to maintain
the zero net horizontal strain with gas injection or depletion. By comparing the results
obtained from both boundary conditions, a quantitative analysis was carried out in this
study.
3.3  Experimatal setup and procedure

Figure 3 shows the whole experimental Sy
a Temco triaxi al cel l core holder, t wo I

monitoring and recording systems.ntiheisgr
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changing stresses in a controlled manner
desktop LabVIEW software control panel, 1is
and record the stresses andubmlgrecjta okdtejiex
i solate the sample from the confining flu
constant atThe 6s akmp(l2e3 AwCa)s sandwi ched bet we e
and then placed inside the Ilcuonmmees, holladregre. dTi\
Swagel ok tubing, serve as the wupstream and
upg downstream reséeéandi n188§@26whaah7e7 7t hnem samp |l e
26602 nhwoa chd wrha-bpsEB8BOmega preseuliastraaned
continuously monitomeam@speansed wiéeésnshwigh
the experiment al medecrag mepmtess.suTlee cpresesu
estimate the per meabidleictayy. wWet rhc abmodtahe Qieddleitun
test fluids.

3.4 Helium depletion under constant stress condition

As asoobing gas, helium was firstly <chos
sample was gradually stressed to 100D psi f
stress. After the mechanical equilibrium w;

a vacuum pump to remove the residual nair i
sigals production procedur e, gas depl etion
psi for both upstream and downstream. After
was reduced to 800 psi, ahmr e spsuwtdeiestewwea y a
upand &@edwream was created. Then the valves |

opened to discharge the gas through the sai
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estimated basiemde onestplerspses Fwdanowi ng

pressure was decreasevdi $erdeplkeéet porsSswerre s

ar interval for designed number of tir

3.5 Helium depletion in uniaxial strain/in situ condition

or delremeonti m hei onsandiialt i st r ai mé confi

adjusted to maintain the constant sampl e h

verti

cal / axi al stress were kept constant &

nst dle pump volume is injected into the t

zontal stress around the sample core by

core sample deformation in hororziomd al

much fluid volume changes inside the p
sampl e will tend to shrink because of

l uid volume inside the puepowhoti dert

rmati on, we continuously increased the

ced at each pressure steps to make it

ubber jacket was subtrachadgérom the

ression test was carried out to obtain

rmation and the applied confining stre:
pl aced in the ce¢lldedmd mahemnt wasr clome n
the confining stress from 50 psi t o

ning stress and rubber jacket thickne

er deformationccuwmit @t eealcycomait nt amen ctame a

nsion by adjusting the confining stres
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simply setting the constant pumping pressu
condition, thefsampl-&5W0Wad odedl0dt @i wi th m
condition. The sample was initially stress
vertical stress. During depletion, the per
the correspiomdnggstcresses were also record:
3.6 COp depletion permeability measurements

After the hewasunusceydc Ifeor COr bing gas pern
order to make compaweseh, ashehexsampahssthe
namely, 1000 psi for confining and 2000 ps
were applied from ~900 psi to ~100 psi. Th
step.

After the constant stress bbendarwxcahdis
condi tion. Unfortunately,odepebketsiaonp!| @&hifah |
attri bufceodalt owetatkeed hiong hi gh delWdragalrdarci s&r M
2009)Thus, we did not reporddetpHetdatna f or t
3.7 Pulsedecay permeability estimation

The transeenaly pppbseach provides an eff et
permeability of tight rocks. To deter mine
was i nt rBrdauccee de tlsyad wn (il 6e8qguations (4) and

~ ~ ~
5 \ 5

06 0 0o 00 00 Q 1

wheréanidois the pressure of upsbDroeamdand
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O Ois the initial pressure of|]iupstheam apd
the |line when pl ol di Dgdanreslepgiepgpieastetame
is theectriosmsal area of the Giasmpgas dcoimgr esds

an@dan@dis the upstream and downstream rese
pressur e data are coll excteakndowm wixlpler ibm
per me&kiwhl chycan be estimated.

This classic method was stil]l one -of the
permeability rocks, but 1t is questionable

compressgbf é¢Bridcsd i @t agbumédo®a&aycy fl ow on

measurement and no compressive storage in
good assumption if the testing fluid is wat
fluid in the tesHowgvpressheegnangs known

that the storage volume should be correct e
compute both permeability and spedsifelt et o
al . (d1eor8i 1v)e d more restrictive analytical

describing the decay curwmesntf womht tce mpe ems
effect. The gener al solution of the di ff.

di fference and di mensi onl e(sDsi ctkietme &wvaSsmiitnsp,r

yh ¢B Q ®
wheodand s rtante o 6&f ssammplgei ty to thatandf ups

downstream +~esent her optantd the following eq
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0we

~
g

wheb e—w —anadis the pore volume of rock samg

To simplify tJoeneasb o(nled %vd)t b'@xds, af dlalca vog:

0 "
And t he odiegiaryalequultse®n turns 1into:
_ W
Then the measured sample permeability be
n — p T

Another feature of the organiearing rocks is adsorption. Tliei c k er & Smi t
method can correct the compressive storage, but it could not handle the loss of adsorbed
gas duing the gas injection because the adsorbed gas is no longer in gaseous phase. In
order to extend the pulsiecay technique for sorptive and tight matefialj et al. (2009)
presented a new approach to estangermeability with both pore compressive storage
effect and sorption effect for orgariearing rocks. Corresponding to the effective porosity
of core sample, an effective adsorption porosity term is introduced to account for the
contribution off gas ma&cule adsorption. Langmuir model was used to quantify the gas
adsorption volume as a function of pressgt@ngmuir, 1918)and mathematically

described as follows:

0w — PP

wheweés the gas axissortbheed Lveon gunmuei, s ioé ulman @ mu
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pressure. Soagbecaspmpl ey sc@atippriomchhéecCoime

%0

() —w P
) PC
L d (L) p %0 O'
S p
whefhe, ——— % s the matrix pbdbawndiid yt od molck

desity of gas and the skeletowh idsentshea ymowlfa
vol ume of gas at standard pressure and tem
study, we compared the esti mat edd gypeprnmeadhd:
including classic Brace approach, Dicker &
recommendati ons were made for the tight an
4. Results and Discussion
4.1 Pulsedecay pressure curve comparison between helium and CO

Figure 5 shows thieelium and CQ@pulsedecay pressure response curves measured at
each gas pressure step during constant stress conditions. Due to the fact that equilibrium
time is extremely long (may last for more than 1 week at 100 psi gas pressure) at low
pressure, we dyntook partial pressurdecay curve to estimate the permeability. This is an
advantage feature of the transient method. From Figure 5, we found that the time required
to approach the equilibrium decreases as increase of injection pressure for botaheélium
CQO,. Considering helium as a n@orbing gas, only effective stress effect influences the
permeability evolution, and the permeability are expected to increase with elevated pore

pressure at which the effective stress reduced correspondingly.
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For CQ gas, beside the effective stress effects, the sorption process, happened on the
internal surface of coal matrix, influences the structure of coal matrix and thus the gas
deliverability. Driven by multiple mechanisms, the permeability of. @Oexpected to
follow different variation trend compared to helium which will be directly captured and
visualized from the pressure curves. From Figure 5, theg@€pressure equilibrium time,
as we can observe, is generally more than that for helium, which physnchigtes CQ@
transport slower than helium under similar conditions. And the pressure decay rate is lower
between 300~500 psi than other pressures, which indicates a lower permeability in this
pressure range.

If we make a careful comparison with helium &@. pressure decay curves, a few
notable findings can be observed qualitatively. According to Figure 5, the overall time for
helium permeability measurement is just as half as the time fer&@ even that a few
helium curves already get equilibrium waimost the C®still on its half way at most
pressure steps. For example, when the pseudo equilibrium pressure is about 300 psi
(upstream pressure about 400 plus and downstream pressure about 100 plus for both gases),
the helium pressure difference betwegrstream and downstream reservoir change from
340 to 98 psi within less than 1 x*1€kconds while it took almost 2 x€kconds for the
CO pressure difference to only vary from 330 to 196 psi. With this comparison, we can
conclude that it requires muchore time for the equilibrium for CQhan for helium to
pass through the rock sample at same condition, which indicates the helium gas
permeability is higher than the G@as permeability. This also indicates the coal
permeability is a gas type dependerdperty. For nofsorbing gas, the total free gas keeps

constant in the whole system. However, for anthracite coal and other sorptive reservoir
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rocks, the gas aftlesorption process can either store in or produce gas from the matrix,
dominating the flux n/out the matrix. In Figure 5, we can observe several obvious
asymmetries for C&depletion. Foexamplewhen the pseudo equilibrium pressure at 550
psi, the upstream pressure drops in a higher speed from 640 to 600 psi while the
downstream pressure haydias any increment larger than a few psi. This indicates that
the absolute free gas quantify decrease as time elapse. This lost gas quantity should be
considered during the permeability measurement.

In order to qualitatively analyze the sorption effegttbe pressure decay cures, we
repeat three pressure decays for the same coal sample under the same experimental
condition where we allowed fully equilibrium as shown in Figure 6. The sample was
depleted from ~700 psi. The dot lines represent the pseuwdldagm pressure at each
pressure step. One interesting observation is that the equilibrium pressureisiigatiges
with time elapse at 410 and 120 psi, which indicates there is extra gas mass influx to the
free gas phase. This may be attributedh® $low gas desorption with gas depletion.
Because the desorption is a slower process than prassega flow. Conceptually, the
equilibrium takes two coherent processes: one is the pressure drive equilibrium where the
pressure equilibrium between-ugnd down volume happens relatively fast; the other is
desorptiondriven flow which happens relative slow. This desorptioiven flow makes
the tails of pressure equilibrium slightly upwards instead of maintaining stationary at low
pressures. And this effeid hardly seen at high pressure because of the nature of the
sorption behavior that sorption reach the plateau at high pressures forBost$,

Gensterblum, Krooss, & Littke, 2004; Harpalani, Prusty, & Dutta, 2006)
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If we look into different scale of this phenomenon, we may see that-tlke-adrption
effect has the real influence on the permeability evolution during reservoir pressure change.
For unconventional reservoirs, the adsorption effect provides a largtogage capacity
while the desorption process leads to a significant increment on the totBlanoy flux,
and thus may control latieme production reservoir behavigrdesorption/diffusion is the
ratelimiting step(Cui et al., 2009; Yi et al., 2008Besides, the shrinkage of matrix due to
desorption effect also results in the rock matrix deformation and, consequentially,
permeability chang€H. Kumar, Elsworth, Liu, Pone, & Mathews, 2012; H. Kumar,
Elsworth, Mathews, Liu, & Pone, 2014; S. Liu & Harpalani, 2013a; Shugang Wang,
Elsworth, & Liu, 2012b)
4.2 Helium permeabili results under constant and uniaxial strain condition

As the section 3.4 mentioned, the compr e
permeabil ity estimati on. We guantitativel
influence the pehrenmmeecabi 3iince edsdrlibmengi iogha sa, nhc
permeability was estimated under&cmasthadt
(without compressive storagmetchodeCwi om) c ar
storage correcpign)Di ck@sr onmkedteBrmoidt, s tahpe i ni t i
required and wa(sGaans,s uNmendd it,0 & ewa8 % er , 1972;
Sousa, Fo002pbodsm the permeabilities were
The permeability decrease from ~0.01 to -~
decreasing from 900 to 108 metimedubesugh
compressi ve tshteareagies eaflfneocstt, no di fference

profil es. This is not surprising since the
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been confirmed for the uni axi al strain con

per meabstimaesd by both methods were very .

n order to test how the contribution of
pore vol ume, we calculated the permeabil it
met hod and Dmetkrod & Wimiplos osi ty range bet we
9 shows the permeabil ity édinfeftehroedn caen @ eotrwege r
met hod. The difference between the two met
porosity. With t,heDipcokredss i & syb miretd soevd 1W0&d ue s a
| arger ©Ghamethroadce When the sample porosity
can become up to 12%. Note that in this st
upg downstreammeesamwvoitrhev plow e vol ume takes
volume and 11% of downstream vol ume. Conse
relative |l owspriessgrgasort me@enpore compress|
when t he sampltee vsonhaulme ciocdthpgmietdr eaom uwol um
insignificant and thus there®&i menhbosi gnidf Dt
& SmeE tmet hod. Either method can be used pr
stress condi ttiroami nanao nudniitai xoina | -t Asagrh t o tr loecrk st
compressive storage may not be significant
would be a good assumption t hadst nieotrh osdh acl aen
safely dapmelsiroamdb ifror gas permeability esti mat

Now we compare the per meadi Imetthode unldtes
boundary conditioasnt boffededohdomi sthrebeoeri

from 1707700 ptsoi for pore pressure depletion f
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10. The effective horizontal stress for bot
in Figure 11. With depletion, the irmdrmease
condition is slower than for constant str
horizont al stress under uni axi al strain c
horizont al strain resulting i n car eraesleat iTvheil

phenomenon has been observed for(Lliauw arnank
Har pal ani , 2014c;AMiexpmpectted,l .t heode&nmeabi
conditions was found to be higher than the
and Table 3. Tdliat e etsalttlse weflfle ctoirve str ess
increase of effective stress, the per meabi
4.3 COz gas permeability results with stressntrolled condition

In order to test influence of different puldecaycalculation methods for sorbing gas,
CO, depletion was conducted under constant stress condition. Based on the pressure
response curves obtained during the experiment, comparisons were made between the three
pulsedecay calculation methods, original putsecay (Brace et al., 1968)modified
method with pore compressive storage effBatker & Smits, 1988and modified method
with sorption effect(Cui et al., 2009) The results were shown in Figure 13. The
permeabilitieswere calculated with three miedds. In order to take the sorption into
consideration in Cui et al.® method, the s
Langmuir pressurg) ¢ miagi ,Qangmuir volume @ ¢ 1@ O'Q, sample length
(O v ®daa),temperature Y ¢ w$ W ). And gas properties and other pressure

temperature dependent parameters were calculated by following ASTM standard methods.
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In Figure 13, the calculated permeabilities using three different-pelsey methods
behave somewhat similar. The permégpiinitially declines sharply with pressure
depletion from 850 to 400 psi and then start to respond. It is well known that the gas
permeability in coal was simultaneously controlled by the effective stress and
microstructural change due to sorption knaagnmatrix shrinkagéCui and Bustin, 2005;
Palmer and Mansoori, 1998; Shi and Durucan, 200%) initial permeability decrease was
attributed to the effective increase as shown in the figure. Although the desangiticed
shiinkage happens in these high pressures, but the dominate effect is the increase of
effective stress tending to narrow the gas flow channels. When the pore pressure keeps
decreasing, a significant portion of €@ill desorb from the matrix and this sorption
induced permeability increase will dominate the flow behaviors in the low pressures.
Because of matrix shrinkage effect, the permeability tends to increase though the effective
stress increase. This G@ermeability behavior in pulsgecay test matchesqvious
laboratory measurements on tight coal samples done by several resefimatkré
Elsworth, 2013; J. Li et al., 2013; Shugang Wang et al., 26idyever, the permeability
did not recover to or exceed its original values for anthracite, which is different from some
of thelow-rank coalgLiu and Harpalani, 2013b; Mitra et al., 201Zjis might be due to
the tight structure of anthracite and the sorption induced matrix shrinkage is comparatively
less than bituminous coals.

Comparing to the permeability data from original ptdeeay nothed, the result from
Dicker & Smitsds method still shows al most
the pore compressive effect at low pressure is also less significant witle€(Qas we can

see from the values in Table 4. On the other hankhw pressure less than 100 psi, there
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i's an obvious enhancement in Culi et al . o0s
Cui et al.od0s method estimates higher per me
low pressure. For example, the estmad per meabi | ity Cui et al

than the other two at 30 psi pore pressure. The reason why the estimated permeability
deviation is elevated is that the sorption effect becomes more significant at low pressure.
And clearly this sorptiorprocess during gas depletion have a positive influence on the
permeability. The contribution of sorption to overatiulti-mechanisticflow is thus
important and the pulsgecay method with sorption correction significantly benefits
experimental characteation of tight rock permeability.

In order to test the availability of our permeability results, previous experimental data
on Pennsylvania anthracite coal sample was used in this study. Figure 14 shows the
permeability results comparison betweenda& fromWang et al. (2011and this study.
In their work, the coal sample was collected from the Northumberland Basin, Mount
Carmel in Pennsylvania. Similar experimental setup was used fee-gecay and a
constant confining/axial stress of 6 MPa (870) was applied. The method they followed is
Brace et al.d6s method. Compared to our dat
theirs is very close to our results, and the permeabilityifresd al s 0 a -sshianmpiel da.r
Overall their values are higher than ours with limited amount. This may due to the fact they
used lower boundary stresses, since less confining/axial stress generally resulted in less
effective stress and higher permeapiiit this case. Although other factors such as mineral
contents, adsorption capacity, physical properties etc. may contribute to the difference in

this comparison, the anthracite permeability data in this study was proved to be viable.
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4.4 Intrinsic permeabilly prediction
Generally speaking, rockos Il ntrinsic |

correction can be lower than the apparent permeability, because slip effect is such a
phenomenon showing that gas permeability potentially is higher than pure liquid
permeability at the same condition. The influence of Klinkenberg effect on low
permeability reservoirs will increase with the reduction of gas pre¢&uré&/ang, Ren,
Wang, & Zhou, 2014)To apply the Klinkenberg correction, the average width of pore
throat in anthracite coal is assumed Q.6 in this studyHalliburton Company, 207).
The apparent permeability data obtained by the above experiments were reduced by
Kl'inkenberg correction to the intrinsic pe
only since the other two methods follow the same behavior and the resulbovas i
Figure 15. The intrinsic permeability starts to deviate from the measured apparent
permeability from 180 psi. There is a 20% reduction of permeability value comparing to
the apparent permeability at 30 psi. On the contrary, the intrinsic perrmeatalimost the
same with the apparent permeability above 180 psi. This phenomenon consists with the
most recently findings for the tight shales that the slip flow play increasingly important
role at low pressures and is minimal at high pressi@esn, Rai, & Sondergeld, 2011,
Javadpour, 2009; Javadpour, Fisher, & Unsworth, 200Wrefore, based on the obtained
results, we may see the importance of -Bamcy flow on tight rock permeability
measurement and analysis.
5. Conclusion

A series of experimental studies and theoretical analyses on permeability of Hazelton

anthracite core sample under different stressed controlled conditions has been presented.
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The results show that the permeability evolution of studied coal is predssumeary

dependent and it is simultaneously controlled by the effective stress profile and the sorption

process which tends to alter the microstructure of coal. Three differése-dacay

calculation methods for conventional and unconventional gas permeability are utilized and

compared. Based on the work completed, the following conclusions are made and

summarized:

1. Under uniaxial strain condition, the applied horizontal stress linearly decreased with
gas pressure depletion, which consists with traditional oil/gas reservoirs. Because of
the horizontal stress loss, the permeability under constant stress conditibie M
depletion was found to be less than the results under uniaxial strain condition.

2. The sorption induced matrix shrinkage plays important role on the permeability
enhancement at low pressure for the anthracite coal. But it is not strong enough to
compensate the stress effect as the bituminous coal did.

3. For the pulsadecay method, the contribution of-A&tksorption can be clearly observed
from the pressure respond curves. And this effect is stronger at low pressure than high
pressures.

4. Comparing to Bae 6 s met hod, Di cker & Smitsods me
compressive storage effect only and it may have more influence on gas permeability at
pressure higher than 1000 psi. On the other hand, these two methods can be identical
and both valid at relatvey | ow pressur e. For simplicit
reliable data at the range of investigated pressures for tight andglitraocks.

5. Cui et al . 6s method gives an obvious enha

in permeability calculion, providing a good direction of how the gas sorption effect
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can help to predict apparent permeability.

6. Based on the data observation, at extremely low permeability the Klinkenberg effect
becomes significant, and gas slippage is considered to be antamtpeffect when
predicting unconventional reservoir gas permeability due to multiple flow mechanism.
The characterization of gas slip flow, along with sorption and otheDaway flow
components, plays an important role in both production analysisladrmtatory
measurement. It is worthwhile to pay more attention on how to measure and calculate
the apparent permeability in a laboratory scale with so mampaocy components in

future study.
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Appendix

Coalbed Methane Production
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Figure2 Photograph of cylindrical Hazelton anthracite core samples.
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Chapter 3 Estimation of Pressuredependent Diffusive Permeability of
Coal Using Methane DiffusionCoefficient: Laboratory Measurements
and Modeling

Abstract

Gas diffusion process in coal is critical for the prediction of coalbed methane
production, especially for the latene CBM reservoir when both gas pressure and
permeability is relative low. Using only Darcy permeability to evaluate the quality of gas
transport may not be effective. Diffusive flow can be dominant flow at low reservoir
pressure. In this work, methane diffusion coefficient was measured on pulverized San Juan
subbituminous and Pittsburgh bituminous coal samples using classic unipore madel an
particle method. The diffusion coefficient results showed a negative correlation with
pressure which has been reported before. And the significance of diffusion flow is strongly
related to the rate of methane-/adésorption process, severer at low pressange (< 2
MPa/280 psi). The measured diffusion coefficient can be converted to the equivalent
permeability. This equivalent permeability can be considered as the contribution of
diffusion flow, in terms of Darcy permeability, used to evaluate totalfligas at late
production decline stage when matrix flow dominates. As expected, this diffusive
permeability was found to be much lower than the fracture/cleat permeability. An
increasing trend at low pressure due to pressure drop was obtained and cowtbides

sorbing gas permeability behavior when the pressure is extremely low.
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1. Introduction

Coalbed methane (CBM) is a clebarning energy source well suited as a fuel for
production of electricity, residential and commercial heating, and as ae/élnit! CBM
currently supplies approximately eight per
i's an i mportant portion of the nationds e
methane emission from coal mines poses an environmental risknsaticane is a potent
greenhouse gas, second only too(LOS Energy Information Administration, 2011)

The San Juan basin is one of the oldest and la@f#&st productive areas in North
America. North Appalachian basin has abundant CBM resd@Atcklarkowski et al.,
2014)With a long history of production, some gas wells in San Juan and north Appalachian
coal fiedds are now in their mature stage of reserpo@issure depletiof® For mature CBM
wells, the diffusion flow dominates the gas transport since the permeability is orders of
magnitude higher than the matrix diffusive gas flow at very low reservoir pressure (< 50
psi for some San Juan old wells). Diffusive flow plays an increasingly important role as
the reservoir pressure depletiéigure 16 shows a typical CBM well productidrehavior.

The water production declines rapidly until the gas reaches the peak production. The
dewatering process can take a few months or years and then the gas production reaches its
stable production stage associated with limited amount of water pr@u(&minian &

Ameri, 2004)After the stable production stage, gas production starts to decline which is
termed as decline production stage. Then the gas production rate becomes relatively flat
and the flat production tail may last for years or even decades. flathail production

stage, the reservoir permeability is high due to the matrix shrinkage induced cleat/fracture

opening®® In terms of gas production, the coal permeability may not be the-bettlefor
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the mature CBM wells as it did in early stage, lseathe gas mass influx from matrix to
cleats, controlled by diffusion process, starts to control the overall gas production in those
mature wells. As shown ifrigure 16, the orange and purple dash production profiles
represent the high and low diffusipotential coal at the late production stage. A detailed
understanding of the diffusive flow that is controlled by diffusion coefficient will help the
gas operators to decide: what is going to be the abandonment pressure of the well; when
does the well need cleanup and/or restimulation, and what is going to be the well life?

In this study, the diffusion coefficients were first experimentally measured by the
classic particle method and then the data was modeled by unipore diffusion model for both
San Juarand Pittsburgh coal samples. The discussion towards the behavior of diffusion
coefficient will provide the information about how gas diffusion process is influenced by
pressure and adsorption effect. The estimated diffusion coefficient was transformed to
format of permeability to quantitatively evaluate the gas transport intensity in coal at low
pressure in late production stage.

2. Background and literature review

2.1 Gas diffusion in coal

It is widely known that coal matrix is a dual porosity system, and mettransport
mechanism in CBM can be differentiated as dewatering, gas desorption, diffusion and
Darcy viscous flow:® The tight structure of coahtroduces various flow dynamics
mechanism which results in the challenge of CBM reservoir evaluation. The rate of gas
flow between the bulk solid matrix and its surface is very &ovami & Settari, 2012)

and was believed to be less important from the point of view of well production. Diffusion,
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however, plays an important role and diffugiis a critical parameter of tight reservoir
rocks, especially at low pressure (<B500 psi)l® The diffusion process is described by
Fickdbs Second Law and is driven by gas con
(v ), defined as the ratio of the molecular mean free path length to characteristic diameter
of pore, is relatively high §{ > 10), the diffusion can dominate the overall mass
transportKarniadakis, Beskok, & Narapa 2005)Fi c k 6 s Law i s wused
diffusive mass transfer to concentration gradient by assuming that the mass flowrate across
a surface is proportional to the concentration gradient across the surface, area of the surface,
and diffusion coeffignt for the solid/gas mediufA. Kumar,2007/Based on Fi ckads
the diffusion coefficient is introduced as a factor indicating the significance of the diffusion
process. The diffusion in coal matrix depengsn the matrix structure and presstite!®
Through studying the diffusion rates of different ranks of coals, Clarkson and @ustin
Clarkson & Bustin, 1999bserved that the difference on adsorption capacity between coal
ranks are mainly due to different proportions of macropores, mesopores and micropores.
Figure 17 shows the gaddw dynamics in coal as a sequential manner. Gas molecules
desorb from the micropore and then diffuse towards the cleat/fracture system. And then
gas flows to the wellbore by pressure driven Dacian flow. Micropores and mesopores in
coal matrix are resideiat area for gas molecules to store as adsorbed phase and also are
pathways for gas diffusion; macropores and microfractures make the way for gas viscous
flow and laminar water flowCai et al., 2013)Gas molecules desorb from coal matrix
interface, creating a gas concentration gradient betweensca#l poresral largescale

pores(A. Kumar, 2007)
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Potential gas diffusion mechanisms involve molecular diffusion, Knudsen diffusion,

and surface diffusionVhen the mean free path of the gas molecules is greater than the

molecular diameter, or when the pressures are very low, Knudsen diffusion takes place,

and gas molecules flow from higher to lower gas concentr@tienLv, & Dickerson,

2014; A. Kumar, 2007$urface diffusion of gas occurs when adsorbed gas molecules move

along the micropore surface like a liquid. At room terapge, surface diffusion is much

less significant than Knudsen diffusi{fillalamarry et al., 201 Iypically, this is ignored

for gas deliverability prediction for CBM reservoirs. Moleabulk diffusion occurs at

higher pressures and/or when pore diameter is larger than the mean free path of gas

moleculeqDutta, 2009)Based on recent research findings, Knudsen diffusion can be

reasonablyconsidered as the main diffusion mechanism controlling the gas flow in

unconventional reservoir rockg>2°
2.2 Diffusion coefficient measurement techniques

I n order to quantify the diffusive fl ow,
applied on coal particlg®illalamarryet al., 2011)This method is the most commonly
used technique to determine the diffusion coefficient of @@akKumar, 2007)Assuming
the concentration at the external surface is held constant, the tgiaké by a spherical
sorbent particle has been given(Bynith & Williams, 1984)his is commonly referred to
as the unipore model, and was used to calculate the diffusion coefficient in this study. This
type of rate model is apppaate when solid diffusion or diffusion in pores of uniform size
is involved. On the other hand, in some solids witllibperse pore size distributions,

diffusion and sorption occur simultaneously in both macropores and
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microporegRuckenstein, 1971piffusive mass transfer processes such as between the
interior of the grains and the surrounding fluid are of particular importance in many porous
sampes with a bidisperse pore size distributipbrazer, Chertcoff, Bruno, & Rosen,
1999) Ruckenstein et gRuckenstein, 1971developed the bidisperse model to account
for both macropore and micropore diffusion in the matrix using a simplified approach, in
which the adsorbent is spherical andteams microporous spherical particles separated by

inter-particle macropores.

Both unipore and bdisperse model was reported able to well describe the methane
diffusivity in coal gas production case by c#éBélalamarry et al., 2011; J.(Bhi &
Durucan, 2003; Smith & Williams, 1984; Xu, Tang, Zhao, Li, & Tao, 2015; Yuan et al.,
2014) However, the bdisperse model is considered unclear with the determination of
some arbitrary modeling parameters of dq@al.R. Clarkson & Bustin, 1999For
simplicity, the unipore model is adequate for CBM diftusimodeling as a classic
analytical approach.

2.3 Gas diffusive permeability modeling

For coals, diffusion can be the dominant transport mechanism rather than Darcy flow
at the lateime production stage. In CBM production, the permeability of viscous flow
path, including macropores and microfracture system, can potentially be enhanced quite
significantly due to coal matrix shrinkage caused by sorptidnced deformatio(S. Liu
& Harpalani, 2014dWith continuous depletion, the dominant factor can gradually change
from Darcy flow to diffusion flow because the permeability is much larger compared to

the diffusive mass influx as shown kigure 17. When overall gas transport in coal is
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primarily contolled by diffusion flow, the diffusion coefficient should be the used to
predict the gas production performance rather than Darcy permeability. For current
reservoir simulators including ARI COMET3 reservoir simulator, GEEM simulator,
IHS-CBM simulator however, permeability is still the key input parameter serving as the
most important variable for the prediction of gas production. Technically, the dynamic
diffusion coefficient cannot be directly input to the simulators for the late time production
forecasting. Thus, it is critical to either program the CBM reservoir simulator in order to
properly weight the contribution of diffusion flow by simply treating diffusion coefficient
as a key parameter, or convert diffusion coefficient into the form of D@euayeability
that can be easily adopted in the current simulators. Obviously, the diffusion coefficient to
permeability conversion is a painless pathway to properly adopt the late time diffusion
controlled flow since no major modifications in simulatore aeeded. Gas diffusion
coefficient can be transferred to the form of permeability based on the mass conservation
law and the relationship has been theoretically propos€diiet al.(X. Cui et al., 2009)
Assuming that onl ydonbratng, gad tsanspdrt o porouseracks mith i s
slab, cylindrical or spherical shape can be described by -@ioresion mass balance

eguation shown as:
e — p = — i — P T
where,t is time,” is gas density, q is adsorbate density per unit sample voturse,

porosity of rock sample, p is pressure, k isdygrermeability; is gas viscosity, r is pore

radius, and m= 0, 1 and 2 represents slab, cylindrical and spherical shapes, respectively. If
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we assume the gas transport is dominated by gas diffusion through micropores, governed

by Fickos | aaoncanbeeomabove eq

where, D is diffusion coétient.
By comparing equation (1) and (2) with applying chain rule, the permeability can be
calculated by:

Q 0%b 0 —— p @
where,o is gas isothermal compressibility. An equivalent gas permeability can thus be
estimated if the gas diffusion coefficient can besdained, and vice versa. This equation
indicates the diffusiofrased permeability is a function of diffusion coefficient, gas density
and viscosity, rather than physical properties of 1(@ckCui et al., 2009 herefore, the
estimated permeabilityniequation (3) is an apparent permeability which is not purely
determined by the rock structure as the intrinsic permeability does. We term this estimated
permeability as diffusion apparent permeability in the study. The diffusion apparent
permeability canbe considered a representation of diffusion flow, in terms of Darcy
permeability, contributes to matrix flow at late time production stage. This helps us to get
a better and accurate late time production forecasting for mature CMB wells.

3. Experimental work

3.1 Sample procurement and preparation

The coal blocks were sdtituminous coal from San Juan Basin and bituminous coal

from North Appalachian Basin. The coal samples were pulverized into particles at an
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average size of 0.5 mm (35 mesh) and dried in Wem @t 375K for 24 hours. The coal
proximate analysis was conducted by the Standard Laboratories, Inc. and the results are
listed inTable 5. These pulverized samples were used to conduct adsorption and diffusion
coefficient measurements. By crushing aa&b small particles, we eliminated the micro
fractures in the tested coals to ensure rgmale flow (diffusion) dominates instead of
Darcy fl ow. This is the key of Aparticle

effective adsorption measurementlet same time.
3.2 Experimental setup and procedure

The sorption capacity and diffusion coefficient are simultaneously estimated using
volumetric gas adsorption apparatus showRigure 18 and a schematic view irigure
19. The experimental system was built with high strength stainless steel with Swagelok
tubing and fittings. Both sample and reference volumes were measured by helium
expansion. The volumes of reference and sample cells were 158.95 mL and 136.32 mL.
The samp# cell was connected to the reference cell through axayovalve. A micre
filter was install between two cells to prevent movement of coal particles from sample cell
to reference cell due to the sudden pressure shocks. The apparatus was placed in a
progmammable temperatw@ntrolled water bath to ensure the constant temperature for
the sorption and diffusion measurements. Both the sample and reference cell pressures
were continuously monitored at each pressure step. Samples were flooded with methane in
a stepwise manner up to ~1300 psi (9 MPa). Equilibration relaxation kinetics were
monitored during the experiment and the data recorded during the experiment will be

pressures with time forming the basis for all the calculations.
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3.3 Ad-desorption isotherm mearement and estimation

The real gas equation of state (EOS) w a
estimation. Through each gas injection stef
and the amount of Gi bbs adaslocruptaitoend . ( eTxhcee sn

adsorbed gas can be catwoul ated by the foll

€ P X
whetei,s the Gibbs adsol pitsi otnh ea moruintti aln imojl
before Usorptthbe, final @ogi usi | tihber i vuom upmmee sosfu rree

w is the void volume in the sampl &hdcel |l t|

are gas compressibidnity, fRacitsort lod wmiewerus a

and T is temperature.
Gibbs adsorption is good for the conveni
amount through gas injections, but it negl

in calculating the(Rimblual a mé rBuaysaeds manb & th ed GG
adsorpti@an) ,anmohuentab(sol ute adsorption at st
the foll owPnglagaambronwy et al ., 2011; Rexer

Sudi bandri yo, Pan, Fi:tzgerald, Jr, & Gasem

€ — Py

where,& is the absolute adsorption amount, and is the adsorbed phase density.

Eventually, the absolute adsorption amount will be used to establish the Langmuir
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isotherms for adsorption results evaluation. The Langmuir model is mathematically

descrbed as:
W e P W

where, is the absolute adsorption volunee,is the Langmuir Volume representing
the maximum volume that can be adsorbed at infinite pressuré, athe Langmuir

Pressure at which the absolute adsorption voligrhalf the Langmuir Volume.
3.4 Diffusion coefficient estimation

The particle method was used to estimate the diffusion coefficient for coal powder
samples. Same as adsorption experiments, the reference cell was subjected to methane
pressure higher than a sample container. For every step increase in pressure, there was
adsorption of methane happening in the matrix resulting in a gradual decrease of pressure
in the sample container. This pressure decrease due to diffusion was observed in a short
time peiod and measured very precisely and the pressure decrease profile and time was
used to estimate the coal diffusion coefficient. The pressure versus time data will be used
to calculate diffusion coefficient at the initial stage of each injection stepdiffasion
coefficient measurement was simultaneously conducted with adsorption experiments and

can be used to determine the flow rate of diffusive flow.

Uni pore diffusion model, assuming al/l t h
radi us, wes i veed heoparticle met hod. The mi
concentration at theosghbatetbEPshbhleptapmar p)

al ., A2A@li)het basi meoBodeconBi ¢thlwl f ogy mmpenterrii
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fl ow, given as:
— i — — QT
wher e, C is the adsorbate concentration, a

The solution to Equation (7) for a const

be express(ed aRs. fGllalrokwsson & Bustin, 1999; C
— p —B —AgP—— cp

where,b is the total mass of the diffusing gas that has adsorbed in timei, aislthe

total ad/desorbed mass in infinite time. This solution is described by the total amount of
diffusing substance entering a sphere media, adsorption in coal matrix in this case. This
relationship can also be expressed in terms of adsorption véGirRe Clarkson & Bustin,

1999)
— p —B —Agpb—— CC

where,w is the total volume of the diffusing gas thatfzat/desorbed in time t, ard is
the total adddesorbed volume in infinite time. These two equations are commonly referred
to the unipore model equation, and Equation (8) was used to calculate the diffusion

coefficient in this study.

4. Results and Discusion

4.1 Adsorption isotherm results

Experiment al aklas @l dtog amkd diramtei on i sot her

and Pittsburgh #8 <coal solauneetadlcl ameetdh oadc choy
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al 19%@) t emperegptturceo mw&dauntki nagt t he entire ex
Gi bbs adsorption and absolute adsorption m:
wi adsorbed phase density assumed FbgbeeO. 4
20 As expecartpetdi,on hies mtdlser ms for both San Ju
are following the trend of typi cal Langmu
parameters were estimated based on the ads
pressure alre dnd?23 . mimbl|l MPa respectively for
mmol /g and 4. 04 MPa for Pittburgh #8 <coal

a higher adsorption capacity and | ower Lan

which intfiocmeeshabebetter overall adsorpti
4.2 Methane dfusion coefficient results

Methane diffusion coefficients of two tested pulverized coals were estimated by using
Equation (8) and the results are showfigure 21and22. Both diffusion curves showed
a negative correlation when gas pressure became larger than 2 MPa. There is also a slight
increasing trend of CH4 diffusion plot when pressure is below 2 MPa. The assumption to
explain this phenomenon is that a large quantity ofpened micropores become open
after pressure was introduced for couple of hours. More gas pathways were created for gas
molecules to diffuse in, and so as to the more significant diffusion flow. In the
measurements, the adsorption amoun) @t time t wa used in the calculation. Three time
durations, at 10, 20, and 30 minutes, were collected respectively. The reason why we chose
three different time periods is mainly because we believed the diffusion coefficient

measurement technique is adsorption tinepethdentFigure 23 showsthe recorded
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pressure drop curve of a complete pressure drop when gas equilibrium pressure is ~4.10
MP a . Three data points marked in bl ack @ X
adsorption process proceeded to 10, 20 ananBfutes, respectively. The concluding
pressure for each point directly determines the adsorption amount at each recording time.
So by choosing different groups of pressure and adsorption time for adsorption amount and
diffusivity calculation in Equation (8 we may end up with different diffusion coefficient
results. The trersbf the results are consistent with other diffusion results reporté@.by.
R. Clarkson & Bustin, 1999; Xiaojun Cui, Bustin, & Dipple, 2004; A. Kumar, 2008
values of diffusivity ranges from 7.22 x1t0 9.18 x 16° m?s. All diffusion coefficient
values kept decreasing with pressure drop from around 2 MPa to the highest pressure point
we reached in the experiments. During methane adsorption process, the pressure changing
rate reflects the significance of diffusioropess. The decreasing rates are almost constant
and show linear relationship between gas pressure and diffusion coefficient. As we
discussed in adsorption results analysis part, the linkage between the significance of
adsorption and diffusion process Bvwhadsorption, as a storage mechanism, controls the
gas molecule source and varies the gas concentration between cleats and micropores in
coal matrix.Figure 24 shows the gas molecule distribution around coal matrix and their
behavior when pressure changes. At low pressure in early stage of diffusion experiment,
the gas molecules outside coal matrix had higher concentration than those inside, creating
largeconcet r at i on gradi ent i n bet ween. Accor di |
diffusion flow, shown as bold blue arrow lines, along the direction of entering the coal
matrix was observed. With gas pressure increases as experiment carrying on, themdsorptio

site is received more gas molecules with increasing gas concentration. The high
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concentration of methane molecules inside coal matrix reduced the concentration gradient,
and thus hindered the diffusion flow, shown as red thin arrow lines, into the oriesop

The diffusion coefficient became extremely low at pressure larger than 8 MPa and can be
neglected if higher pressure is reached. The methane concentration inside coal matrix
became very high and the concentration gradient in between was reducewveltas

safely expect a reduction in the significance of diffusion process when injection pressure
increases. On the other hand, from O to 2 MPa we also observed increase on all the diffusion
coefficient profiles. This phenomenon may be because at thédggnyning of diffusion
measurement, the sample particles were vacuumed with no adsorbed gas molecules. On
the first step of gas injection, the transport of gas molecules may have faced with resistance
initially while in the next steps they were transpagtin an expandepore system. But
generally, negative correlations between diffusion coefficients and pressures are still
clearly observed. It explains that the Fidarcy components really take over a large
contribution on gas flow at low pressyi.Wang, Liu, & Elsworth, 2015 addition, by
comparing the adsorption data collected at different adsorption time points (10, 20 and 30
mins), we also observed andnfirmed the influence of choosing different data recording
period on diffusion results. lRigure 21and22, al t hough i1t ds hard to
correlation between recording time and diffusion coefficient, we can still capture the
differences among three chosen time. Theoretically, this calculation method we used
should yield same results at same pressure without specifying a certain time. However, the
final calculation result can be subjective over different researchers since they maiynot

this time parameter. In this measurement, we are able to at least have a baseline and idea
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about how the diffusion coefficient can potentially be varying due to adsorption recording

time.

4.3 Diffusive permeability results
According to the proposed mod®gf Cui et algX. Cui et al., 2009)n Equation (3),

we obtained the equivalent permeability accounting for diffusion proc&sgtire 25 and
26. If we assume methane diffusion flow dominates, this calculated equivalent permeability
can be considedeas gas permeability contributed only by diffusion process. If only
diffusion process is assumed in kitee CBM production, an increment in permeability
converted from diffusion coefficient is expected. Based on the result plots, we can observe
that thee is also a negative correlation between equivalent permeability and gas pressure,
which is similar to the observation on the diffusion coefficient results. The permeability
values decreased with pressure increased, together with the increasingly iétensif
diffusion process. For the equivalent permeabilities of two types of coal in different
adsorption recording time, when the pressure is higher than 6.5 MPa/940 psi, the
permeabilities are extremely small and can be ignored. When the pressure wakdawer t
2 MPa/280 psi, there was an obvious enhancement on every permeability profile. And this
is when the long production tail occurs and diffusion flow start to dominate.

For real CBM production process, gas permeability will eventually increase at low
presure due to multiple rock deformation effést. Liu & Harpalani, 2013byhen the
pore presse keeps decreasing, a significant portion of sorbing gas will desorb from the
matrix and this sorpticinduced permeability increase will dominate the flow behaviors at

low pressurdY. Wang ¢ al., 2015)So generally gas permeability results are based on the
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combination of Darcy flow and nearcy flow including diffusion and rock deformation.
Compared to gas/apparent permeability results from some of the precedin(Bhageng
Wang et al., 2011; Y. Wang et al., 2018)e diffusion equivalent permeabilities in this
work have two main differences. First, the overall values of equivalent permeability are
quite low. Diffusion, in this caseseems to be less influential in coal gas mass flow
contribution. However, as we discussed previously in this work, even though Darcy
permeability can be high at low pressure, diffusion flow is the dominant factor that controls
the CBM production rate. Theguivalent permeability values were only obtained based on
two assumptions that only diffusion flow occurs and Darcy permeability and diffusion
coefficient can be interchangeable. Plus, the gas rate-ginf@roduction is usually quite
low, referringto Figure 16. The relatively low equivalent permeability we obtained
through calculation is able to give us a contrast to the situation when Darcy flow dominates.
Secondly, the equivalent permeabilities have increasing trends during CBM depletion,
which isdetermined by the intensity of diffusion process and gas flow properties. This
increasing trend in diffusive permeability only matches the increment appeared in sorbing
gas permeability results at | ow préamsur e
that it is norDarcy process, such as adsorption and diffusion process, rather than pure
Darcy flow that has significant influence on low pressure permeability evolMtid¥iang
et al., D15) This information can be valuable in unconventional gas production prediction,
providing a different angle on how to interpret gas flow quality.

4.4 Coal type and diffusion
Figure 27 shows a comparison between diffusion coefficients at 30 minutes of two

different coal ranks from San Juan shituminous coal and Pittsburgh bituminous coal
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samples. It can be easily observed that the San Judnitesabnous sample has higher
diffusion ccefficient values, though stfituminous coal generally has lower carbon
content and energy efficiency. An et(ah, Cheng, Wu, & Wang, 2013gvealed a
negative correlation between Langmuir pressure and coal rank. The increased micropore
volume with higher coal rank can accompany with lower Langmuir preseadneh
indicates a lower adsorption speed and smaller diffusion coefficient overall values. This
matches with the adsorption isotherm resulFigure 20 that San Juan coal sample has
higher adsorption capacity and, especially, higher adsorption ratthgiregsure step. The
diffusive permeabilities between those two samples showed fairly similar difference in
magnitude inFigure 28. So in this study we may say that the significance of diffusion
process and diffusive permeability is mostly determinedbyatd/desorption behavior of
coal.

5. Conclusion

A series of experimental works and theoretical analysis on diffusion coefficient and
its equivalent permeability on San Juan -bithminous and Pittsburgh bituminous
pulverized coal samples has been presertinipore model and particle method was used
to measure and evaluate the diffusion coefficients with different pressure ranges and
different data collection time. An equivalent permeability was used to evaluate the quality
of gas transport assuming diion flow dominates. The results showed that diffusion
process is controlled by pressure anddmaborption process, and have large influence on
the quality of gas transport inside pore system of coal. Based on the work completed, the
following conclusionsare made and summarized:

1. Diffusion coefficient results ranges from 7.22 x#@o 9.18 x 13> m?%/s obtained
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by using unipore model. It indicates a micropore scale diffusion behavior during
the tests.
. The significance of diffusion flow depends on the/delsorption rate. At low
pressure (< 2MPa/280 psi) when the sorption process is severer, higher diffusion
coefficient values can be observed. Generally, a negative correlation between
diffusion coefficient and pressure is expected.
. At each pressure stemore intensive diffusion flow can be captured in early time
adsorption rather than late time adsorption. Because the sorption rate kept
decreasing during the entire gas adsorption step.
. The equivalent permeability converted from diffusion coefficient edleat the
contribution of diffusion process in CBM gas transport if assumed diffusion process
dominates only. The overall value of diffusive permeability is quite low. At low
pressure (< 2MPa/280 psi), the diffusive permeability can match with preceding
experience on coal gas permeability since they all have increasing trends when
pressure keep decreasing.
. San Juan subituminous coal sample tends to have higher adsorption capacity and
sorption rate than Pittsburgh #8 bituminous coal sample during gesanjsteps.
This leads to a more intensive diffusion process and higher quality of gas transport

in pores overall.
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