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ABSTRACT
Unlike conventional gas reservoirs, the shale gas resources are widely distributed inrariganic
shale formations with most pore sizes down to nanoscale. Such nanoscale confinement has
invalidated the conventional gas transport mechanisms which arectehnaied by the Navier
Stokes equations. A common practice in shale reservoir simulation, which arbitrarily increases
intrinsic matrix permeability to match the production data, has been proven inefficient and
unreliable.This research work aims to bridtee gap in scientific understanding of the shale gas
transport across the hierarchical structures of orgaetic matrix by developing different
analytical and numerical models which incorporate various mechanisms in shale formations. More
specifically, ths work explores the qualitative and quantitative influences of the rarefaction effect,
real gas effect, multilayer adsorption, surface diffusion, r@mdinement effect, and pore

structure heterogeneity on the shale gas flow.

First, anewunified gas transport modisidevelopedy modifying Bravd@ modelto describe the
rarefaction which is commoniy preserein nanoporesParticularly a straight capillary tube is
characterized by a conceptual layered model consisting vaécaus flow zone a Knudsen
diffusion zone and a surface diffusion zonEo specify the contributions of the viscous flow and

the Knudsen diffusion, the virtual boundary between the viscous flow and Knudsen diffusion zones
isfrstydet er mi ned b as dyical&inetick approachr Tthédhst madalcansiders

the real gas effect, multilayedsorption and nanrconfinement effecto quantify thedensity
oscillation and phase behavior in confined nanopdesnwhile the apparent permeabilitAP)
modelis andytically derived anchumerically simulated at corgeale In addition, the field scale

production rate is numerically calculateylcouplingthe nanoscale mechanisrisirthermore, the



porestructure heterogeneity impact on production rate is studiedebfuizy statistical method
in which the Monte Carlo simulation is implemented for the sensitivity analyses of the structural

parameters in the fractal model.

The proposedanalytical model has been successfully validated against molecular dynamic
simulation and experimental flux results for five types of gases (i.e., methane, nitrogen, helium,
argon, and oxygen) wittihe assistance optimization method€One of the advantagestbie new

unified gas transport modelits greatflexibility which is capable to cover the full flow regimes.

It is found thatthe increaseof real gasviscosity can reduce the total molar fluxthe inorganic
poresup to 66.0%. In addition it is observd thatthe pore confinement effect is of importance
when the pore size is smaller than 50 nm. The apparent permeability is found to increase greatly
as the adsorption layer number increases, implying that the application of Langmuir model in
existing gasransport models may substantially underestimate it. Given organic nandperes,
contribution ofsurface diffusions tangiblewhen the pore size is below 150 nm and the Knudsen
diffusion is negligible under high pressuréSompared with the flow mechanismin the
nanopores, it is found th#the fractal dimension of the tortuosity has the largest impact on the
production rate than the pore size and the fractal dimension of pore size distribution. In addition,
the fuzzy statistical method can quantify thafabence interval within which the satisfactory flow

rate results can be acquired. The fuzzy statistical method enables more flexibility to predict the

realistic production profile with significant daflactuatiors.



ACKNOWLEDGEMENTS
| would like toexpress my earnest gratitude and respect to my academic supervisor, Prof. Xiaoli
Li, who offers me the precious opportunity, generous financial support, and inspirational guidance
during my graduate study at University of Kansas. In addition to her irblaluachnical
instructions, | also appreciate her mentorship in my life such as the capability of peaibleng,

thecommunication skills, anthecritical thinking.

| expand my thanks tdniversity of Kansas argtholarshiglonors for the financial spprt during

my graduate study. Moreover, | appreciate the help and support from etintimeittee members,
faculty and staff members in Chemical and Petroleum Engineering Department. In addition, |
thank the scholars outside the department to selflessbyrénand instruct me includirtgut not
limited ta: Prof. Paul Cazeaux and Prof. Xuemin Tu from Etepartment of Mathematic®rof.

Chi Zhang from the Department of Geology, Prof. Bao Jia from University of Wadiotg Dr.
Wennan Long from Stanford Urevsity, Dr. Ying Gao from Imperial College London, Dr. Xutao
You and Prof. Jianyi Liu fronBouthwest Petroleum UniversityProf. Yuliang Su and Prof.
Wendong Wang from China University of Petroleum (East), Prof. Keliu Wu from China
University of Petroleun(Beijing). | am truly thankful to the past and present research group
members including: Prof. Baohui Wang, Dr. Gang Yang, Dr. Ruyi Zheng, Dr. Xuejia Du, Dr.
Zhixing Wang, Dr. Yang Zhend@r. Wenli Qiao, Dr. Junchen Lv, Mrs. Julia Espinoza Mejia, and

Mr. Yuhao Yang for their technical discussions and companions during my graduate study.

Last but not the least, | am deeply indebted to my fikwacée, Dr. Jing Fu, for her unfailing love,

endless patience, tremendous support, and strong belief in me dyrioggh times.



Vi

DEDICATION
This dissertation is dedicated to my dearest parents, Mr. Jian Chai and Mrs. Yuhua Li, my beloved
fiancée, Dr. Jing Fuall my dear family members aridends who haveared encouraged and

inspired me in the past.



Vii

TABLE OF CONTENTS

AB ST R A CT .ot e e et et m— e et e e e e et e e e n e et e e e e ennnn e e e eennne i
ACKNOWLEDGEMENTS ..o e e e e e e e e e e e s mmnnnes v
DEDICATION . ee e ee e e e e e e e e e e e emeea s e e e e e ennn e e e e eennnnns Vi
LIST OF FIGURES ... e eeme et eree e e e e e e e e e s Xi
LIST OF TABLES ..o e e e e e e e e s mmme e e e eees XVili
CHAPTER 1: INTRODUCGCTION ....uiiiiiiiiiiie et ee st e e e mmme s s e e e eennnn e e eeeenes 1
1.1 Problem Statement and SignifiCanCe.............oooviiiiiieeer e 1
1.2 Research ODjJective and SCOPE.......ccoiiiii i ceeeecc e eeeereee e e 2
1.3 Outline Of the DISSErtatiON..........cciiiiiiiiiiii e eeeer e e e neeeas 3
CHAPTER 2: LITERATURE REVIEW ..ot 5
2.1 SNAIE GBS, . eeeiiiiiiiit it e e b e e e e e e e e e 5
2.1.1 Shale Gas EVOIULION...........ouiiiiiiiiiiieeee et eeni e e e emnee s 5
2.1.2 Shale Gas EXPlOtatiQn...........cccooiiiiiiiieeee e e 5
2.1.3 Primary Shale Plays in the StateS.........cccooiiiiiiicceecccc e, 6

2.2 Shale Reservoir CharaCteriStCS..........uuuiieiiiiiiieeeiiii e et e e erer e 7
2.2.1 Shale Pore and PeOFBroat SIZe...........cccouiiiiiiiiiieaee e 7
2.2.2 Shale Porosity amibrtUOSILY.........ceeiiieeeeeeeieii i ieeei e e e e e ee e e e eene e e e e eeeeeaaannnes 3
2.2.3 Intrinsic Permeability..............uuuiiiiiii e 9
2.2.4 Specific Surface Area and Wettability.............ccoovmiiiiieeeiiii e, 10

2.3 Transport Mechanisms iN NaNOPOLES..........cuvuiiiiiiiiieeee e eeeee e 11
2.3.1 Rarefaction in NANOPOIES........oiiiiiiiiiii e ceeee et errer e e e e e e e e eeaaes 11

2.3.2 KNUASEN NUMDBE . .. e aneaaaes 12



2.3.3 Numerical Methods for Free Gas TranSPOrL........cccevvvivivieeei e 14
2.3.4 AnalyticaModeling for Free Gas TranSPQAIL..............ccieieiiiieeeevnnriiiiiiieeeeeeeeeeeens 15
2.3.5 ImpacfFactorsof Gas Transport in NaNOPOIES.........uiiiiieeeeeeeeceeriiceene e e e e e eeaeeen 25
2.4 Multiscale Characterization of Transport MechaniSms............ccccoevvvieeeeii e, 29
2.4.1 Upscaling MEthOUS..........coovviiiiiiiiicccr et e e e e e e e e e e e e e aneee s 31
2.4.2 Heterogeneity CharacCterization.................uueiicceeeerriiiiiinss e e e s eemsrnne e 32
PR RS YU [ 110 0 F= L/ PRSPPI 33

CHAPTER 3: ANEW UNIFIED GAS TRANSPORT MODEL FOR REAL GAS FLOW IN

INORGANIC AND ORGANIC NANOPORES ... 35

I I 1 To [F o3 1 o a PP TSSO PP P PPPPP 35
3.2 Mathematical MOAEIING .........ccceiiiiiiieeeeeeee e enees 37
3.2.1 Viscous Flow in the Central Cylindrical Zone................coiicceeeevvevieeenn 38
3.2.2 Knudsen Diffusion in the Middle Annular Zane.............cccooiiieeciieieeeenciee, 39
3.2.3 Surface Diffusion in the Outer Annular Zane............occcuviviieeeeeennniieeeee e 40
3.2.4 Surface Determination of Virtual Boundargnd Effective RadiuBe..................... 41
3.2.5 Characterization of Roughness and Rarefaction..............cccoeoeeeeviiciieie e 47
3.2.6 Characterization of Real Gas EffeCt..........ccuueviiiiiiicmniiiii e 49
3.2.7 Gas FIOW ifPOroUS MEAIA........ccceiiiiiiiiiiii it 51
3.3 Validation: Physical and Numerical EXperiments..............ccovvvvieeeeeeeeee e, 53
3.4 RESUIS @Nd DISCUSSIQN......eiiiiiiiiiiiiiieee ittt mmee e aeeeaaa 56
3.4.1 Validation RESUILS.........coiiiiiiiiii e e 56
3.4.2 MOdel COMPAIISONS......uiiiiiiiiiiiee et eeee et e e e rae e e e e e e e eneeas 62

3.4.3 Real Gas and Ideal Gas Deviation AnalySiS............ceiiiiiiieemeeiieiiiin i) 65



3.4.4 Sensitivity Analyses of Apparent Permeapilit..............ccoeeeiivieeeeiiiii e 70
3D SUMIMIATY ittt et e e e e et e e e et e e e et e e e ennme et e e e e a e e e aa e ees 77

CHAPTER 4: GAS TRANSPORT IN SHALE MATRIX COUPLING MULTILAYER

ADSORPTION AND PORE-CONFINEMENT EFFECT .......cccociiiiiiieees 78

v I [ 11 70 o [ 8 Tox 1 o] o PP PP PP PPOPPPPRPPPOY £ -
4.2 Mathematical FOrmMuUIAtioN.............c.uvivvieiiiicmniieee e neeeeee D
4.2.1 Conceptual Model and Discrete Density Profile............cccoceeeiviccmeeeeeevvvnnneennn 9
4.2.2 Modeling of Ideal Gas Flow in Straight Capillary..............ccoovvvviieeeeeeeiiieiieeennns 83
4.2.3 Modeling of Real Gas Flow in Porous Media..............ccoooeiiieeeiiiiiiiieic e, 88
4.3 VaAlIOALION. ...t eeea e e e e e e e e e e e e e a5
4.3.1 Validation MethodolOgy............uuuuuiiiiiiiiieeeeeeie e eress e e e e e e e e eees 96
4.3.2 Validation RESUILS ......coiiiiiiiiiiii e aeeee s 98
4.4 ReSUIS aNd DiSCUSSIQN......ciiuuiiiiieeeiimeeitte e e e e s ettt e e e ammee s e e e e e e e e eemmes 101
4.4.1 SENSILIVILY ANAIYSES......ooviiiiiiiiiie et e e e e e e e e e e e eeees e e e e e e e e eeaaeeeeeeeeraaaan— 102

4.4.2 Analyses of Pore Confinement, Real Gas Effect, and Multilayer Adsorption E#ect
4.4.3 Contributions of FIow MeChaniSIMS.............c.uuviiiiiiiccniiece e 109
IS U1 0] =T Y ORI 112
CHAPTER 5: MULTI -SCALE SIMULATIONS OF GAS FLOW IN SHALE CORES

USING A PRACTICAL GAS APPARENT PERMEABILITY MODEL ..114

o0 R [ 01 Yo [ Tox 1o I PP RSPPPPN 114
5.2 Mathematical FOrmulation.................ooi i 114
5.2.1 Modeling of Shale Gas Flow in Nanocapillaty.........cccccooveeviiimemeeieiiiii e, 114

5.2.2Numerical Simulation of Shale Gas Flow at Core Scale..........ccvvevveiiiieacenn... 123



5.2.3 Application in PUlS®ecay TeSt.........cceeeiiiiiiiieeieeee e 125
5.3 RESUIS @Nd DISCUSSIQN.....ueviiiiiiiiiiiiee ettt e mnne e aneeas 126
TR A [0 0] 1 4=V 2 PP 133

CHAPTER 6: GAS TRANSPORT IN HETEROGENEOUS SHALE MATRIX BASED ON

FRACTAL THEORY AND FUZZY STATISTICAL METHOD  ............. 134

6.1 INTFOTUCTION......eeiiie ittt ecee ettt s et e e e s e anenr e e e e e e e s 134
6.2 Mathematical FOrmulation...............cooiiiiiiieeeie e 135
6.2.1 Shale Gas Flow in Fractal Shale Matrix BIQCKS............cccccooiiimmmiiiiiieeennee 135
6.2.2 Shale Gas Flow in Fractured FOrmation.............ccueviiiiecceeeiniiiieeeee e 138
6.2.3 Heterogeneity Chantrization Using Fuzzy Statistical Method....................... 141

6.3 RESUItS aNnd DISCUSSIQN.........ceiiiiiiiiiiiiieeeie e et e e eene e e e e e e e e e e e s sneeas 144
R YU [ 1 11 1 F= T PSP 151
CHAPTER 7: CONCLUSIONS ... et e e e e e e eenes 152
REFERENGCES..... e et e e e e e e e e e e e e 155
APPENDIX L.t r e e eean e e e e e e e e rnaaaas 174
A. Derivation of Maxwell SIlip Model.............coooiiriiiiiee e 174
B. Rearrangement of Advectiddiffusion Model................cccoiriiiiieee e 175
C. Derivation offraction of InteftMolecular Collisions in the Tube............cccceeeeiiiicenn, 176
D. Expansion of Diffusivity EQUALION................ouuuiiiiiiieeeeeeecee e 178

E. Discretization of DIiffusivity EQUALION.............cooviiiiiiiiieeee e eeeee e e 180



Xi

LIST OF FIGURES

Figure 1.1 Schematic diagram showing that U.S. dry natural gas production increases as a result

of continued development of tight and shale resources (EIA, 2018)................ 1
Figure 1.2 Research tasks of the dissertation..............cccccovvvveeeee v 4
Figure 2.1 Distribution of slale gas plays in U.S. lower 48 states (EIA, 2016).................. 7
Figure 2.2 Flow regime classifications and corresponding governing equations............. 14
Figure 2.3 Velocity profile of continuum flow and slip flow in the nanocapillary.............. 18

Figure 2.4 Weights versus Knudsemumber for full flow regimes. Subplota)( (b), and €)
illustrate the continuum flow weightsi{) and Fickian diffusion weights\«) of
representative equations in the second class; subg)ots)( and {) illustrate the
viscous flow weightsw) and Knudsen diffusion weightex) of representative
equations in the third Class...............uuiiiiii e 24

Figure 2.5 Schematic diagram of a hierarchy of scales during the shale gas developm&got.

Figure 3.1 Schematic diagram of the conceptual layered model of a straight capillary tube (Blue
central cylindrical zoneviscous flow; Pink middle annular zonEnudsen diffusion;
Outer annular zonie surface dfusion)........cccooeeeeeeiiiiiiiiiice e 38

Figure 3.2 Schematic Discretdensity profile for methane at 176 F in a 3.93 rsizehanopore
(a) is equivalent to the density profile using Langmuir silayer adsorption model
(b) (AMbrose et al2012)........ccooevviiiiiiiiii e 4D

Figure 3.3 Pareteo pt i ma | f r o n tconsthimnt méthoe.d....u.s..i..n.g.....0..57

Figure 3.4 Calculated and collected normalized viscous flux versus mean pressure.....59

Figure 3.5 Calculated and collected normalized Knudsen diffusion flux versus mean

O =251 = U 60



Xii
Figure 3.6 Calculated and collected normalized Knudsen diffusion flux versus mean
[T T] L= PP UPPPRPPIN 60
Figure 3.7: Calculated Weights of the viscous flux and Knudsen diffusion flux with respect to
KNUASEN NUMDET......ceiiiiiii e 62
Figure 3.8 Comparison of the normalized viscous molar flux between the newly proposed model
and other analytical Models.............coooeiiiiiiiicee e 64
Figure 3.9 Comparison of the normalized Knudsen diffusion between the newly proposed model
and analytical MOEIS............uuiiiiii e 64
Figure3.1 Compari son of methane viscosity betweel
(2007). vttt eeeee ettt ettt ettt eetee ettt ettt ettt rne e 65
Figure 3.11 Compressibility factor of methane versus mean reservoir pressure............! 66
Figure 3.12 Knudsen number evolution with mean reservoir pressure (empty symbols: real gas;
solid symbols: ideal gas)..........covviiiiiiiiiiiimmr e 67
Figure 3.13 Deviation between real gas and ideal gas total fluxes in inorganic nanagaaad (
organic nanopore®) under reServoir PreSSUMeS............vvvevvvvvruerimmmeereeeesennnnns 69
Figure 3.14 Effective apparent permeability under reservoir pressures in inorganic and organic
pores With different SIZeS.........cceeiiiiiiiii i, 72
Figure 3.15 Comparison of the effective apparent peatnility under reservoir pressures with
different fractal diMeNSIONS..........coiiiiiiiii e 73
Figure 3.16 Apparent permeability contributions from viscous flow, Knudsen diffusion and
surface diffusion with respect to reservoirggares in 2 nm organic nanoporesb
Figure 3.17 Apparent permeability contributions from viscous flow, Knudsen diffusion and

surface diffusion with respect to reservoir pressures in 5 nm organic nanofbéres.



Xiii

Figure 3.18 Apparentpermeability contributions from viscous flow, Knudsen diffusion and
surface diffusion with respect to reservoir pressures in 10 nm organic nanofgres.
Figure 3.19 Apparent permeability contributions from viscous flow, Knudséiusion and
surface diffusion with respect to reservoir pressures in 25 nm organic nanoffres.
Figure 4.1 Schematic diagram of the sequetmger model of a straight capillary (Blue central
zonei viscous flow; Yellow middle annular zoiieKnudsen diffusion; Outer annular
zonei multi-layer adsorption and surface diffusionCapillary radius;i Radius
corresponding to the first layer adsorption be wall; i Effective radius
corresponding to the last layer in mu#tyer adsorptionj Radius of virtual
[oT0TU T T =T Y ) PSS 80
Figure 4.2 Discretedensity profiles for methane at 176 F in nanopores with size of @3 Bm
and (b) 2.31 nm are identified under the pressure of 3043 psi from molecular dynamics
simulation (Ambrose et al., 2012). Discrete density corresponds to adsday&on
density acroSs the POLE..........cooiiiiiiieeeee e 81
Figure 4.3 Schematic diagram of adsorption layers in nanopores. (a) shows five adsorption layers
are n presence (i.eN=5) where upper partially adsorbed layers are prone to interact
with free gas molecues and contribute to free gas flow zone rather than adsorption
zone. Hence, (a) can be simplified to (b) wheoagtion layers are three hypothetical
layers (i.e.N=3) only contributing to adsorption zone and is defined as effective
radius from pore central axis to uppermost hypothetical adsorption.layet.....83
Figure 4.4 EMA schematic diagram: (a) shale matrix with various pore radii irumiiorm
distribution can be replaced with (b) a hypothetically equivalent shale matrix with

representative radius (i.€,) in a uniform distribubn by the use of Effective Medium



Xiv

ApPProxXimation (EMA).......cooeeeeii s e e enrns s e e e e e e e e e e eaees 98

Figure 4.5 Calculated and realistic apparent permeability versus mean pressure in a nanocapillary:
(a) grey lines show 50 initial realizations of apparent permeability generated by
iterative ES algorithm and green square @ogsrealistic apparent permeability from
the MD simulation. (b) black line shows the optimal realization obtained by the
iterative ES algorithmM.......cooooi oo 29

Figure 4.6 Calculated and realistic apparent permeability versesnpressure in Eagle Ford
shale core: (a) grey lines show 50 initial realizations of apparent permeability
generated by iterative ES algorithm and red circular dots with 5% error bars are
realstic apparent permeability from the pulse decay experiment. (b) black line shows
the optimal realization obtained by the iterative ES algorithm..................... 100

Figure 4.7 Sensitivity analyses on various empirical parameters.............cccoevveeeeeeeennn. 104

Figure 4.8 Realgas compressibility factor of confined and bulk methane gas versus mean
reservoir pressure in inorganic and organic nanopores: (a) shows real gas
compressibility factor changes with pressures in various nanogesead in bulk
fluid state under isothermal condition. Note the curve with green dotsl &0 nm)
coincides with the curve with pink crosses (i.e., Bulk fluid). (b) shows real gas
compressibility factor changes with pressures in various adsorption conditions and in
bulk fluid state in fixed NANOPOre SIZE...........coovvviviiiiiire e 106

Figure 4.9 Comparison of methane viscosity between ideal and real gas in differergizes
and adsorption conditions: (a) shows ideal and real gas viscosity changes with
pressures in various nanopore sizes. Note both ideal and real gas viscosity are under

the temperature of 323 K. (b) shows ideal and real gas viscosity changes with



XV

pressures in various adsorption conditions. Noofti ideal and real gas viscosity are
under the temperature 0f 323.K........cooiiiiiiiiiieee e 107
Figure 4.1Q Apparent permeability for real gas under reservoir pressures in inorganic and organic
pores with different adsorption conditisx (a) shows total apparent permeability for
real gas in shale matrix changes with pressures in three different adsorption
conditions. (b) shows an enlarged view of the curve for inorganic nanopores in
ES10 ] o] o] (o A > ) TP 108
Figure 4.11 Apparent permeability contributions from viscous flow and Knudsen diffusion with
respect to reservoir pressures in inorganic nanopores with four various pore sizes.
Note there are no adsorption layers in all four figures............cccoeeeiivieeennnns 110
Figure 4.12 Apparent permeability contributions from viscous flow, Knudsen diffusion and
surface diffusion with respect to reservoir pressures in organic hanopores with four
various pore sizes. Note there are three adsorption layers in all four figurdsl?2
Figure 5.1 Empirical correlation of (a) rarefaction coefficient and (b) rarefaction correction term
with Knudsen number. The laia dots indicate the analytical results obtained by
trigonometric function and rarefaction correction term, respectively. The blue curves
indicate the empirical results obtained by regression.............ccccccvvvieeeeeeenen. 118
Figure 5.2 Shale gas discrete density profile in the nanopore with size of 3.04 nm at 4,000psi and
180F: (a) discrete density profile with three adsorption layers; (b) inappropriate
simplified density profile with monolayedsorption; (c) appropriate simplified
density profile with monolayer adsorption.............cccccceiiiiiieeer i, 121

Figure 5.3 Collected andhe calculated dimensionless mass fluxes vetsa&nudsen



XVi

number for the validation of rarefied gas model in straight capillary. Five types of

gases are used for validation includiay &rgon, b) helium, €) and ¢) methane,d)

(aTegeloT=T 1= Ta o N o )Y o [=] o 128
Figure 5.4 Collectedversus calculated methane flow rate for the validation of gj@eenodel in

thestraight nanocapillary with different sizes. The diagonal line indi¢htssxact

210 [ (=TT 0 01T | S PSPPI 130
Figure 5.5 Collected and simulated pressures for the validation of shale gas-statalffow in

TN COTE. .. ettt eenr e e e 132
Figure 5.6. Simulated pressures across the shale core with different durations............. 133
Figure 6.1 Schematic diagram a@fie sector model including the shale matrix and the hydraulic

fracture. The short green arrow indicates the flow dwadrom unit matrix block to

the fracture. The long green arrow indicates the flow direction from the fracture to the

WEII TOCALION. ... 139
Figure 6.2 Flowchart of the fuzzy statistical method for the heterogeneodsglma........... 144
Figure 6.3 Pressure profile characterized by the discretized blocks in thedradity system at

the 50th day. The color from yellow to blue indicates the increase of pressis.
Figure 6.4 The tornado plot indicating ¢himpacts of structural parameters on the apparent

permeability in the upscaled unit matrix blocK..............ccooviiiiieeei 146
Figure 6.5 Sensitivity analyses of matrix structural parameters. The first, second and third column

correspondo the influence obr, Dt, andRmax0n the gas flow rate in horizontal well

iN the duration Of 50 dAYS.........ccuuiiiiiiiiiiiee e e 148
Figure 6.6 Bottom pressures at horizontal well in Fuling, China. The black dots show the collected

bottomhole pressure data within 450 days..........cccoeeveiiiiiiiiccciicie e, 149



XVii

Figure 6.7 Membership distribution with the standard deviation from 0.00 to 2.00. Note that the
illustrated standard deviation is not uniformly marked....................ovvveeee. 150

Figure 6.8 Flow rate of horizontal well for the realistic production (blue dot curve), heterogeneous

model (orange dot curve), and homogeneous model (gtesudee),

FESPECHIVEIY....cciiiiiiieeeee s e e rrea e e e e e e e e e e e e e e e e anenraaaeaaeas 151



Xviii

LIST OF TABLES
Table 2.1: Summary of representative analytical models..............cccoevvvieeeeiiii e, 17
Table 3.1: Summary of parameters used in rarefied gas model validations..................... 54
Table 3.2 Summary of parameters used in orgar@aoopore validations (Yu et al., 2018)..54
Table 3.3 Summary of optimal SOIULIONS.............eviiiiiiiee e 57

Table 3.4 Summary of parameters used in sensitivity analyses.............ccccvveeeeeeveeeennnns 70

Table 4.1: Summary of parameters used in MD simulation and EMA upscaling method.95

Table 4.2 Summary of prameters in validatiQn...................iiiicceeeeeiice e 101
Table 4.3 Summary of parameters used in the simulatian................cccoovceeviiiiiciennnnn. 102
Table 5.1: Summary of parameters used in rarefied gas model validations................... 127
Table 5.2 Summary of parameters used in shale gas model validations...................... 129
Table 5.3 Summaryof parameters used in shale core simulation.............cccccovvieeevnnnnnnnd 131

Table 6.1: Summary of parameters used in macroscale simulation..................ccceeeeennnn. 141



CHAPTER 1: INTRODUCTION
1.1 Problem Statement and Significance
The hydrocarbons in the form kfuid and gas extracted from the petroleum reservoir have been
serving as a key enabler of living standards providing reliable and steady energy supply.
Nonetheless, the consensus has been reached that the fuel switching from crude oil to natural gas
(mainly methane) for power generation has beneficial impacts on controlling the greenhouse gas
(GHG) emissions due to the superior burning efficiency and lessp@@uction (Zoback and
Arent, 2014). According to 2018 Energy Information Administration (ElANastrated in Figure
1.1, the production of shale gas plays will be the largest contributor to natural gas production
growth in terms of both optimistic and reserved projections, accounting for more than three
guarters of the U.S. natural gas productipn 2050. Moreover, the larggeale commercial
development of shale gas has catalyzed the renaissance of U.S. manufacturing from revitalizing

the chemical industry to boosting job creations, which is vital to the economy (Hughes, 2013).

Dry natural gas production by type

it : High Oil and Gas Low Oil and Gas
trllion cubic feet Resource and Resource and
2018 Reference 2018 Technology 2018 Technology
history | projections history | projections history , projections
|
= i
|
40
tight/shale
30 gas
other
20 Lower
8
onshore
10 lower 48

offshore
0 other

2000 2010 2020 2030 2040 2050 2010 2020 2030 2040 2050 2010 2020 2030 2040 2050

Figurel.1: Schematic diagram showing that U.S. dry natural gas production increases as a result oficontinue
development of tight and shale resources (EIA, 2018).



Unlike conventional gas reservoirs, the shale gas resources are widely distriburgahigrich

shale formations with most pore sizes down to nanoscale. Such nanoscale confinement has
invalidated the conventional gas transport mechanisms (Ambrose et al., 2012). It is commonly
observed that the shale gas production rate declines raftieliytree peak in early time, and then
enters the longail production phase of low rates that may span up to a decade (Middleton et al.,
2017). As a matter of fact, the total gas production is typically controlled by thdédongail
production rate whit is contributed by the slow gas transport in matrix (Zhao and Alexandroff,
2019). Hence, it is essential to deepen the comprehensive understanding of transport mechanisms
in nanoscale shale matrix and enrich the knowledge of the interaction betweeowhgasl
transport at finescale level and ultimate production rate at coarsde level. However, it is still
challenging to establish the fundamental theories of the shale gas transport through a hierarchy of

scales.

1.2 Research Obijective and Scope
The overall objective of this dissertation is to study shimiiase gas flow behaviors across the
hierarchical structures of orgariich matrix in a hybrid frameworkcluding both numerical and
analytical approaches. More specifically, the research scapebe categorized as following
aspects:

1) Gas flow in nangores of the shale matrix is significantly different from that in
macropores of the conventional reservoir. Thus, it is necessary to gain a holistic knowledge of
flow behaviors at finescale poe level (i.e., organic and inorganic nanopor@s)l analytically

characterize the gas transport coupling multiple mechanisms in confined nanopores;



2) Reasonablyupscale the gas transport from the pore scale to the matrix scale (i.e., core
and field) anddcilitate the simulationusing the empirical correlations;

3) Studyshale gas production performance coupfing-scale phenomerand expand our
understanding of structural heterogeneity effects on the gas transport for improved prediction of

the fate 6 methane and its management.

1.3 Outline of the Dissertation

The dissertation is organized by multiple tasks which are presented in Figure 1.2. Several tasks
have been assigned to each chapter for the detailed dessripiicording to Figure 1.2, &fine

scale transport is mainly studied in Chapter 1 and 2. Chapter 1 provides the method to develop a
new analytical model which can fully depict the flow behaviors in nanopores under reservoir
condition. Meanwhile, rarefaction effect, pore roughness, gas effect, monolayer adsorption,

and surface diffusion are considered in the model. Chapter 2 provides a more complicated
analytical model based on Chapter 1 to incorporate the multilayer adsorption and pore confinement
effect. In contrast, the coarseale transport is investigated in Chapter 3 and 4. In Chapter 3, one
numerical scheme coupling the pa®ale analytical model is adopted to implement the spatial
temporal simulation at core level during the ptdeeay test. In Chapter 4, a fractal model
incorporating the porscale analytical model is utilized to simulate the unit matrix in shale
formation. Then, the sector model is adopted to couple each unit matrix and the hydraulic fracture
for the gas production simulation in field. Finally, the hegeneity of structural parameters in

fractal model is evaluated by the fuzzy statistical method.
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CHAPTER 2: LITERATURE REVIEW

2.1 Shale Gas

2.1.1Shale Gas Evolution

Shale is dine grained, dark colored, and clastic sedimentary rock which is a mix of organic matter
(e.g., kerogen), consolidated clay minerals (clay, silica), and tiny interbedded minerals (e.g.,
feldspar and pyrite). During the deposition of Hp@ined sedimest organic matter accumulates

in the form of algae, plankton, and animal derived organic debris which are from nearby land areas
and the water columrK(nitzer et al., 2014). The gas and oil are gradually generated from these
organic matter accumulationg\a series of chemical reactions at high temperatures and pressures
in the deep burial. It is indicated that the temperature window for the hydrocarbon conversion is
between 60C and 120€, with gas and oil being formed at the upper and lower limitsofahge,
respectively Ambrose et al., 2012). Moreover, tight nature of the matrix and the ability to retain
the gas make these environments important gas trapping and storage locations. Hence, the organic

rich shale formations are typically regarded ahsource and sealing cap rocks.

2.12 Shale Gas Exploitation

In general, the extracted shale gas is dry gas primarily composed of methane (> 90% mole fraction)
(Javadpour et al., 2007). The shale gas resources are significantly abundant worldwide that ar
estimated to be 22,4#@llion cubic feet (Wu et al., 2016). According to EIA, the United States
and Canada are the only major producers of commercially viable shale gas while China claims to
be the largest holder of shale gas reserves. The boom ef gdmlproduction arises from the
buoyant gas market and the rapid technology advances including the hydraulic fracturing and

horizontal drilling. The mineral matergathat make up the bulk of shadee very fine with the



result that gas cannot readily neowithin the rock. Thus, the artificial hydraulic fracturing with
overpressured fluids and proppants are usually used to induce the open fracture network around
the borehole and bridge the natural fractures in matrices to stimulate flow of the trapbgd gas
increasing permeability (Bousige et al., 2016). It is approximately estimated that 90% of drilled

gas wells in the United States are fractured every Yradiomme 2014).

2.13 Primary Shale Plays in the States

The Barnett shale in North Texas Ietfirst shale play for the industrial exploitations, which is
regarded as the most productive source of shale gas in the U.S. from 2002 to 2010 (EIA, 2013).
Then, the success in the Barnett shale boosted the commercial developments in other explored
shaleplays such as Eagle Ford shale, Haynesville shale, and Marcellus shale (Wang et al., 2014).
The Eagle Ford shale in Texas spreads over the area of 20,000 square miles and an average
thickness of 250 feet. Another main play in Texas, Haynesville shagmdsxtrom East Texas to

West Louisiana covering the area of about 9,000 square miles and an average thickness of about
200 to 300 feet (Stephenson, 2016). However, the deep formation depth (i.e., 10,500 to 13,000 feet
below the surface) in Haynesville shdeadto expensive drilling costs which hindered the
profitable development as the gas prices dropped in recent years. Thus, Eagle Ford shale became
the more profitable target for companies instead of Haynesville shale after the year of 2012
(Stephensor2016). The Marcellus shale trends across the significantly large area from Northeast
New York to Southwest Pennsylvania covering 104,000 square miles and the thickness of more
than 50 feet, which makes it the largest potential shale region in the Stategh(Bt al., 2014).

The primary shale plays in U.S. are illustrated in Figure 2.1.
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Figure2.1: Distribution of shale gas plays in U.S. lower 48 states (EIA, 2016).

2.2 Shale Reservoir Characteristics

2.2.1Shale Pore andPore-Throat Size

The pore types in shale matrix can be roughly categorized as nanopores (diameter < 0.75 pm) and
micropores (diameter O 0.75 Om) in term of po
the predominantly abundant pore type. Moreptiee nanopore can be further subdivided into
interparticle inorganic pores, intraparticle inorganic pores, and intraparticle organic pores. More
specifically, the interparticle pores are found between inorganic particles and crystals whereas
intraparticlepores are formed within inorganic particles or the organic matter (Loucks et al., 2012;
Sondergeld et al., 2010). Slatt and Brien (2011) have found the dominant presence of intraparticle
organic nanopores in organich shales. In addition, shale gasnsstly stored in the intraparticle

nanopores of the inteonnected network or beddupgrallel laminae in organic matter. In



contrast, the scattered presence of inorganic pores contributes much less to the gas transport in

shale matrix.

The size of organ pore and por¢hroat significantly controls the gas storage and transport
capacity through the shale matrix, respectively. Typically, the organic pore size is less than 1,000
nm (Milliken et al., 2013). It is discovered that average pore size in Bairad# ranges from 20

to 185 nm (Loucks et al., 2009). Curtis (2002) found a large amount of nanopores with size from
2 to 100 nm. In contrast, the size of organic ghreat is commonly smaller than 20 nm. Nelson
(2009) found that the pottéroat size rages from o 45 nm and 2@o 160 nm in the basin of
Pliocene Beaufoimackenzie and Pennsylvanian Anadarko, respectively. In addition, the
morphology of shale pores is in presence with sphere, parallel plates, elliptical, irregular polygons
or combinations odbove geometries. In contrast, the pore throat shows up with straight capillary

or smoothly curving geometry (Loucks et al., 2012).

2.2.2Shale Porosity and Tortuosity

The porosity in shale matrix is very low which is commonly smaller than 10% (Millikah,e

2013). Chalmers et al. (2012) have claimed that shale porosity ranges from 2.5% to 6.6% via
helium porosimetry experiment. Moncrieff (2009) pointed out the average porosity of Barnett
shale could be as low as 2.0%. Chen et al.3p6howed the totgorosity of samples in Lower
Silurian Longmaxi gas shale is between 2.05% and 5.87% with an average value of 4.04%. In
addition, the porosity can be influenced by the fractions of mineral composition (i.e., organic
matter, clay content, quartz contemtgdaarbonate content). Wang et al. (2019) have indicated that

the amount of total organic carbon (TOC) presents a positive relationship with porosity due to the



contributions of organic pores. Given that clay content increases with TOC content, clay conten
shows a positive correlation with porosity as well. Meanwhile, the porosity has the negative

correlation with the quartz and carbonate content due to the dilution effect on TOC content.

The tortuosity in the shale is typically large and it increasds tivé TOC. It is reported that the
average tortuosity is 2.5 in the shale with amount of organic matter as low a8.8%*41owever,

the average tortuosity goes up to 8.5 as the TOC content reache8.2%%rl homas and Clouse,
1990). Moreover, it is fouhthat the tortuosity is directietbependent due to the shale anisotropy.
Reuvil et al. (2013) indicated that the transverse tortuosity could be almost one order of magnitude
greater than the iplane tortuosity. Based on the random walk method, Chen (@04b) found

the calculated tortuosity values in the horizontal and vertical directions showed significant
differences in the range of 1.26 to 2.99 and 3.27 to 7.6, respectively. However, it is difficult to
attain the true tortuosity for the shale forroatisince it requires accurate numerical simulations

on the higkresolution images of shale to predict the values of tortuosity (Srisutthiyakorn and

Mavko, 2017).

2.2.3 Intrinsic Permeability

During the long geological period, shales are deposited asimlog£nergy environments such

as tidal flats and deepater basins where the fifigained clay particles fall out of suspension in
the quiet waters. Hence, the laminated layers of sediment result in the tight formation with
extremely low permeability haontally and vertically. Such low intrinsic permeability indicates
that the stored gas in shale cannot quickly move unless thecdmgluctance channels like

fractures are induced. In general, the intrinsic permeability in shale matrix falls iFDaacy
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scale. Javadpour et al. (2007) measured permeability of 152 samples from 9 gas reservoirs and
found that the permeability in 90% of samples were less than 150 nD. Besides, the intrinsic
permeability in shale is more sensitive to the stress effect in cmopavith those in conventional
sandstone formations. Bowker (2007) found that the permeability under significant stress effect
can be two orders of magnitude higher than the original one. Furthermore, it is reported that no
clear correlations exist betere the mineral contents and the intrinsic permeability (Wang et al.,
2019). In addition, shale permeability exhibited the positive relationship with porosity if a large
fraction of organic nanopores exadt This is because the pore network in mature ocgawatter

provides better connectivity than the intraparticle and interparticle pores (Guidry et al., 1995).

2.24 Specific Surface Area and Wettability

The abundance of nanopores in organic matter results in the large specific surface area in shale
poraus medium. With the development of shale thermal maturity, the specific surface area
continues to grow with the increase of organic nanopores. Meanwhile, much gases adsorb to the
surface of nanopores, which might account for 20% to 85% of total amouthialef gas in
nanopores (Bowker, 2007). It is reported that the specific surface area in North America shales
ranges from 2.0 to 103.7%yg (Clarkson et al., 2013). The plentiful organic matiar shale
inevitably have an impact on the wettability. It isabvered that nanopores in the organic matter

are prone to the oil wettability while inorganic pores in shale matrix commonly show the water or

mixed wettability (Sondergeld et al., 2010; Passey et al., 2010).
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2.3 Transport Mechanisms in Nanopores

Shale gas in nanopores are in the presence of two different stdtes das in organic/inorganic
nanopores; 2) adsorbed gas on the pore surface. The differences in the presence of states have
resulted in the distinct transport mechanisms. The fregayasport cannot be characterized by the

N-S equations due to the rarefaction effect. According to-&#&tla k 6 s st udi es (1€
characterization can be carried out by the numerical methods and analyticad. PAsitkd from

probing the nature of raref@n in nanopores, a variety of experimentally confirmed mechanisms

in shale formations have significantly influenced the gas transport. Hence, the analytical methods
have been modified to incorporate multiple physical mechanimh arecommonly obserw

under reservoir conditions such as the real gas effect, adsorption (Jia et al., 2018a), surface
diffusion (Michel et al., 2011; Riewchotisakul and Akkutlu, 2016), and confinement effect (Song

et al., 2086; Yang et al., 2019a).

2.3.1 Rarefactionin Nanopores

NavierStokes (NS) equations are the classic governing equations for the bulk gas transport in
which the slip and temperatupgmp boundary conditions are not defined. According to the
continuum hypothesis, the macroscopicgamies characterized in-8 equations such as density,
velocity, stress and heat flux can be defined by the average local properties of microscopic
molecules. Moreover, when the mean free path (i.e., average distance traveled by a molecule
before collisims) is far less than the characteristic length of transport medium, thamotecule
collision frequency is far more than molecwall collision frequency. In this case, macroscopic
properties are capable to reach the thermodynamic equilibrium whestegb® is linearly related

to the strain gradient (Newtonian fluids) and the heat flux is linearly correlated with the
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temperature gradient (Fourier fluids). Howeves, the characteristic dimension tansport
medium iscomparable with thggas mean freepath the flow dynamics exhibg therarefied
phenomenaThe rarefaction indicates that the mean free path of the gas molecules is not a small
magnitude compared with the characteristic length of the flow medium and the molatiule
collisions become iensified when the density reaches a low level (Mason et al., 1967). Javadpour
et al. (2007) have affirmed thahale formations are featured waHarge amount afianepores
wherethe gas transport presents the distinct rarefaction effieletr thermeequilibrium conditiors

(e.g., pressuref 3.0-70.0 MPa and temperatugd 322-403 K). The rarefaction leads to the
observed gas slippage on the pore surface. Moreover, the Newtonian linear viscosity correlation
becomes inaccurate with the increase of rarefactegree (Karniadakis et al., 200Bue to the
intensive density oscillation near the flkgdlid interface, the conventional continuum gas
transport t heori es s uc-Roiseaike eddaionc gnd Navi@&akesat i o n

eguations cannot be dutly applied to the narscale gas flow

2.3.2 Knudsen Number

To quantify the degree of rarefaction effect (i.e.,-continuum) in nanopores, Knudsen number

(Kn) which is defined as the ratio of the molecular mean free path {he characteristic length

(e.g., pore radius;) is typically adopted (Bird, 1994). From the expression, it is known that
Knudsen number increases with the decrease of characteristic length or the increase of mean free
path. Based on the Knudsen numboy et al. (2003) classified the rarefied gas flow into four

realms: continuum flow regimekqO0 . 00 1) , slip KiOOwl)y egimangiot 0
regime (0.1knO1 0 ) , and Knuds &n>100 Al$of itussindioated thae dhpalengas  (

flow behaviors typically range from slip to Knudsen diffusion flow regimes (Wu et al., 2016). In
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the slip flow regime, collisions between molecules and the wall cannot be ignored. The failure of
the continuum hypothesis resiih the fact that shear stress hretcontinuum equations of mass

and momentum conservations cannot be characterized by the macroscopic magnitudes of lower
order (i.e., velocity) (Shen et al., 2005), thus 4m@arcy flow behaviors manifest themselves
mainly at the vicinities of the boundasidi.e., velocity slippage). Meanwhile, the analytical
equations based on Nawi8tokes are still valid, but it is imperative to modify the boundary
conditions (Civan, 2010). In the Knudsen diffusion regime, the gas is so rarefied that collisions of
molecdes with the pore wall prevail, and the velocity distribution becomes the equilibrium
Maxwell distribution. In the transition flow regime, it is difficult to analyze the flow patterns since

the molecule collisions between the wall and mutual collisiorts have significant impacts, and

the conventional NavieBtokes equations break down (Chai et al., 2019a). Numerous attempts
have been made to derive representative analytical equations to characterize the rarefaction in this
flow regime (Javadpour, 2009j\@n, 2010; Sakhaeour and Bryant, 2012; Riewchotisakul and
Akkutlu, 2016; Jia et al., 2018b). The classification based on Knudsen number together with the
corresponding governing equations have been illustrated in Figure 2.2. Such a classification
mainly serves as a frame of reference and the critical Knudsen numbers for each regime are
empirical in nature. That is because the value of characteristic length cannot be accurately

determined.
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Figure2.2 Flow regime classific&ins and corresponding governing equations.

2.3.3 Numerical Methods for Free Gas Transport

Numerical methods can be basically distinguished as the direct numerical solution of the
Boltzmann equation (BE) and the microscopic pariideed simulatiorDespte the fact BE is

the basic equation of molecular gas dynamitss almost impossibldéo determine the exact
solution of BE due to its complicated collision integral term aelgrodifferentialmathematical
expression. To overcome thikfficulty, a variety ofapproaches aim to approximate BE and
directly accomplish theumerical solutionn the limit of errorsNordsieck and Hicks (196 Usal

the Monte Carlo method of quadratureewaluatethe collisionintegral and finite differere
method tocalculatethe BE. Loyalka and Hamoodi (1990) linearized the BE by simplifying the
collision integral to obtain the numerical solution in late slip and transition flow regimes. However,
there have been suspicions concerningfiication of direcnumerical solution over entire flow
regimes owingo the complexity oBE and the instability problem relatedtteenumerical scheme

(Shen, 2005).



15

The microscopic particldbased simulation recognizes the gas as a swarm of discrete particles of
which the position and momentum are calculated either deterministically or probabilistically
(Javadpour20®). Currently, widelyaccepted methods include molecular dynamics simulation
(MD), direct simulation Monte Carlo (DSMC), and Lattice Boltzmann simulatidM). The
molecular dynamicsMD) method considers deterministic kinetics of each molecule based on
Newt onds | aws aftaingthe higheshaccuraclh eomeakeg with other methods
(Binder, 2004;Kazemi and Takbiri-Borujeni, 2016). The DSMC is a pbabilistic particle
simulation based on kinetic theory in contrast to the deterministic MD meamodDSMC is
typically applied for the higkn flow in transition flow regimegChristou and Dadzie, 2015
Unfortunately both MD and DSMC have extremely wloconvergence rates and requires
prohibitively expensive computational resources, which arpnacticalin thesimulation oflarge

scale and complex spatimmporal systemdran et al., 1998 Compared with MD and DSMC,

LBM is the most efficient and pctical approach for shale gas flow simulation where particles
representing packets of gases are tracked through the computational domain of grids. Moreover,
the method is relatively easy to code and ideally suited for parallel computing platforms. The
primary drawback is that the conventional LBM method can only cover the continuum and slip
flow regimes because the governing equation is based on Mtwiegs equation which is invalid

for the highKn number flow in transition and Knudsen diffusion flow regs (Chen and Doolen,

1998).

2.3.4 Analytical Modelng for Free Gas Transport
Analytical methods characterizihe rarefied gas flow from theperspectiveof continuum

hypothesis (i.e., reduced Nawi8tokes equations), whickhows advantages ovenumerical
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approaches terms ofcomputatiorefficiency andpracticalityat various scalefkQy et al., 2003

Different analytical models have been developed in the scientific community of rarefied gas
dynamics to interpret countartuitive phenomena in microapillaries such as the slippage effect

near the wall and nonlinear pressure distribution. On the grounds that the rarefaction effect exists
in nanopores, a variety of models from rarefied gas community are either directly usetifiedmo

to explain the shale gas flow behavior in the natural gas engineering community. Representative
analytical models in both communities have been summarized and categorized into three classes
based on theoretical hypotheses as shown in Tallelt is seen that theoretical hypotheses for
three classes are listed in the first column. Accordingly, analytical models in the second column
are originally derived to characterize the rarefied gas flow irchar@cal and chemical
engineering. Such models areopted and modified as listed in the third column to represent the

shale gas flow. Note that the collected models are only applicable for the cylindrical nanocapillary.
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Table2.1: Summary of representatiamalytical models

Formulae Developed in Formulae Applied in
Mathematical Mechanical/Chemical Engineerin Natural Gas Engineering
Expressions Rarefied Gas in Micro- Gas Flow in Tight
Capillary/Channel Sandstone/Shale Cores
Cercignani (1964) Klinkenberg (1941)
Sreekanth (1969) Jones and Owens (1980)
_ Arkilic et al. (1997) Sampath and Keighin (1982)
First | Coninuum Flow | Beskok and Karniadakis (1999) Florence et al. (2007)
Class Slip Boundary Hadjiconstantinou (2003) Civan (2010)
Maurer et al. (2003) SakhaedPour and Bryant (2012
Ewart et al. (2007) Fathi et al. (209)
Yamaguchi et al. (2011) Okamoto et al. (2017)
Weighted Adzumi(1937) Michel et al. (2011)
Second| Continuum Flow Mason et al. (196 ADGM) Swami and Settari (2012)
Class and Ertekin et al. (1986) Singh et al. (2014)
Fickian Diffusion | \/q\t;ke and Thaning (2012) | Wasaki and Akkutlu (2015)
Weighted Javadpour (2009)
Third Viscous Flow Brown et al. (1946) Darabi et al. (2012)
Class and Scott and Dullien (1962) Rahmanian et al. (2013)
Knudsen Diffusion Wu et al. (2015)

(1) The First Class
The first class of analytical modettefines the rarefaction via thépstheorywhich extend the
HagenPoiseuilleequation (i.e., solution of reduced®Nequation for capillar)y assuming a nen

zero tangential slip velocityu() on the wall.The velocity profiles of HageRoiseuille flow (i.e.,

blue curve) and slip flow (i.e., green curve) are shown inr€i@.3 SinceNavierStokes(N-S)
equations break down beyond the continuum flow regithe neslip boundary is typically
replaced by the slip boundar yas(followeletails ddrabe we | | 6

seen in AppendiA).

_ auu o & fu
Us—ClKng?J—n SQ*QKﬁgeF : (2.2)
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whereu, is slip velocity,Knis Knudsen numbeC, and C, are slip coefficients for the first and
second order terms, respectivefyw,/ p)_and (uzu/ pz)s denote the first and second derivative

of tangential velocity with respect to normal direction of control surface, regpigctNote that

when C, is equal to zero, Eq. 2.1 reduces to the-frster Maxwell slip model which has been

widely used to characterize gas slippage in tight cores (Klinkenberg, 18d44s and Owens

1980 Sampath and Keighjri982;Florence et al.2007).
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Figure2.3: Velocity profile of continuum flow and slip flow in the nanocapillary

Klinkenberg (1941yliscoveredhe presence of rarefacticffectmay account for the unexpected
higherpermeabilityin tight coresand proposed thewelln o wn Kl i nkenber gos
the gas slippage near the pore wlinkenberg correction for slippage is an empirical model and
does not take Knudsen diffusion into accowkilic et al. (1997noticedthat themeasured mass
flow is higher than predicted by the continuum maalell adoptedhe first-order Maxwellslip

modelto fit the data. HoweveBeskok and Karniadakis (1998ave pointed out that the first

ef 1
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order Maxwell model is insufficiertb represent the velocity profile beyond the slip flow regime.
In contrast, the secormtder velocity model is competent to cover full flow regimes, and various
empirical slip coefficients have been suggested in the work of first classes of n@@efelgr@ni,
1964; Sreekanth1969 Maurer et al.2003 Florence et a).2007 Ewart et al. 2007 Yamaguchi

et al, 2011, Sakhaed?our and Bryant2012. Given Eq. 2.1, a closed form solution for gas flow

velocity in the capillary can be obtained by solving EXj8.and 2.3 as follows.

S|

1dP

da du g 1 dF
rar & ar 2 madx (22
du

s.T.a =0, ul_ =u (2.3

wherer is arbitraryradius,dwdr is tangential velocity gradient with respect to radial axiss
gas viscosityat standard conditignlP/dx is pressure gradient with respect to longitudinal ais,
is capillary radius. Thereforthetotal masdlux of gas flow, F,, can be derived by the integration
with respect to radius,

F_’ L
pr?

2.9

whereR is universal gas constari,is temperatureP is capillary average pressuid,is molar

mass. However, it is indicated the predicted fluxes based on the smdemanodel deviate from
experimental data despite the consistency with velocity profile on entire flow regimes. Based on
large volume of indstrial data, Florence et al. (2007) defined a pseudo Knudsen number and
modified the model proposed by Beskok and Karniadakis, which was applicable ttgtltra
porous media. Civan (2010) proposed a simple inverse gaweelationship of rarefactiondeor

via the regression with experiment data. However, the model is not applicable in the late transition

and Knudsen diffusion flow regimes.
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The disadvantages of the first class of models are twofold: 1) it is demonstrated that Knudsen
diffusion in free molecular flow regime cannot be neglected in nanopores under reservoir
conditions (Darabi et al., 2012; Singh et al., 2014; Wu et al., 2015). Nonethelesig theasy

inherenly ignores Knudsen diffusiom its formulation because the streamwisaocity in slip

theory follows firstorder B(Kn) or seconebrder correctionB(an) while the Knudsen

diffusion asymptotes to the order Bf(InKn) asKn approaches infinity (Cercignani, 19632)

two unknownslip coefficientsin the slip velocitymodel need to be determined by experiments,

which increases the uncertainty for applications.

(2) The Second Class

The seconalass of analytical modelsharacterize the rarefaction by advectfiusion model
(ADM) where the flux is expressed via linear summation ofHhgenPoiseuilleequation and
Fickian diffusion equation. Thimtermolecular and moleculeall interactions are characterized
as the continuurflow and Fickiandiffusion, respectivel. It is contended that the slippage near

the wall results from the diffusionFacancbher di ng
written as
F=wk wF (2.5
where w, and w, are weights for continuum flow and Fickian diffusjoespectively.F, is mass
flux of continuum flow which is expressed b\agenPoiseuilleequation as follows.

r2 PM
F=-°>— " E 2.
¢ 8 nRT (2.6
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wherepp is pressure gradient=, is mass flux of Fickiamliffusion which is given as (Wang et

al., 2019)

Fr= —— B© (2.7
where D, is Fickiandiffusion coefficient. Since Knudsen diffusion is the dominant diffusive
mechanism in nanocapillary, Fickian diffusion coefficient, , can be defined as Knudsen
diffusion coefficient which is expressed Bs = (2r,/3)[(&RT)/(pM). Then,Eq. 2.7 reduces to
the Knudsen equation as follosdzumi, 1937 Mason et al.1967 Ertekin et al, 1986).

DM o 2r, [8M

F = -
“ RT 3 \pRT

P 2.9

In addition, different constant weights have been recommended to fit the experimenticlagh (

etal.,, 2011 Veltzke and Thdning 2012 Singh et al.2014).

The disadvantages of the second class of models are twofdidiz&miand TakbiriBorujeni

(2015 have emphasized the importance of slip flow mechanism under reservoir conditions.
However, the ADM model is in nature formulated based on thediidstr Maxwell velocity which

may generate large deviations of fluxes in late slip and transition flow redetal$ can be seen

in AppendixB); 2) the constant weight assignment is natifiee to provide a smooth transition

from continuunto free molecular flowegime as thearefactiorincreases. The weight coefficients

for representative equations in the second class over entire flow regimes are presented in Figure
2.4. Particularly, sytdots @), (b), and €) show the continuum flow weight and Fickian diffusion
weightversusKnudsen number. It is seen that the characteristics for the second class is the constant

weight assignment which is physically invalid in specific flow regimes. For instance, the
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continuum weight is one in free molecular flow regime indicating that théntawm flow still

exists in this regime.

(3) The Third Class

Despite of various expressions for flow regimes, the implicit dependency on Knudsen number
exists across each flow regime. Numerous efforts have been made derive a generalized model
which is cgable to include all the flow regimes. Nevertheless, the universal governing equation
is yet established due to the significant inconsistency among current models and the scarcity of
solid experimental data. The thicthss of analytical modetpuantifythe rarefaction effect based

on theweighted superpositioooupling viscousflow and Knudsen diffusianlt is noted that
viscous flow includes continuum and slip flow, and it can be expressed by E@s42Hence,

these models incorporate the merits frdra first and second class of models which are capable

to accurately capture the flow behavior in full flow regimes. The total massHluis, given as
F=wF wF (2.9

where w, and w, is weight for viscous flow and Knudsen diffusjoaspectively Note that the

slip velocity is coupled to the weight of viscous flow (i.e, ) as opposed to the weight of

cortinuum flow (i.e., w, ). Moreover, arious weights are proposed to adjust the contributions of

viscous flow and Knudsen diffusion to match the flow pattern in each flow re@rowg et al,

1944 Scott and Dullien1962 Javadpour2009 Wu et al, 2015. Javadpour (2009) proposed a
concise formulation which unites the viscous flow and Knudsen diffusion with weight of one. Liu
et al. (2002) used defined the weight of Knudsen diffusion term as the proportion of slipearea ov
pore crosssection area. However, the weight becomes negative which is physically invalid in the

late transition and Knudsen diffusion flow regimes.
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The disadvantage of the third class of models isrtatweight coefficientarenot physically
reasmable The weight coefficients for representative equations in the third class in full flow
regimes are presented in Figure 2.4 as well. Specifically, subpot&€), and {) illustrate the
viscous flow weight and Knudsen diffusion weight versus Knudsenber. It is noticed that the
characteristics for the third class is the parameterized weight coefficients with Knudsen number.
Such treatments enhance the suitability of analytical equations as the Knudsen number varies with
the rarefaction effect. Hower, it is observed that the weights @) &nd €) are not fully sensible

across different flow regimes. For instandea v a d p o u aséighedheaveightiof Knudsen

diffusion as value one (i.ew, =1), thus he model cannot redud® the slip flow and Knudsen

diffusion equation in corresponding flow regimes asKinenumber changes; the viscous flow
weight in the model of Rahmanian et al. (2013) becomes negative in the Knudsen diffusion flow
regime; the weights in the model of Wuad. (2015) are physically plausible since each weight

can be adjusted with Knudsen number so that the model can reduce to Darcy equation or Knudsen

equation in corresponding flow regimes.
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Figure2.4: Weights versugnudsen number for full flow regimes. Subpla#, (b), and €) illustrate the continuum
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2.3.5 ImpactFactorsof Gas Transport in Nanopores

(1) Real Gas Effect

The common burial depth in North America is around-3@®0m and the formation pressure
ranges frm 5.0 to 30.0 MPa. Curtis (2002) has summarized geological parameters for five
representative shale gas systems (i.e., Antrim, Ohio, New Albany, Barnett, and Lewid) i8.the
with the pressurérom 2.0 to 28.0 MPa and temperature from 298 to 868 is found theshale
gasbehaviorcannot bedescribedsufficiently by theideal gas law asuch reservoiconditions.

Since real gs molecules possess a finite volume and experteeagtermolecular force (i.evan

der Waals forcemutually, the collisios between molecules turn to be reastic. And the gas
apparent permeability could be greatly reduced due to the intensification of such property (Michel
etal., 2011). Hencd,is essential to consider theolecular volume and attractiomsreal gas thw
models (AtHussainy et al., 1966). Azom and Javadpour (2012) provided an analytical model
considering real gas effect based on Javadpo
controlled by the pressure, temperature, pore size and gas type. SwhrtR@L2) derived a new
expression of mean free path to account for thegasiiehavior. However, a systematic error was
introduced because the mean molecular velocity was still derived based on the ideal gas
Michel et al. (2011) investigated theal gas effect by modifying the mean free path but failed
considering the real gas impact on viscodRgn et al. (2016) incorporated an empiricdbtor
correlation to characterize the real gas effé¢tl et al. (2017) adopted empirical equations of
compressibility factor and viscosity to characterize the real gas .effemietheless, the
compressibility factor calculated from the empirical equatvasalways larger than unity which

was against thereality. Overall majority of existing models demotrating the transport

mechanisms in narscalegasreservoirsare insufficient to embody threalgas effect.
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(2) Gas Adsorption

Gas transport in organic nanopores behaves differently from that in inorganic narguanese

the nanopores in organich shale matrix are characterized with large specific surface area and
strong sorption affinity. Lu et al. (1995) showed that adsorption phase can account for 61% after
testing 24 Devonian Shale samples. A significant amount of methane adsorption on-thelpore

can decrease the nominal pore sipelmake additionalinfluenceson the free gas flow (Santos

and Akkutlu, 2013Jia et al., 20118. The adsorption of shale gas is mainly a reversible physical
process, and the force between molecules and the wall is Van Der Waals force. Since the entire
process is under the supercritical condition of methane, the significant capillary condensation is

rarely discovered (Yu et al., 2016).

It is noticed that adsorption structure respectively characterized by Langmuir and BET isotherms
may impose distinct influences on the apparent permeability (Chai et al., 2019b). It has been
reported that adsorbed metieain various shales (e.g., Marcellus Shale) are prone to form
multilayer adsorption at high pressures (Yu et al., 20#6)ecular dynamics simulation results

have also demonstrated that the oscillation of gas density near the wall is caused by multilayer
adsorption (Didar and Akkutlu, 2013; Riewchotisakul and Akkutlu, 2016). Hence, it is more
reasonable to characterize methane adsorption in nanopores using the multilayer adsorption

models such as BET isotherm model (Brunauer et al., 1938).

(3) Surface Dffusion
It also has been reported that molecules in the adsorbed layer can hop forward driven by the

gradient of chemical potential along the pore wBle movements of molecules induce the-non
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negligible molar flux along the wall called surface diffusig-athi and Akkutlu, 2009). Studies

have shown that the concentration gradient is the driven force of surface diffusion. In fact, the
surface diffusion is an activation process in which the activated energy surpasses the bond strength
(Yeh and Yang, 1989)it assumes that adsorbed molecule can jump over the energy barrier
between two neighboringjtesafter adsorbing some energy, then the surface diffusion is activated

(Chen and Yang, 1991).

Wu et al. (2016) have indicated such adso#nblease transport eexists with free gas flow and
cannot be ignored in organic nanopores. Due to the extremely small pore size, the free gas flow
may be overwhelmed by the surface diffusidajumder et al. (2011) showed that surface
diffusion flux can be 20 times larger théhe free gas flux at low temperatures or pressures. Wu

et al. (2017) pointed out surface diffusion can account for 92.95% of total flux in the nanopores
(diameter < 2 nm). Various analytical models have been proposed to describe the surface diffusion.
Hwang and Kammermeyer (1966) derived a model based on the hopping model of molecules at
low pressures. Kapoor and Yang (1990) develop the model considering heterogeneous activation
energy distribution on the surface. Wu et al. (2015) generalized the modéiarig and
Kammermeyer at low pressures incorporating the adsorption coverage, heterogeneous activation
energy distribution on the surface, and isothermal adsorption. In addition, the surface diffusion
coefficient is influenced by multiple factors such tesnperature, pressure, and adsorption
coverage. Arrhenius correlation quantitatively describes the temperature impact on the diffusion
coefficient whichincreasewith the temperature (Choi et al., 2001). Yang et al. (1973) showed
surface diffusion coeffient increased with the pressure. Higashi et al. (1963) pointed out the

diffusion coefficient increased with coverage in monolayer adsorption. However, most works have
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modeled the methane adsorption/desorption process by use of Langmuir isotherm with an
asumption of monolayer adsorption, which undermines the validity of the proposed surface

diffusion models (Cui et al., 2009; Xiong et al., 2012; Wasaki and Akkutlu, 2015; Wu et al., 2016).

(4) Pore Confinement Effect

Another concern in nanopores is poanfinement effect which has been ignored in most of
models. Once a fluid is subject to geometric constraints in a nanoscale, the moleledele and

the moleculewall interactiors can alter its thermodynamic properties such-&scfor and critical
propeties (Singhet al, 2009). Based on the molecular dynamic simulations, Ingebrigtsen and
Dyre (2014) demonstrated a large density oscillation for Lenbamds liquid near the slit pore
walls. Miyahara and Gubbins (1997) showed that freezing point tempeeveds strongly affected

by the strength of the attractive forces between fluid molecules and pore walls. Similarly,
moleculewall interactionin confined spaces also the underlying mechanism of critical property
shift of confined fluids (Gelb et al., 29). Song et al. (2016) have considered the confinement
effect into the gas transport model by introducing a cripcaperty correlation based on van der
Waals EoS and a-factor correlation. Nonetheless, the introduced EOS afadtdr are only valid

for bulk fluid. In addition, the phase behaviors and kinetic behaviors of methane gas can be heavily
influenced by the coupling effects from parenfinement and real gas effect under reservoir
conditions. Yang et al. (2019a; 2019b) have pointed out theatitavifactor and gas critical

properties are significantly different from that of bulk gas in conventional formations.
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2.4 Multiscale Characterization of Transport Mechanisms

Numerous efforts have been made on the gas transport modeling Smgke nanecapillary.
However, @ining a holistic knowledge of the gas transport from the rscete pore level to
macrascale continuum level remains a difficult task and the fundamental understanding of flow
behaviors across a hierarchy of scaesl heterogeneity effect is necessary for the improved
prediction of methane recovery and its management during thedangshale gas development.

The hierarchy of scales in the shale gas development has been shown in Figure 2.5. In the subplot
(a), it shows the gas transport in the single nanopore where gas is generated in kerogen and then
diffuses to the capillary to become free gas. Meanwhile, a large amountrobtgsilesadsorb

to the surface and contribute to the surface diffusion duriegspre depletion. The subplb) (
illustrates that the nanopores form the irtennected pore network in the mature organic matter
whereas the subplat)(presents the matrix block including the organic matter and inorganic matrix

at the larger scale. Ithe subplot @), it shows the schematic diagram of horizontal well with
hydraulic fractures and the shale matrix composed of the matrix blocks in the sehpldte(

subplot €) exhibits the slow transport in matrix blocks contributes to the-faihgroduction.
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Figure2.5: Schematic diagrarof a hierarchy of scales during the shale gas development.
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2.4.1 Upscaling Methods

The flow behavior at the coarseale continuum level (i.e., rock core and field) is significantly
different from that pertaining to the firszale pore level. To elucidate flow performance
differences across a hierarchy of scales, various upscaling techniques have been applied to bridge
the gap. Some welicknowledged upscaling approaches include thededf volume averaging
(Whitaker, 1999), homogenization via multipkrale expansions (Adlet992), and digital rock
models based on imagingchniques ong andBlunt, 2009). To attainan averaged partial
differential equation that characterizes the raacopic behavior of the original equation is called
homogenization. Tartakovsky (2000) derived the effective permeability based on stochastic
averaging of nonlinear gas flow equations in heterogeneous porous Balimi (2003) has
adopted the upscaling technique of perturbation theory to statistically describe the effects of
random heterogeneities in hydrology. The digital rock technique is the common approach for the
multiscale characterization in shale matrix because they aableajp reveal useful information
about the pore network and spatial connectivity. Specifically, a series of imaging experiments
using MicreoComputed Tomography (Micf@T), Scanning Electron Microscope (SEM), Focused

lon Beam Scanning Electron MicroscopEIR-SEM), or Helium lon Microscopy (HIM)
instruments can be implemented to collect the-nggwolution porestructure images. Such images
enable to directly reconstruct the 3D digital model by using the pore segmentation and extraction
(Silin and Patzek, @6; Dong and Blunt, 2009) or using 2D images by means of stochastic
methods such as the Markov Chain Monte Carlo (MCMC) method and the mptiiplestatistics

(MPS) method (Hazlett, 1997; Quiblier, 1984; Keehm et al., 2004; Wu et al., 2006; Tahmasebi et
al., 2012). The reonstructed digital rock provides the platform for subsequent analytical and

numerical analysis of shale gas transport coupling fmblsics in the heterogeneous matrix.
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All upscaling methods require closure assumptions to decoupbesdrage system behavior from

the finescale information. On the other hand, existing methods have the limitations which include
the loss of accuracy as the model scale becomes coarse (e.g., upsBafiogy iInodel to 2D or

3-D model). For example, thidgital rock technique is not applicable to laigmle simulation due

to the computational capability (Chen et al.,, 2013). In addition, it is difficult to extract the
interconnected poreetwork for reconstruction because of the poor connectivity anththe

range of pore size distribution (Mehmani et al., 2013). Inappropriate upscaling techniques may

undermine the veracity of firgcale simulations.

2.4.2 Heterogeneity Characterization

Nancpore structure in ultriight shale formation is usually todus and irregularTrying to

capture the exact flow characteristics is impractical and daunting. Heterogeneity causes qualitative
changes in behavisof system, which requires accounting for the presence of percolation as well
as the hierarchy of unit typeat different scales. It is impossible and unnecessary to characterize
the heterogeneity of shale matrix deterministicalfarious theoretical approaches have been
performed to quantify the heterogeneity impac extracting the effective coefficiery
homogenizing the heterogenealsle matrix Sahimi(2003) utilized the critical path analysis
(CPA) to depict thdlow in a highly heterogeneoymrous mediunand claimed the conductance

was dominated by pore throats whose rauddre slightly greater thara critical radius, which
maped the transport problem onto an equivalent percolaposblem. Darabi et al. (2012)
described the spatial heterogeneity of organic matter in the proposed conceptual matrix by the

homogenization theory-athi and Akkutlu (2009)ntroduced the perturbation theory to the
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governing diffusivity equation to characterize the weak heterogeneity induced by inherent porosity
fluctuations in shale matrixGhanbarian and Javadpour (2017) applied the effective medium
approximation (EMA) to mooth out the spatial heterogeneityth respect to the pore size

distribution

The heterogeneity characterized by aforementioned mathematical approaches cannot truly reflect
the matrix heterogeneity due to the oesenplified physical model (e.g., periedarray of unit

cells in shale matrix for homogenization analysis) and unavoidable theoretical assumptions (e.g.,
weak fluctuation assumption in perturbation theory applicatiam,ow pore size distribution

EMA application). In additionmost of existing studies focusing on tebale heterogeneity
influencehaveneglected the impact of multiple physical mechanisms under reservoir conditions

(Fathi and Akkutlu, 2009; Akkutlu and Fathi, 2012; Akkutlu, et al., 2015).

2.5 Summary

Shale gass natural gas which is generated and stored in the tight shale formations. In general, the
predominant pore size and intrinsic permeability in the shale formation fall in the nanoscale and
the trapped ga&sin intraparticle organic nanopores contributesinto the gas flow in matrix.
Moreover, the porosity in shale matrix is very low which is commonly smaller than 10% while the
tortuosity is typically large and it increases with the TOC. In addition, the large specific surface
area of nanopores and oil wagdility make substantial gas adsorb to the organic pore surface. The
characterization of shale gas development involves the modedimgthe micrescale pore level

to macrescale continuum levelThe gas transport at micezale pore level incorporatelset

modeling of free gas transport including the numerical and analytical methods. Meanwhile, the
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model needs to consider the influence of mpiftysics under reservoir condition such as real gas
effect, gas adsorption, surface diffusion, and pore confineeffect. In contrast, the gas transport
description amacrascale continuum levahould couple the flow behaviors in nanopores, organic

matter, inorganic matrix, and the induced hydraulic fractures.
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CHAPTER 3: A NEW UNIFIED GAS TRANSPORT MODEL FOR REAL GAS FLOW
IN INORGANIC AND ORGANIC NANOPORES
3.1 Introduction
According to the analytical modeling analysistire Literature Review 2.3.4t shows thathe
mathematical expression based on the hypothesis of the third class (i.e., Eq. 2.9) would be
appropriate to accurately characterize the shale gas flow in nanoporashieve this goal, it is
important to assign the rational weights to viscous flow and Knudsen diffusiomtarmay that

theycan be united in full flow spectrum

Bravo (2007) firstly proposed a laysequence model that covered various flow regioiédeal

gas flow in nanescale porous media. However, inappropriate assumptiddiavos modehave

weakened its accuracy to a certain degree. Bamsumedhat the nanaapillary could be

partitiored into three zones, i.e., viscous flow in the cértoae, transition flow in the middle

annular zone, and Knudsen diffusion in the outer annular zone near theapdtary wall. In

addition, the transition flow is considered to be independent of viscous flow and Knudsen diffusion
mechanisms. Thus, thrlew mechanisms are separately expressed in a piecewise formulation in
terms of pressure and Knudsen number. Such an expression of transition flow is contradicted with

ot herdés work where the transition f| wdseni s der
diffusion (Javadpour, 2009/eltzke and Thming, 2012;Wu et al., 2016). Also, integrating the

viscous flow, transition flow, and Knudsen diffusion in a piecewise manner significantly limits the
flexibility and appl i calkirahge tofypressire cBndigousp g, mo d
unconventional reservoir conditions. Besidesir empirical parameteingvolved in thelayer

sequencenodels i mply i ntensify the anddnatrits applicationia s o f
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numerical simulationg-urthermorethe velocity profile in the central zone Bfavads modelonly
adopts the firsbrder correction, which has been demonstrated tooh&oversial(Beskokand

Karniadakis 1999.

A newunified gas transport model has been develdpeatharacterize singleomponent reagjas

flow in the homogeneousanascaleorganic and inorganiporous medidy modifying Bravds

model More specifically, a straight capillary tube is characterized by a conceptual layered model
consisting of aviscousflow zone a Knudsen diffusion zonend a surface diffusion zon€o

specify the contributions of the viscous flow and the Knudsen diffusion to the gas transport, the
virtual boundary between the viscous flow and Knudsen diffusion zoneslisdestrmned based

on an analytical molecular kinetics approadl. such, the new unified gas transport model is
derived by integrating the weighted viscous flow and Knudsen diffusimhcoupling surface
diffusion. The model is alsoomprehensivelyp-scaled to bndlesof-tubes model considering the
roughness, rarefaction, and real gas effdonlinear programmingnethods have beertilized to
optimize the empirical parameters in the newly proposed gas transport @odstquently, the

newly proposed gas trangponodel yields the most accurate molar flugesnpared o Br av o 6 s
model and othefour analyticalmodels.One of the advantages thfe new unified gas transport
model isits greatflexibility since the Knudsen number is included as an independent variable
which also endows the newly proposed model the capability to cover the full flow regimes. In
addition, the apparent permeability has been mathematically derived from the new unified gas
transport modelA series of simulations have been implemented based on methahesyfasind

that apparent permeability is strongly dependent on porgmiresity, and tortuositygnd weakly

dependent orsurface diffusivity coefficient and pomurface oughnessthrough sensitivity
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analysis. The increased viscosity can reduce the total molanfla& inorganic poresp t066.0%
under the typical shale gas reservoir conditidime viscous flow mechanism cannot be neglected
at any pore sizes under regar conditions while the Knudsen diffusionfeund to bemportant

in the pore size below 2 nm and pressure less than 35.0M@aontribution osurface diffusion

cannot be ignored lenthe poresizeis below 10nm and the pressure less tH&0 MPa

3.2 Mathematical Modeling

Figure 3.1 preseits theschematic diagram of a conceptimleredmodel for a straight capillary

tube with aradiusof R,. As can be seen, the tube is hypothetically dividedtimeezones by the
virtual boundary with a radiusf r and the effective radius oR,. It is assumed that theentral

cylindrical zone (i.e., blue r®) and themiddle annular zone (i.e., pink zongithin R,) are
dominated byntermolecular collisions and collisiorsccur between molecules and the wall of

the capillarytube, respectively. As aforementioned, the transition flow can be rationally assumed
to be a function of the viscous flow and the Knudsen diffugiavadpour, 2009%eltzke and
Théming, 2012; Wu et al., 201h As such, the gas transport in the central maddle annular
zones can be described by coupling viscous flow and Knudsen diffu&iano( 2007 Civan,

2010; Firouzi et al., 2014).HE outer annular zong dominated bywface diffusion (i.e., between

R. and R,) where large amounts of molecuke® adsorbed othe wall and hop forward by the
chemical potentialCompared with organic pores, sparse molecules can be adsorbed on the wall
in inorganic pore¢Bui and Akkutly 2017). Hence, the surface diffios layer (i.e.outer annular

zong can be neglected arfg, can beequalto R, . It is postulated that the gas transport model is

developed under steadyate and isothermal conditioln addition, the pore confinement effect
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which may lead to the critical property shift in nanopores is not considered in this work because it
has not been well understood y@#ased on the conceptdayered model, the mathematical model
in our work isderived as follows.

Surface Diffusion

4

Virtual Boundary ---------

Viscous Flow>

®
\\// \
3 00 0 000000000000 00

® Gas Molecule <> Collision path

Figure 3.1 Schematic diagram of the conceptual layered model of a straight capillary tube (Blue central cylindrical
zone- viscous flow; Pink middle annular zon&nudsen diffusion; Outer annular zohsurface diffusion)

3.2.1 ViscousFlow in the Central Cylindrical Zone
Given the aforementioned assumptionsMiseous flow velocitycan be represented Byiseuille

velocity coupled with a secordrder slip velocity However, the implementation sécad-order

slip boundaryin Eq. 2.1 involves the calculation ()ffu/ pz)s which lead to computational

difficulties. Thus, a unified secorarder velocity modelk adopted for the simplicit{Beskokand

Karniadakis 1999 as follows

oo (3.

wheres is the slip coefficientThe linearizedBoltzmann solution has validated that= 4 gives

the best fittingof the slip velocityby the direct numerical solution die BE (Civan, 2010)Given
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the continuity equatiorby Eq.2.2, constrained boundaribg Eq.2.3, and slip velocity model by

Eq. 3.1the explicit velocity expression of viscous flow in central zoae becharacterizedby

_ RS ar B _ Kkn O
= x4 j 2+—— UP
4/7@ aﬁ 9 1- skn j (3.2

whereV, is the viscous flow velocityR, is the effective radius,s is the gas viscosity, is the

radius with respect to theentralaxis, Kn is the Knudsen number defined AsR,, DP is the

pressure gradientlong the capillary Note that(uu/ [1)S in Eq. 3.2 is expressed as

(l/ p), = 4 B, R. Subsequentlythe viscousmolar flow rate Q, , is obtained by the

integration with respect to the radius,

Q, ——mv Pyrdr (3.3

whereR is the universal gas constaft, is the temperatureP is the average pressure across the

capillary tube.

3.2.2 KnudsenDiffusion in the Middle Annular Zone

Roth (1982) has claindethat he molar flow rate, Q, , in the Knudsen diffusiorzonewhich is
controlledby non-equilibrium dissipative forcesan be quantified by

4V N
= -2 P 3.4
Q 3RT S (3.9

where A is the crossection area of Knudseliffusion andS is theperimeteiof thecrosssection

v is the apparent molecular thermal velocigxpressed a¥ =,/(8RT)/(p M) where M is
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molar massGiven Eq. 34, the Knudsen diffusion molar flow rate in theddleannular zone can

be determined as follows.

FR-7 8, 3.5

_ 4V
%7 BRT 2R

Consequently, the total moléux of freegasflow in thecapillary tube J,, can be calculated by

the superposition of the viscous flow and Knudsen diffusion according t&@ Bgsnd3.5.

_Q+Q 5P s s v R 8
“pR rTO AN IR wmE E/”f @9

3.2.3 SurfaceDiffusion in the Outer Annular Zone

Surfacdliffusion is a complicated process of adsorpftvase transport which can be categorized

into adatom diffusion and cluster diffusion. Adatom diffusion can be activated by a variety of
mechanisms including hopping, atomic exchange, and vacancy diffusiotheOother hand,

cluster diffusion occurs due to multiple mechanisms including dislocation, glide diffusion, and
shearing (Kou et al., 2017). Various models have been proposed to characterize the surface

di ffusion phenomenon, obdfigibmhasiwéen widely &ceptédalge tof i r s |
its mathematical simplicity and physical validity (Xiong et al., 20H8nce,Fickés first law of

diffusion is applied to quantify the surface molar fluk,, in which the adsorbed gasohacules

hop forward by the concentration gradient under the Langmuir isothermal condition. It is also
presumedhat adsorption/desorption process can reach the equilibrium instargatisfy the
requirement of Langmuir equation (Cunningham and Williab880; Fathi and Akkutlu, 2009

Jia et al., 20118. This Ficlds equation is given as
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‘Js = -DS Ba (37)
where D is thesurface diffusion coefficientC, is theconcentration oddsorbed gagt indicates

the concentration of adsorbed g&s, can be calculated by monolayer Langmuir model (Xiong,

et al., 2012; Wasaki and Akkutlu, 2Q1Shenget al., 2020

Cazcamax _P
P+R

(3.9

where P, is the Langmuir pressuteC, ., is the maximum adsorption capacity in the organic

nanopore. AdditionallyWasaki and Akkutlu (2015) pointed out tig} , can be expressed by

C :(VLrSTG rgram)/( B), whereV, is Langmuir volume indicating the maximum adsorbed

amax

phase volume per unit total grain mass at standard conditiqnis thegas density at standard

condition, r .. is the grain densityg, is the ratio of organic grain volume to the total grain

grain
volume. Thus, the molar flux of surface diffusion can be derived as

PL
L E
+R) (39

3.2.4 SurfaceDetermination ofVirtual Boundaryr and Effective Radius Re

As defined in Egs3.3and 3.5, the radius o¥irtual boundary (i.e.r ) plays a significant role in

the calculations of the viscous flow and Knuddéfusion. It implies that determining the radius

of virtual boundaryunder a given condition is pivotal to the mathematical modeling of the gas
transport in the conceptual lage model. However, no efforts have been made to quantify the

virtual boundary, although Bravo (2007) preliminarily discussed the concept of virtual boundary.

In this work, we propose to utilizzn analytical molecular kinetics approdcla s ed on Kenna
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kinetic theory (1938)for quantitatively determining the radius eofrtual boundary in the
conceptual layered model. For simplicity, Kennard (1938) proposed several assumpt#ons: i)
group of molecules with Vecity v is flowing through a gasnoleculesfilled cylindrical tube
wherethe moleculesn theflowing groupmutually collide with the originally existing molecules
Moreover, a molecule is excluded from the flowing group once it experiences the collidio®; ii)
inte-moleailar forceis negligible and iii) the derivation is based @fasticbinary collisions iv)

the gas in the model &ssingle component

Based on thassumptionsthe number of molecules (i.&l) not experiencing a collision after time
intervaldtis defned by Kennard (1938) as
N= —— (3.10

where g is the intermolecular collision probability per unit time. To explicitly solve the
Kennardds col | i si @mranberepedentdd by.ae equivaléngkineti®equatioh ,
V// proposed by Bird (1994). Hencaginumberof gasmoleculesot experiencing collisionat

any given timecan be determined by

dt (3.12)

=3

dN = - fdt = -

14
Z?H

where/ is the mean free path of molecules moving at averafpeity V . By defining thenitial

numberof moleculesn theflowing groupas N,, Eqg. 311 is integrated as follows.

VD
/

<

N = N, expie (3.12)
¢

|- OO

where VDt denotesthe distanceof molecules with velocityw traversing withinDt . Note that

such a distance can be either longestmrter than the mean free path (i£),of molecules in the
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cylindrical tube. Howeverthe VDt is constrained byhe characteristic length of the cylindrical
tube. As such, we further propose to ud$g as an approximation of such a distance, wherg

an empirical parameter characterizing the chemical confinement effect caused by interactions
between molecules and the povell. Furthermore, as Knudsen number (ika) can be expressed

by / /'R, (Bird, 1999, Eq.3.12 can berearranged as follows

N & xR 6_ & 1
— =eXpp—2 § X X—
N, pge ;9 %e Kn (313)

Eq. 3.13 characterizes the fraction of molecurest experiencingnter-molecular collisionsn the

cylindrical tube

As is stated in the conceptual model, the im@tecular collisions onlypccur in the central zen
while moleculewall collisions only occur in the middle annular zomberefore the number of
molecules experiencing intenolecular collisions per unit time is equivalent to the number of
molecules in the central zone per uimitd. Given the number density ofolecules (i.e.,number
of molecules per unit volumethe number of molecules experiencing ir@slecular collisions

(i.e., N.), in the central zone over a time intenil can be determined by (the details can be seen
in AppendixC)

N, =nor?,. E (3.149)
whereV . denotes the average velocity component normal toaghalzone crossection v, Dt

is the average tralagion distance of moleculesver Dt . Similarly, the number of molecules
experiencing either intenolecular or molecutgvall collisions per unit time is egvalent to the
number of molecules in the central and middle annular zone per unitBynessuming thathe

densitydistribution of molecules in both central and middle annular zones is unifientotal
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number of moleculefor free gas flow in theertral and middle annular zorfee., N, ) over Dt
can be achieved as (the details can be seen in App€ndix

N, =noRv, O (3.15)
whereV,, denotes thaverage velocity component normaldtoth thecentral and middle annular

zone crosssection As aforementioned, the intenolecular and molecueall collisions only

appearin the central andniddle annularzones, respectively. Therefore, the fraction raét
molecular collisions in the cylindrical tube can also be deriveN dsN, =4(r*/ R?), wherex

is an empirical parameter representing the heterogeneity of velocity dirgthierdetails can be

seen in AppendixC). Then,by incorporating Eg3.13 we obtain

N N a 1§
—==1-—=1-exr Xx—0 1
NN, R M kn? (3.16)

Eq. 3.16 describes the statistical proportion of molecules colliding mutually within the central

zone. Subsequentl¥g. 3.16 is incorporated into the new unified gas transport maddithen

combinedwith Eqs.3.14 and3.15 to determine the virtual boundary

1 a 1
= 1 - J— .
r \/;RE\/ expge)éKn (3.17)

However,the adsorbed layers of molecules in organic nanopores may cause the oscillation of
density distribution near the peveall (Kazemiand Takbiri-Borujeni 2016). Fortunatelyit has
beenproven that the multilayer adsorption in molecular simulations can be treatetbaslayer
adsorption in analytical derivations under Langmuir isothermal conditions (Ambrose et al., 2012;
Rahmani and Akkutlu, 2013; Wasaki and Akkutlu, 2015, Riewchotisakd Akkutlu, 2016).
Figure 3.2 (a) illustrates the discrete density profile of methane gas in an organic nanopore

(Ambrose et al., 2012)t can be seen there are four density layers in the surface diffusion zone
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ranging from 0.281 to 0.126 g/cthe gasnolecules in the surface diffusion zone are considered

as adsorbed gas, while the gas molecules in the viscous flow and Knudsen diffusion zones are in
free gas phase. The molecular simulations have indicated thauthiayer adsorption ifrigure

3.2 (a) can be simplified to monolayer adsorptiowith the densityof 0.331 g/ccas showrin

Figure 3.2 (b) for modeling purpose. Sudteatment does not undermine the nature integrity of
adsorption phenomenon and calculation accudaeysoprovides thevalidity support to develop
analytical models using monolayer Langmuir model (Wasaki and Akkutlu, 2015). Therefore, it is
reasonable to deal with density distribution in the surface diffusion zone as the monolayer-uniform
distribution in our conceptual met Also, the uniform density distribution in central and middle

annular zones is not affected by the density oscillations in the surface diffusion zone.

Viscous flow zone  Surface diffusion zone
|

+ A
Surface diffusion zone Knudsen diffusion zone 0.331 :
4 —t— Viscous flow zone
| : +
1
il I Knudsen diffusion zone
0.370.81 i : 0.3 |
] I |
] I |
~ i : 6\ :
[S) 1
o | | o |
& : : i :
= 0.163 . : = :
@) 0.133 l ! &) "
< 0.126 * 124 0.124 :
0 0
Pore Half Length (A) Pore Half Length (A)

Figure3.2 Schematidiscretedensity profile for methane at 176 F in a@ nmsizenanopore (a) is equivalent to
the density profile using Langmuir singleyer adsorption model (b) (Ambrose et al., 2012)

Theeffective radis, R,, is the radius corrected for the presence of adsorbed gas molechles in t

organic nanopore. Xiong et al. (2012) proposed the monolayer thickness may be different from the
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molecule diameter of adsorbed gas. Accordingly, the effective radius changes with the thickness
of monolayerA correlation introduced by Xiong et #2012 is used in this work:

B
P+P

R=R -d, (3.18)

whered,_ is nominal molecule sizeP isthe average pressure across the capillary. Giventhe

explicitly defined virtual boundary by E§.17 and effective radius by E.18, the total free gas

molar fluxwithout including surface diffusion in the cylindrical tyb&, , can be deriveérom Eq.

3.6.
_ R P 2R | 8
J J J = —— [ 1
o = Wy ek RZ 8hRT 3 B\ pRTM (3.19)
1é a 1 ®, 1 . é a1l oaKn |
W, =—al -exXpprXx— 52 — lgex A
Y kgl pge Kn 91“ k& P QEéFn E sKn , (3.29
& 16 & 1 o
W, =71 —gl exppXx— (3.21)
g i k81 ¢ Kn %

wherew, and w, are weightsf the viscous molar flux andhe Knudsen diffusion molar flux,

respectively whichareusedto rationthe contribution of the viscous flow and Knudsen diffusion
in the totalfree gas flow, respectivelyit is noted that Eg3.19 can be used to calculattee total

molar flux in inorganic nanopord®y setting R,= R, because surface diffusi@an be ignoreth

inorganic pores as aforementioned.

The total molar flux in organic nanopore, can becharacterizedby the superposition of free

gas flow and surface diffusias follows,
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. =
R} 81 RT 3 B\ pRTM (p+pL)

It is important to point out that thietroduction of the Knudsen number in E@.enables the new

unified gas transport model to calculate the gas molar flux of the full flow spectrum. In gontrast
the applicability ofBravods model(2007) is challenged sindbe total fluxis computedby
piecewise functionsMoreover four empirical parametergvolved in Brava® model largely
increase the uncertaintiaa the process of calculatinfuxes under various experimental
conditions Such a limitation has been completely avoided in the proposéddugas transport

model with the determinedrtual boundaryln addition,Klinkenberg (941 considered a nen
equilibrium region as a Knudsen layer which was near one mean free path thickness. In the present
work, the thickness of the naquilibrium regon is explicitly expressed by the virtual boundary.

In this case, the Knudsen layer determined by the local Knudsen number can reflect tfoale

characteristics rather than a fixed value suggested by Klinkenberg.

3.2.5 Characterization of Roughnesand Rarefaction

Theroughness and rarefaction effect hasmarkablanfluences on the performancef gas flow

in nanascale poresarabi et al., 2012 Considering the fractal dimension of the pore surface,
Coppensand Dammerg2006) quantified thestructural heterogeneity of the medig using a

fractal dimensiorcoefficient D, , which varied between 2.0 ar®l0 indicating changes from a
smooth surface to a spafiking surface. Although the accurate estimatid D, is unavailable

from independent experimeni3arabi et al(2012)have recommended a rational rangeboffor
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various shale samplgse. 2.0¢ D, 2.5. Therefore, the Knudsen naolflux term in Eq3.22,

i.e., J,, ismodified to represent the effect of roughness as fallu et al., 2016)

1= = _2&2 g /L E (3.23)
3R DRTM

where d is theratio of the normalized molecule diameter to the leéfctivepore diametei,e.,

dm/(ZRe). Note d(D*'z) is termed ashe roughness coefficient which represeoatsipledeffects

of surface fractal dimension, effeatiypore sizeand gas molecule size (Darabi et al., 2012).

Since he confinement of nargpaces may causggnificant influences on the dynamigas
viscosity, it is essential to modify the dynangas viscosity to characterie the diffusion of
momentumresulted frominter-molecular collisionsso as toembodythe increased rarefaction
effect (Roohi and Darbandi, 2009). The degree of rarefaction is typazdtlylated byan explicit
function of the local Knudsen number (Michadisal., 2010)Therefore, we modifiethe viscous

molar flux in Eq.3.22, i.e., J,, by incorporatinga rarefaction ternmproposed by Beskok and

Karniadakis (1999), which yields

J)=(1 &Kn)J, =& ak}n)%ghim P (3.24)

wherea is a dimensionless rarefaction coefficiemhich can beobtained from an analysis tife

lineaiized Boltzmann equation (Loyalka and Hamoodi, 1990)experimental results (Tison,

1993). Beskok and Karniadaki€l999 recommeded calculatingthe a by usingthe equation
a=2 (gtan'l( 1da(n’])/ where a,=64/g3/{1-4s) , a, and b are fitting parameters

obtained from experiments,is equal to-1 following the secondrder slip boundary condition.
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Therefore, theotal molar flux in Eq. 3.22 can beupdatedby integrating theroughness and

rarefaction effecas follows.

=W I

- R P o 2R fpg | 8 P (3.25)
w, (1 JaKn)R§8hRT B Wi & ,/pRTM PDQCM—(mPL)Z F

3.2.6 Characterization ofReal Gas Effect

To represent the differences between ideal gas and real gas, compressibility fectamsidered

and incorporated into the developed ideal gas model, i.e3.Zx.The compressibilitfactoris a
dimensionlesparameterwhich represents the deviation behavior of real gas from thegdsal
(Loebenstein, 1971). Since Standikgtz carelation (1942) failed to make accurate predictions

of compressibility factor at high pressures, Mahmoud (2013) improved such a correlation as

follows.
Z=0.70&>" P -5524>% p 0.04% 0.16% & (3.26)

where P, is the reduced pressure expressedPby I5/ R, P. is the critical pressurél, is the

s
reduced temperature expressedlpy T/ T, and T, is the critical temperatur&urthermore, the

dynamic viscosity of real gas also changes with reservoir pressures and temperatures compared to
the constant value under ideal gas conditi@gton (2007) have developed one religband

superior correlation to estimate the dynamic viscosity of light hydrocarbon gas mixtures, which is
expresseasfollows.

é -4 Y(j
h =107 fexpeX & 2 327
f pg &ooo 2 (3.27)
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h z=0.807,°%*° -0.357exp -0.449) ©.340¢xp 4.098 O (3.28)
1
_ 0.9497°
7= (329)
P /1000M
1588
X =347 +— .M
o (3.30
Y =1.66378 - 0.0467% (3:31)

where /1, is the real gas viscosit;r,:(|5M)/(ZRT) . Considering the compressibility factor

and dynamic viscosity, th&nudsen numberconditioned to real gas effect is obtained as

Kn, =A, ZRT/(2 M)/TDB. Theviscous flux, J;, , of real gas i®btained as follow.

: P
Jp= A1 arrKn)%M7 = P (332)

n

Subsequently, thknudsen diffusion molar flux,e., J,., for real gas flows rewritten as

= ngﬁdm*kﬁ 8 g (3.33)
3R pZRTM

The surface diffusion molar flux, i.eJ

for real gas flow is expressed as

sr?

P PzZC
‘]sr = -DsCamax—L—z (3.34)
(P+2zR)
1 1dz . . .. - .
whereC :E BT indicating the volume compressibility of reajas phasén Eqgs.3.33 and

3.34.
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3.2.7 Gas Flow in Porous Media

In this work, it is assumed that the effect of interconnected matrix structure of porous media on
gas flow is negligible. Hence, the new unified gas transport model for a capillarganbase
extended to bundles of tortuous capillaries with identical geometries, which is sufficient to
represent porous medis/( et al, 2017). Accordingly, themolarflux in the singletube model

can be upscaled by using a correction factahich assemlgls bothporosity, 7, and tortuosity,
t , of the porous medigNu et al., 2016)In this casgthetotal molarflux for real gasi.e., J;, in
porous media can be derive as

L f f f
JI - n +— +—
tr l_ V\(/r ‘]vr l,v\!r ‘1:' ‘}r

P
_Wkrig%Pd(Df-z)C 8 _fQQdmax PLPZC2 K
t 3R, ZRTM t (p Z|:I>_)

W, —13 -expgle)(-i 6’?2 1 1é'exp a%{(_l R 3.36
"Tke ¢ Kn g kg o gKn E:':SKQ‘; (330

¢ 16 &4 1 o
W, =11 —¢él eXpeX— &l (3.37)

T ka ¢ Kn =)

To apply the newly proposed model at different scatles, viscous molar flux and Knudsen
diffusion molar fluxhave beemormalizedby usingEq. 3.38 and Eq.3.39, respectively The

normalized viscous molar fluxe., J and normalized Knudsen diffusion molar flixe.,

vr_norm’?

J are presented as

kr _norm?
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Jur nom= Jf' =w, (1 &,Kn) w, P984 PCKn (3.38)
N 30
J! 3p
J r_norm :% :er 1 a-r Knr — wa 3.39
wrom =37l ) 4d®JcPkn (339

where J! = iii P B, J, = igg Po® 3¢ / 8 B. To quantify the real gas
t Ry 8Z IRT t 3R AZRTM

effect,the deviation of molar fluxes between real gas model and ideal gas nadgl,as shown

in Eqg.3.40 has been calculated and discussesiection 3.3.

y =% a00% (3.40

t

where J; is total gas molar fluxor real gasn porous media and, is total gas molar fluxor

idealgasin porous media which is expressed®s=7J" / .

Considering the importance cépneabilityto shalereservoir simulationst is essential to evaluate
the feasibility of the unified gas transport model to estimate thegadnifity. As such, theffective

apparent permeability for real gas in porous media K| , is determined as,

Cf f f
Ktr:_Ktr:_ly\(/rK/r #VYN Kkr #}{

t
—w ! R _f8R =
+f DsCamaxw

t (P+2R)

whereK,, , K,,, andK, is the apparent permeability of viscous flow, Knudsen diffusion and

surface diffusion, respectively.
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3.3Validation: Physical andNumerical Experiments

Datafrom the cylindrical tubéave been properly collecténlvalidate the developed gas transport
model forboth organic and inorganic nanopobgsincluding and excluding theurface diffusion

Table 3.1 lists the experimentally measured and numerically simulated data used ttevifleda

gas flow in inorganic nanopores where surface diffusion is neglected. It is known that the
experimental flux data imanoporesat high pressures can be rarely found in literature. The
experimental fluxeat relatively low pressures coveristip andtransition flow regimegTison,
1993;Ewart et al.2007 Yamaguchi et al2011) are well utilized for validation sindehas been
claimedthat theshale gas transpag mainly characterized as slip and transition fl@u et al.

2016) Even thougtthe numerical solutiorof thelinearizedBoltzmann equation arithe lattice
Boltzmann modelis time-consuming and computationally expensive, hdas been widely
recognizeds one of the most accurate modehlpgroacks In this work, the data from numerical
solutions for methane gas transport in nanopores (Loyalka and Hamoodi, 1990; Landry et al.,
2016) are also collected for the model validation in Table As for the model validation
considering the surface diffusion in organic nanopores, the moleculamiyg(MD) data from

Yu et al. (2018) are used in this work. The detailed parameters in MD simulation are tabulated in
Table3.2. The simulation system and methane molecules are generated by grand canonical Monte
Carlo simulations under pressures from 5@dVIPa. The apparent permeability was simulated by

nortequilibrium MD simulations.
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Table3.1: Summaryof parameters used in rarefied gas model validations

Literature Data Sources  Gas Type Tube Sized Temperatug, T
Tison(199W) Experiments Helium lcm 298 K
Ewart et al. (2007) Experiments Nitrogen  25.27 um 298 K
Yamaguchi et al. (2011) Experiments Nitrogen 320pm 293K
Loyalka and Hamoodi (199C Numerical Solutions Methane 10 nm 400 K
Landry et al. (2016) Numerical Solutions Methane  8.446 nm 400 K

Table3.2: Summary of parameters used in organic nanopore validations (Yu et al., 2018)

Parameters Symbol Unit Values
Maximum adsorption capacity 0 mol/m? 798
Surface diffusivitycoefficient 0 m?/s 1.1107

Reservoittemperature Y K 298
Universal gas constant Y J/(mokK) 8.314
Nominal methane molecule size Q nm 0.38
Pore size Q nm 10.0
Methane molar mass 0 kg/mol 0.016
Methane critical pressure 0 Pa 4.60x10°
Methane critical temperature Y K 190.6

The calculation of dimensionless molar flard apparent permeabilitgquires estimations of

threeempirical parametersD, , x, andkx which should be optimizedSince D, , x, andk are

independentontinuousvariableswith certain constraintghe objective functions can be written

as

. . 2
min fl(Dfl’Xl) =a (‘Jvr _norm -Jvr_data) (342)

i=1

. Iy 2
min f2 (Df 2’X2) = a (‘]kr _norm _‘]kr_data) (343)

=1

S.T.2¢D, @5 (3.44)
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O<x ¢7\'R°2R:L2 (3.45)

k>0 (3.46)

where J and J are the collected reference datanofmalized viscous molar flusnd

vr_data kr__data

normalized Knudsen diffusion molar flukespectively. In this worla singleobjective function
(i.e., Eq.342) is needed for the dateom Tison (1993), Ewaret al. (2007)Landry et al. (2016)
and Yu et al. (2018whereagwo objective functions (i.e., Eq8.42 and3.43) need to baolved
concurrentlyfor thedatafrom Loyalka and Hamoodi (199®ecause it includes bottormalized

viscousflux and Knudsesdiffusion-flux.

The CONOPT solvewhich isa strongall-aroundnonlinear problem (NLP) solver in General
Algebraic Modeling SysteniGAMS) software is used in this work to perform the optimization
work. As for themulti-objective optimization(i.e., Eqs.3.42 and 3.43), a pretreatment ofe -
constrainimethod(Haimes et al., 1971% applied taransformit to the singleobjectivenonlinear

problemso that it can be solved by using CONOPT solver. We asdumaethe primary objective

function for maximization and, as the constraintHence Eqs.3.42-3.46 are rearranged as

. 2
max fl (Df ’)(): a (Jvr _norm _‘Jvr_data) (347)
i=1
ST.2¢D, @5 (348)
R+T
0<x SEIE (349)

k>0 (3.50
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f,(D,.x)¢ . (351)
Since animproper selection of can corrupt the optimization, Carmichael (1980pgested a

mathematical guideline farelectingf,

f(X)<e of,(X) (352)
Sulsequentlythe CONOPT solver can be useddolve Eqs3.47-3.52 and obtain multiple local
optimal solutions which form a boundary calleareteoptimal frontin a new data spadermed
by two objective functiongairly good solutions to the muiltibjective problems can always be

foundon this Rreteoptimal front (Riz-Canales and Rufiahizana, 1995).

3.4 Results and Discussion

34.1Validation Results

The optimized three parameters Bﬁ : e ,andk” have been tabulated in Tal38. A complete

Pareteoptimal front has been obtained for the data ftayalka and Hamoodi (199@s shown

in Figure 3.3 The Back pointsarea series obptimal objective functiorvalues( f, f;) with

respect tahe optimal D;, X*, and k" . Fairly good solutions arcatedin the red circIeD; in
Table3.3is constrained between 2 and 2.5 indicatimgchanges from a smooth surface to a rough
surface (Darabi et al, 2012). ThLB; = 2.00 corresponds to the numerical simulation reference
data since smooth surface are assumed in those modelswhiks it is further demonstrated that
D} larger than 2.00 correspomitb the experimental reference data. Valuestofind £* in

Table3.3 vary for each gas type.
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Table3.3: Summary of optimal solutions

Literature Gas Type Objective Function D; X Kk
Tison (199) Helium Single 2.15 0.97 1.05
Ewart et al. (2007) Nitrogen Single 2.05 1.54 0.74
Yamagucheiet al. (2@.1) Nitrogen Single 2.05 1.54 0.74
Loyalka and Hamoodi (199C Methane Multiple 2.00 046 0.91
Landry et al. (2016) Methane Single 2.00 046 0.91
Yu et al.(2018 Methane Single 2.00 0.46 0.91
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It can be seen in Table3that the optimized three parameters are same for all nitrogen data

collected fromtwo different resources, i.eD); =2.00, x*= 1.54 k"= 0.74. They are also same

for all methane data collected fraimeedifferent resources, i.eR; =2.00, x* = 0.46 & =0.91.

Such finding indicates that tloptimized parametera this work can serve asasonablempirical

valuesfor corresponding types of gasthoutthe necessity afonducting additional experiments
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It allows theproposed analytical mod& beeasly implemented witlthe wider applicatios. As

for thecomputation speed, tlmitomated solvesf CONOPTin GAMS software enables to solve
the objective functions in a few secon@®ulsequently the proposed model with obtained
empirical parameters can lw®nveniently applied to simulathe gas transport ifull flow
spectrum. Comparing witeimulation methods by deterministically or probabilistically solving
Newtorts laws of motior(Frenkel et al., 2001Yhe developed analytical model is more efficient

and practical when dealing with the same scale problem.

The calculated and collected normalized viscous fluxes have been plgiiedtmeanpressures

as can be seean Figure 3.4. It can be found that the newly developed model is able to accurately
reproduce the reference data with an average er@i76%o(Tison, 1993) 7.06% (Yamaguchi et

al., 2011) 6.79% (Ewart et al., 2007), 2.11% (Landry et al., 2058)d5.39% (Loyalka and
Hamoodi, 199Q)respectively. The collectetbrmalized viscous molar fluxesainly fall into the

slip flow regime(0.015¢ Kn 0.01) and early transition flow regim®.(.3¢ Kn (0.52. All the
curvesare irclinedto converge to the unitymplying that the flow behaviograduallyshifts from
transition flowslip flow to pure continuum flow as timeeanpressure increasdsgure3.4exhibits
normalized Knudsen diffusion fluxes simulated by the newly develometl and collected from
Loyalka and Hamoodi (1990As can be seen, the normalized Knudsen diffusion flux gradually
decreaseBom aconstant value (i.e., theoretical Knudsen diffusion limit) in the Knudsen diffusion
regime (12.24 Kn (100.00) Subsequently, a concave emerges on the cureariy transition

flow regime (0.4% Kn (1.30) and the normalized fluincreaseswith the mearpressuren a
quastexponentiamanner within the slip flow regim@.06¢ Kn (0.10. Figure3.5compares the

calculated and collectedpparent permeabilityvith the pressure by considering the surface
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diffusion. The reference data reflects the methane flow in thenscghanopore ranging from 5.0
to 50.0 MPa whictcoversthe shale gas reservoir conditidhcan be found that the developed
model can provide a good prediction wath error of 11.9%. In general, considering Riges 3.4-

3.6, the new unified gas transpanodel proposed in this work can reproduce both experimental

and thenumerical datavith an overall error 05.6®%.
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Figure3.4: Calculated and collected normalized viscous flux versus mean pressure
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As aforementionedWV, and W, are assigned aweights for theviscousflow and Knudsen
diffusion, respectivelyAccording to Eqs3.36 and3.37, Figure 3.7 plots theW, and W, against

the Knudsen numbett can beseen thatV, keepsconstantas 1.0 in continuum flow regime (

Kn ¢ 0.00]) and gradually increases in the slip flow regi®®Q1¢ Kn (.1) due to the slip 6w

mechanism, wherea$ =0 becauseno Knudsen diffusiorshould exist in the viscous flow

region. Suchobservation is consistent with the characterizations of typical flow regimes in
literatures Javadpour, 2007; Civan, 2018kkutlu and Fathi, 2012where only continuum flow

mechanism is in presence in the continuum flow regikie € 0.00) and the continuum flow is

enhanced (i.e W, >1) in the slip flow resulting an increased flux. &ig 3.7alsoshows thathe

weightof the viscous flonkeeps increasing in the early transition regiel& Kn <0.3£) and

then starts talecrease while theeight of the Knudsen diffusion progressively increases to the
unity in transition flav (0.10¢ Kn (10.00 and Knudsen diffusion Kn>10.00) regimes. Note

that the summation of two weights is not equal to the unity because weights derived from the
kinetic model are completely controlled by the Knudaember and mutually independenhe
variation of two weights conditioned to the Knudsen number is rational and coincide with the
widely-acceptealassification of flow regime§SchaatitndChambre 1961)). It is also a superiority

of this innovative worlbecause such way allows the model to cover the full flow regime
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Figure3.7: CalculatedVeights of the viscous flux and Knudsen diffusion flux with respect to Knudsen number

3.4.2 Model Comparisons

The newly developed model is also compared fithwell-recognized analytical modglErtekin

et al.,1986 Liu et al., 2002; Bravo, 200 Javadpour, 20Q%ndVeltzke and Tbming, 2012)to
further demonstrate the performance of this work in terms obdeging the normalized viscous
flux and normalized Knudsen diffusion flux collected from Tison (1993) and Loyalka and
Hamoodi (1990). As can be seen inWig3.8 Liu et al. (2002) and Bravo (2007) significantly
underestimatéhe normalized viscousnolarflux while othermodels overestimaté. In contrast,

this work is capabléo matchthe reference data with the minimum deviatiBigure 3.9 presents

the comparisons of the normalized Knudsen diffusion. Although most ah#igticalmodels can
follow the tendency of reference data, the model of Liu et al. (2Q2an erroneous tremdhen

the flow reaches the transition flow regint€1? 0.10. This is attributed to the fact ththe weight
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for Knudsen diffusions negative, implyinghere is no Knudsen diffusion when Knudsen number

is larger than orequalth i n Liuds model . Il n adwwi(2007)p n , Er
Javadpour (2009), andeltzke and Thming (2012) overestimate theath n the transitionflow

regime (L.00¢ Kn (10.00. Comparatively, this work can more accurately match the tendency of

the reference data. Moreover, oyavo (2007), Veltzke and Bming (2012) and the new

unified gas transport modgenerallyconverge to 1.0which is reasonable according to the
theoretical Knudsen diffusion limiGiven that the mean pressure is reduced, Knudsen (1909) has
stated that the gaseous mass flux through capillaries decreases due to the decreasety pas densi
reaches a minimum value when the Knudsen number is about unity. Such a minimum point is
called Knudseris minimumwhich is resulted from the appearance of transition flibwan be

found from Figure 3.9 that only the newly proposed model is capgab#ecurately present
Knudsends minimum in comparison to other mode
can reproduce both viscous and Knudsen diffusion fluxes kithwidely ranging from 0.01 to

100. Furthermore, model cgrarisons have demonstrated that this work has superior accuracy in
both slip and transition flow regimes compar ec
model in transition flow regime magsultfrom the linear velocity profile assumptievhich is

against the reality.
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3.4.3 Real Gas and Ideal Gas Deviation Analysis

Viscosity of real gas changes with pressure rather than a cofmtahe ideal gas analytical
models. Figre 3.10expressetherealgas viscosy (i.e., /7r) of methane ateservoitemperaturg

of 323 K, 373 K, andi23K with the mean pressure, where the ideal gas viscasty/) is also

plotted for comparisorit shows thathe real gasiscositycanincreasalistinctly from1.18x10°

to 3.70xL0"° Pas whenthe meanpressure increases frdsr0to 50.0 MPaat temperature of 323 K

while the ideal gas viscosity is 148 Pak. In addition, it is shown that gas viscosity increases
with the temperature at relatively low pressures below 18 MPa while the viscosity decreases with
the temperature at high pressures above 18 MPare=&j1 1presents theealgas compressibility
factorof methane versus the mean pressure at reséevgperaturesf 323 K, 373 Kand 42XK.

It is seen that there amabstantialchangesn compressibility factor for methania the low
temperature and higbressureregion. Furthermore, the compressibilifactor follows a non

monotonic trend with the pressure
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Figure3.10Compari son of methane viscosity between ideal
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Figure3: Compressibility factor ofnethane versus mean reservoir pressure

Figure 312 exhibits the Knudsen numbevolutionwith pressure in various pore sizes for ideal
and real methane gas under reservoir conditions &g, &0 MPa, T =323 K), respectively.

It is seen that the Knudsen number at same pressures decreases as tlze pureeaseslihe
Knudsen number of methane keeps decreasingthatipressurerhe real gas Knudsen number
starts distinctly deviating frortheideal gas Knudsen number at the pressure @&@a and the
deviation degree is graduallycreasingThis isbecause the real gas effathigh pressures20.0

MPa) increases the viscosityhich dominantly increasesolecular mean free patAccording to

thedefinition of the Knudsen number (i.&N = //R)), the increasing mean free path leads to the

increment of Knudsen numbeén addition, it is observed that thensition flowbecome more
significant compared with that of théscousflow under arelatively low-pressure conditin (¢

20.0 MPa), provided that theore diameter is less thamm.
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Figure3.12 Knudsen number evolution with mean reservoir pressure (empty symbols: real gas; solid symbols: ideal
gas)

Figure 3.13(a) shows the deviation of total molar flux inorganicpores(i.e., without surface
diffusion) between real gas and ideal gas at different diamatepessure changes from 0.1 to
50.0 MPa (see Eg3.39). It can be foundhat te real gas effect exerts lited influences on the
flux calculated by ideal gas modehderlow-pressureconditions ¢ 15.0 MPa), yielding the
deviationwithin 10.0% This ismainly becausehe gas viscosityat low pressursis close tahat
underideal gas condition. It is worthwhile noting that a peak can be found on the atuoxe
pressuregor all pore sizesnainly due to theeffect of compressibility factoon molar fluxes
However, the real gas effect can reducentodar flux calculatedrom theideal gas modalp to
66.0% at 500 MPain the pore size of 200 nnit is mainly due to the fact thahe increased
viscosity at high pressuredominantly counterat the flux. Furthermore, the deviation is

aggravated as pore size increases at higisspres because the larger pores are commonly
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dominated by the viscous flow regini@which the viscosityras more impact over the flukigure
3.13p) shows the deviation of total molar flur organicpores(i.e., with surface diffusion)
between real@s and ideal gas at different diametspressure changes from 0.1 td03dPa In
general, the deviation has thenilar performancas that inthe inorganic poresThe difference

between organic and inorganic pores is insignifi¢d6t0%) and can be ignored
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3.4.4 Sensitivity Analyses of Appareftermeability
The sensitivity of effective apparent permeability to various parameters hasabhabized for
methane in details in this sectidrhe parameters used in the sensitigityaly®s have been listed

in Table3.4

Table3.4: Summary ofparameters used in sensitivity analyses

Parameters Symbol Unit Values
Fitting parameter | dimensionless 4.0
Fitting parameter I dimensionless 0.4
Chemical confinemerarameter , dimensionless 0.46
Velocity direction heterogeneityarameter k dimensionless 0.91
Slip coefficient i dimensionless -1
Reservoir temperature Y K 323
Fractal dimension of the pore surface 0O dimensionless 2.0
Universal gas constant Y J/(mokK) 8.314
Nominal methanenolecule size Q nm 0.38
Methane molar mass 0 kg/mol 0.016
Methane critical pressure 0 Pa 4.60x10°
Methane critical temperature Y K 190.6
Average porosity %o dimensionless 0.05
Average tortuosity t dimensionless 4.3
Langmuir Pressure 0 Pa 13.8x10°
Langmuir Volume w m3/kg 0.00312
Surface diffusivity coefficient 0O m?/s 8.8x10°
Ratio of organic grain to the total grain volunr e dimensionless 0.676
Shale grairdensity I gain kg/m? 2659.065
Methanedensity at standard condition I oo kg/m3 0.641

(1) Pore Size and dughness
Figure 3.14plotstheeffectiveapparent permeabilityersus pressutia both inorganic andrganic
pores with pore sizes o, 5 10, 25, ®, and 100nm. In general, the apparent permeability

decreases with pressurethe pore size smaller than 100 and such a decline is madestinct as
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pore size shrinksparticularly in organic poresAt a given pore size o2 nm, the apparent
permeability can be significantly reduced frdn44x10- to 1.03<103 |D in the inorganic pore

and from 4.2€1072 to 9.76xL0"* 1D in the organic pore when the pressure increases 3tono

50.0 MPa.Moreover it is seen that the apparent permeabilitgries in different pore sizes
However, the apparent permeabilirely changs with pressure in the pore sitager thanl00

nm. This ismainly because the flow regintes shifted tahe continuum flomwhere the appang
permeability isapproachingthe intrinsic permeability of theporous media. Inaddition the
apparent permeability in organic pores is higher than that in inorganic pores upd®Z.[7 in

pore size of 2 nm, which is contributed by the surface diffusion. However, when the pore size is
larger than 10 nm, the contribution of surface diffusion can be ignoredyure 3.15the effective

apparent permeabilityn organic nanopores withoresizes of2, 10, and 25m is plotted at three
fractaldimensionf 2.0, 2.2, and 2.5. The roughness coeffic{eat, d(D"Z)) increases with the
fractal dimension(i.e., D;). It can be found thathe apparenpermeability decreasegrom

6.60<102t0 5.594102 D whenthe fractal dimensioincreasesrom 2.0 to 2.5 aB.0 MPain the
pore size of 2 nmSuch a differencereduces apore sizeincreasesAlso, as can be seen the
inset graph in Figre 3.15 the apparent permeability is independent with the fractal dimeirsion

the pore size larger than 10 nvhen the pressure is greater ti&0 MPa.
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Figure3.15 Comparison of the effective apparent permeability under reservoir pressures with different fractal
dimensions

(2) Contributions ofFlow Mechanisms

Figures 3.16-3.19 presentthe contributios of viscous flow, Knudsen diffusion, and surface
diffusion to the apparent permeability &y 5, 10, and 25 nnunder typical shale reservoir
conditions respectively It is found that apressureand pore size increases, ttentribution of
viscousflow increasesind accordinglyhe contributionof the Knudserliffusion decreases. fis

is mainly becausehe flow regime shifts toward the viscous flow regime as pressure and pore size
increasegee Figire3.12). As seerin Figure3.16, whenporesize is2 nm and pressuis above 5

MPa the viscoudlow contributes from 14.49%p to 9995%. Meanwhile, the contribution of
Knudsen diffusion drops from 20.97% at the pressure of 3.0 MPa to 4.63% at the pressure of 35.0

MPa.As seernn Figure 3.19 whenporesize is 251m, theviscous flowcompletely dominates the
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apparent permeability across entire reservoir pressure rdngamtrast, as seen in kig 3.17,

the contribution of Knudsen diffusion in pore size of 5 nm is below 6.00%n the pressure is

above 6.0 MPa. Hence, the viscous flow cannot be neglected at any pore sizes under reservoir
conditions while the Knudsen diffusion is only important in the pore size below 2 nm and pressure

less than 35.0 MPa.

In addition, he gas aparent permeabilitpf surface diffusion decreasaspressurendporesize
increasesThis isattributed to the fact thdlhe specific surface area decreases with the pore size
resuling in less adsorption and surface diffusion in the pAsecan be seein Figures 3.16and

3.17, the surface diffusiorgreatly contributes tapparent permeabilitgccounting foi64.54% to

50.09% in 2 nm and35.54%to 13.68%in 10 nmfrom 5.0 to 15.0 MPa, respectivellowever,

the surface diffusion contributias below 423% in 10 nm pores when the pressure is above 15
MPa (see Figre3.18 and lower than 3.90% in 25 nm pores across entire reservoir pressure range
(see Figre 3.19, which can be neglectetlence,whenthe poresizeis below 10nm and the

pressure less thdb MPa, the contribution afurface diffusion cannot be ignored.
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3.5 Summary

The newanalyticalmodelconsidering viscous flow, Knudsen diffusion, and surface diffulsam

been successfully developed to compute the gaspoanover the full flow regime in both organic

and inorganic porewhere the virtual boundary between the viscous flow and Knudsen diffusion
zones is firdy determined based on an analytical molecular kinetics approach. The Knudsen
number of real gas flw increasingly deviates from that of ideal gas flow due to the impact of real
gas effectt high pressure (2 20.0MPa). Moreover, thencreasing viscositdue tothe real gas
effect can reduce the total molar fluxthe inorganic poresp t066.0% under typical shale gas
reservoir condition. The apparent permeability decreases with pressine pore size smaller

than 100 nnmand such a decline is more distinstmore size shrink¥ he sensitivity analyses have
demonstrated that the pore size has the greatest impact on the apparent perntieebaigo

found that he viscous flow mechanism cannot be neglected at any pore sizes under reservoir
conditions whilethe Knudsen diffusion is important in the pore size below 2 nm and pressure less
than 35.0 MParhe contribution ourface diffusion cannot be ignoretienthe poresizeis below

10 nm and the pressure less tHanMPa.
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CHAPTER 4: GAS TRANSPORT IN SHALE MATRIX COUPLING MULTILAYER
ADSORPTION AND PORE-CONFINEMENT EFFECT

4.1 Introduction
Accurate prediction of gasansport in shale formatiomeainly consisting of micre and nane
scale pores is a great challersjlecemost existing models only consider monolayer adsorption
and the underlying mulphysics areeither partially or completely overlooked. In thisrk, we
haveproposedh comprehensiveas transport model integrating multiple physical mechanisms in
nanopores, especially timeultilayer adsorptiorandpore confinemengffect. The new analytical
model isdevelopedbased orBravo layersequencaenodel andhenupscaled usingn Effective
Medium Approximation(EMA) method, where the generalizBdunauerEmmettTeller (BET)
mode| the modified Pendrobinson EoS model, and tHeuttorés model are innovatively
incorporatedThe newly developed model has been successfully validategtsaganulation and
experimental resultsith the assistance ah efficientiterative ensemble smooth@&S)algorithm
It is observed thahe pore confinement effect is of importance when the pore size is smaller than
50 nm. The increase of gas viscpsitue to the real gas effect is significant under reservoir
conditions. The apparent permeability is found to increase greatly as the adsorption layer number
increases, implying that the application of Langmuir model in existing gas transport models may
substantially underestimate it. Given inorganic nanopdres,viscous flowis importantat any
pore sizesindthe Knudsen diffusioplays a rolén the porsthat are less thamnmunder reservoir
conditions. As for organic nanoporgle contribution olurface diffusionis tangiblewhen the

pore size is below 150 nm and the Knudsen diffusion is negligible under high pressures
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4.2 Mathematical Formulation

4.2.1 Conceptual Model and Discrete Density Profile

A conceptualmodel is developed as illustrateéd Figure 4.1. The space in the single straight
nanocapillary can be separated by the effective rajtiato two flow zones, which are a free
gas flow zone in the central space (i.e., the space within the red cylindrical capillary) and a surface

diffusion zone in the outer annular space (i.e., the space constrained by the effectivBradids

capillary radiusR,). Note that the volume in the outer annular zone is occupied by multilayer

adsorbed gas, of which the amount is significantly underestimated in analytical calculations with
the existing models due tihe monolayer adsorption assumption. Moreover, the monelayer
adsorption assumption in current models has typically limited the discussion of density
fluctuations near the wall arising from abundant adsorption which is shown in Figuiidia® (

and Akkutl, 2013. Figure 4.2 presentshe discrete density profilef methanesimulated by
molecular dynamics nanopore with two different pore sizgg&mbrose et al., 2012As can be
seenn Figure 4.2, there are (a) four adsorption layers and (b) two adsolgyiers in two density
profiles, respectively. The density distribution in each surface diffusion zone-igiform where

the density decreases from a high value on the wall to a low value near tepire The density

of uppermost adsorption laygegradually approaches to the density of free gas flow until the

equilibrium is reached.
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O
© Gas Molecule <«»Free Path

Figure4.1: Schematic diagram of the sequeitager model of a straight capillary (Blue central zongscous flow;
Yellow middleannular zoné Knudsen diffusion; Outer annular zohmulti-layer adsorption and surface diffusion;
I Capillary radius;i Radius corresponding to the first layer adsorption on the watffective radius corresponding
to the last layer in muliayer alsorption; i Radius of virtual boundary)

As illustrated in Figre4.2, the uniformdensity distribution ifree gas flow zones hardlyaffected

by the densityluctuationsin the surface diffusion zonf@dmbrose et al., 2012The free gas flow
zone inthe central space can be further divided by the virtual bounRaninto viscous flow
zone highlighted by blue color and Knudsen diffusion zone which is highlighted by yellow color
and constrained by virtual boundaly,, and effective radiuf, (See Figure 4.1). Such layer

sequence structure is developed based on the moledligon-probability assumption that
viscous flow is represented by intermolecular collisions which are dominant in the central space
while Knudsen diffusion is represedtéy moleculewall collisions which are dominant in the
middle annular space&Chai and Li, 2017Chai et al, 2018Zheng et al., 2009 In addition, the
description of density distribution in the lays¥quence model is consistent with the result of
molecuar dynamics (Ambrose et al., 2012) which shows thatdensity distribution is uniform

in thefree gas flow zone (i.ecentral and middle annular zopeshereashe density distribution

in adsorption layer is neaniform (see Figure 4.2). Chai et a@0(9a) have indicated that the

virtual boundary,R,,, can be determined as
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_1 L& 1
R,b—\/;&\/l expge)éKn 4.7

where k is an empiricalcoefficientindicating the heterogeneity of velocity directignsis an
empirical coefficient describingthe chemical confinement effedue tointeractions between
molecules and poreall, Kn is local Knudsen number defined #se ratio ofmolecularmean
free pathoverlocal characteristigength(i.e., / /R.) (Bird, 1994). Note thaR, is equal toR, in

nanopores where there is adsorption scarcity such as inorganic pores. It has been shban that t
determination ofvirtual boundary is cruciain assigning thecontribution of viscous flow and

Knudsen diffusionn the layersequence model.
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Figure4.2 Discretedensity profiles for methane at 176 F in nanopores with size of (a) 3.93 nm and (b) 2.31 nm are
identified under the pressure of 3043 psi from molecular dynamics simulation (Ambrose et al., 2012).dzissitgte
corresponds to adsorptidayer density across the pore.

Wasaki and Akkutlu (2015) have considered the multilayer adsorption and mathematically
simplified the multilayer adsorption to monolayer adsorption so that Langmuir isotherm model

can be apiped accordingly. Nonetheless, such treatmemalid only if the porsizeis much larger
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than the multilayer thickness. In the cassmofll pore size (e.g., <), the availablspaceand

molar flux for free gadlow will be overestimatedf the multilayer adsorption is simplified to
monolayer adsorption. In contrast to the Langmuir isotherm model, the BET isotherm model is
adopted in this work because it is a generalization of the Langmuir model to multiple adsorbed

layers (Yu et al., 2016). As shownFigure 4.1, the thickness of multiple layers is constrained by
capillary radiusR, andthe effective radiuf, which corresponds to the last layer from the wall

in multilayer adsorption. Brunauer et a@l9@8) has pointed out thiais not required for a layer to

be completely covered by adsorbents before an upper layer starts t&éaiFigure 4.3aHence,

some upper adsorption layers which contains few adsorbed molecules may not contribute to the
suiface diffusion in adsorption zone. On the contrary, these upper layers interact with free gas

molecules and contribute to the free gas flow. Therefore, the actual adsorption layers (See Figure

4.3a) can be transformed to hypothetical adsorption layersHi§eee 4.3b) for the easiness of

theoretical calculations.ffective radius,R., can be determined as follows.

R=R -6(N 3d, (4.2
where R is radiuscorresponding to the firdayer adsorption on the wallp is defined as
equivalent fraction of adsorption layers which only contributes to the surface diffusion in

adsorption zoneN is actual number of adsorbed Iay«imsnanoporesdm is molecularkinetic

diamete. Wang and MarongHPorcu (2015)have claimed that the thickness of first layer
adsorption may be different frotthe molecule diameter of adsorbed ghge to substantial

influences of total organic content, clay minerals, maturity, and the specificesuktordingly,

R changes with the thickness fifst layer. Thus, he radius corresponding to the first layer
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adsorption R, is determined afR = R, -Z d, where > is an empirical thickness correction

coefficient {Yu et al., 201k

© Adsorbed Gas Molecule

Figure4.3. Schematic diagram of adsorption layers in nanopores. (a) shows five adsorption layers are in presence
(i.e., N=5) where upper partially adsorbed layers are prone to interact with free gas molecues and contribute to free
gas flow zone rather than adsorption zone. Hence, (a) can be simplified to (b) where adsorption layers are three
hypothetical layers (i.eN=3) only contributing to adsorption zone aisddefined as effective radius from pore central

axis to uppermost hypothetical adsorption layer.

4.2.2 Modeling of Ideal Gas Flow in Straight Capillary

(1) Adsorption/Desorption and Surface diffusion Characterrati

The multilayer adsorption is typically characterized by BET isotherm model which assumes
infinite number of adsorption layers. Nonetheless, Alnoaimi and Kovscek (2013) have indicated

that number of adsorption layers in nanopores should be finite aedeaajized BET isotherm

model in terms ofN adsorption layers is given as

p ¢ sp 6 . "%
VmaxC:BETf ?1_ (N ﬁ)% O H E& 0
\VARE= R) e C'o —+ (% =
ad — P é — . — (N*) 4.3
= G4(Cpr L Comrmr 6
P0 g ( BET )So < BETS“.‘I% 9
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whereV,, is volume of adsorbents per unit ma¥s,, is BET maximum volume of firslayer
adsorbents per unihasswhen the wall is entirely covered by the filayer adsorptionP is
average pressure across the nanocapillﬁ_fgyi,s gas saturation pressure; is equilibrium
constant related to the net heat of adsorption (Yu et al., 20a&) that Eq. 4.3 can be reduced to
the Langmuir isotherm model a, is equivalent to the Laymuir volumewhen N =1, which

implies that the generalized BET model is appropriate than the Langmuir isotherm model to

characterize complicated adsorption/desorption process including monolayer and multilayer
adsorption in nanopores addition, it is worth noting that the saturation pressure G—’Oe.,is

unavailable because methane is in stguitical state in shale reservoir condition and saturation
pressure loses its physical validity for supagtical gas. To overcome this difficulty, the saturation
pressure is regarded as psesdturation pressure for methane gas (Clarkson et al., 1997), and is

calculated using the Antoine equation as follows (Hao et al., 2014).

5 a 1306.5485

P, =expy/. 7437 ——— 4.

° p897 19.4362+ T “4
Fickdbs model has been widely accepted to char s

simplicity and physical validity (Xiong et al., 2012; Wasaki and Akkutlu, 2015; Song et al;, 2016
Wu et al., 208). It is alsopresumedhat adsorption/desption process can reach the equilibrium

instantlyto satisfy the requirement &ET isotherm mode{Yu et al., 201k Do et al. (2001) have

indicated that theurface molar fluof adsorbed phased;, can be expressed as

=D, ®© 45
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where p_ is surface diffusion coefficienPC, is concentrationgradientof adsorbed gasThe
concentration of adsorbed g&s,, can becalculatecby the equatior®, =7 ,V,4 £/ M, where ',
is shale matrix density[ is gas density at standard conditiod is gas molar mass.

Subsequently, the molar flux of apparent surface diffusié\m,can berearrangedy integrating

Egs. 4.3 and 4.%s

JA:M =D/’meaX Is‘c:% 'L(Fg "%)

Pi 4.6
S M PR “9
whereBP is pressure gradiemtiong thenanaapillary, € is defined as
— A o — N —o N+1
p € aP o Pa 0
—€1- (N 4 5 M = 5
WV, _CBET P& ( )(;%o 9 Eg 9
Y p ¢ 5 ap % @0
e 1- S o1+ (CBET '1)T GBET&% 0
o g R cho =+

(2) Viscous Flow Characterization

BeskokandKarniadakis(1999 have proposed a locailscous flow velocityby replacing the no

slip boundary of Poiseuille velocity profile witla seconebrder slip velocity which is

parameterized with local Knudsen number. The local viscous flow velegtyenby

2€ 3y B 2-5 2kn @
u=-—*tdéa A ubP
: ° 1- bKn (4.8

v mgg?ii

wherel, is local viscous flow velocity,R, is effective radius, /77is gas viscosityat standard

condition r is radius with respect to theentralaxis, Kn is local Knudsen number written as

Kn=m|/ /RT/(Z M)/(TDI@), b is slip coefficient S, is tangential momentum accommodation
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coefficient (TMAC). The TMAC is the parameter to quantify momentum exchange of gas
molecules impinging on the wall and ranges from 0.2 to BesKokand Karniadakis 1999.
Furthermore, it is validated by the solutioof linearized Boltzmann equation thbt= 4
provides the best fittingf the slip velocityBeskokandKarniadakis 1999. FurthermoreBeskok
and Karniadakis (1999)ave analyzed thiafluenceof rarefactionon the dynamigasviscosty,
and proposed correction ternto characterie the degree of rarefaction effect in nanopowks.is

designated in the conceptual model (see Figure 4.1), the viscous flow is constrained in the central
zone by the virtual boundary (.63, ). Therefore the molar flux of apparent viscous row]VA,

is derived by the integration with respect to axial radius,

JA Qv — ﬁ

e ,chRT(l aKn){3°U, 2 fdr 4.9

whereQ, is viscous flow molar ratef}, is nanocapillary radiysR is universal gasonstant,T
is temperatureP is average pressure across the nanocapil(hfyﬁ Kn) is the correction term to
characterize rarefaction effecta is dimensionless rarefaction coefficiemxpressed as
a=2 qtan‘l( 4<n°'4)/ ., and a, is given asa, :64/g3,z(1 -4a) wherea is equal to-1

(Beskok and Karniadakis, 1999

(3) Knudsen Diffusion Characterization

As illustrated in Figure 4.1, Knudsen diffusion exists in the middle annular Rotie (1982) has

claimed thathie molarrate of Knudsen diffusigrid,, can be characterized by

v

A g 4.1
RTS (419

_ 4
Qk_3
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where A is crosssection area of Knudsediffusion flux and S is perimeterof thecrosssection
V is apparent molecular velocityritten asv = /(8RT)/(p M) whereM is molar masgBird,
1994) In addition, Darabi et al. (2012) have indicated the impact of roughness on Knudsen
diffusion in nanopores and introduced a correction fangr’,-z) ,to Eq. 4.10. Henceéheappareh

Knudsen diffusion molaftux, JkA, in themiddleannular zone can heritten as

d(Df-Z)Qk _a((Df'z)il' ) (pRaz' /be) = (4.11)
PR 3 RRT 2 R

where ¢ is the ratio of normalized molecule diameter lmcal effective pore diameteri.e.,

e

d,/(2R). Dy isfractal dimensiorfiactorwhich ranges from 2.0 to 2.5 (Darabi et al., 2012).

Given the explicitly defined virtual boundary by Ed.1, effective radius by Eg4.2, surface

diffusion molar flux by Egs. 4.6, molar flux of apparent viscous flow by Eq.ah@molar flux
of apparent Knudsen diffusion by Eq. 4.1Hetotal molar flux for idealgasin the nanopored, ,

can becharacterizedy

Jo=90 W+ W wdrwl

_ R P 2R [pi-) / 8
=-w, (1 |Kn)=—— i P
1 )Rg 8MRT %3 B PRTM (4.12
_ Ws Ds r meax ,S-CE P
M dP

18 3 B 1 e 20 s |‘
=_7 -e =2 — 1Ze \ '
W kgl ngeXKn Qd k& xP % .S 1- bKnEl (4.13)
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. /A
e 1eé a 1 o
=1 — -_— 4.14
W, : kSl EXp‘éeXKn gw (4.14)
_, K
w, =1 — 4.15
= (4.15)
Té CBETg]"(N -H')ISN NP 8 } CBETN(N+1)|3\‘ 4
~\2 ~ ~ > N+
F(1- P) € Caer P G pit ﬂ1+(CBET '1)P CBETPN [
d_czlf( ) &% ¢ Y u (4.16)

[
l
P R CourPR- (NP NP @ & GuNJH |
f (l' '5)81 '(CBET 1)|5 C’BETT:N+l 28 4

whereW,, W, and W, arethe weight coefficientof viscousflow molar flux, Knudsen diffusion

molar flux,and surface diffusion molar flurespectively And weightcoefficientsplay key roles

in rationing the contribution ofthree flow mechanismsP is nondimensionalizd pressure

expressed aP = I_D/ BO . Note thatEq. 4.12 is also capabléo characterizehe total molar fluxin

inorganic nanoporesy setting N=0 in Eq. 4.16 which leads t&® =R . In this case,

adsorption/desorption anglrface diffusionare negligiblein inorganic poresvhich meets the

characterization in other literatures (Akku#dndFathi, 2012.

4.2.3 Modeling of Real Gas Flow in Porous Media

(1) Pore Confinement and Real Gas Effect Characterization

It has been reported that the phase behavior of fluids in nandiffierentiates from that of bulk

fluids due to the pore confinement effect (Thommes and Findenegg, 1994). Peng and Robinson
(1976) proposed a widely accepted equation of state (PR EOS) to describe the phase behavior of

bulk fluid. Nonetheless, it cannot kagpplied in nanopores because massive moleguddls
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interactions in nanopores may undermine the intermolecular interaction and result in unexpected
critical property shift (Singh et al., 2009). Yang et al. @)have proposed a modifi®R EOS
by consigring both critical property shift and the npagligible capillary pressurdo

accommodatéhe nanoscale poreonfinement, which is written as

RT A-

p= ¢
vV-B V(v+B HV B .19

whereV is molar volume,B is a coefficient representing the repulsive force between molecules

and can be written aB=0.07780RT/ P, A is a coefficient representing the attractive force
between molecules, ané\ can be dined as A=0.45724 RZ'[Z/E, where T, is critical

temperatureP. is critical pressure. Furthermorg, is a dimensionless coefficient and can be

expressed by
< 2
j =4 {0.37464 154226 0.2699?)5( 1,/?) : (4.18

where T, denotes reduced temperature describe ad/T,, € is acentric factorC denotes a
coefficient to modify the internal pressure caused by intermolecular interactions. Mor€over,

can be expressed &=3.374A( R/ d,

) "**". The critical point can be achieved by locating the

inflection point of Eq4.17 (i.e., first and second derivatives of pore pressure with respect to molar

volume at critical temperature):

P = o.01324—AI;2C (4.19

T, = 0.17015A—F;BC (4.20
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where P, and T are the confined critical pressure and temperature in nanopores, respectively.

Various works have incorporated thdéattorinto thegas transport model to characterize ribed
gaseffect (Ali and Malik, 2016; Song et al. 2018)onetheless, the correlations ofactor used
in existing models is only valid for bulk fluids which may significantly affect the prediction of
transport modelYang et al. (202c) have derived a Zactor equation which considers the phase

behavior in nao-confinement:

Z’+(b 1) (3 2b a-¢ (B +B ab be O (4.20)
wherea= AP/( RT)?, b=BP/( RT), c=CP/( RT)’. It has been claimed that the largest one of
three roots in E4.21 can be used as thefdctor of equilibrium gas (McCain, 1990; Yang et al.,
2019¢). In addition the gas viscosityn nanopores under the reservoir condition significantly
differentiates fom the constant value und#re ideal gas conditiorsutton(2007) introduced a
reliable dynamic viscosity correlatiofor free gas. Then, we modify the correlation considering

confinement effecivhich isshown as

Y,

m=10" mxpgxé r_ 9 (4.22
g 21000 2 |
mJ=0.807T, °*¢ -0.357exp -0.44Q) 0.340exp 4.058  ©. (4.23
(ve)
0.949 1.9
J= il (;g)) (4.24
(0.145 10°R,)"" V 100M

where /M is real gas viscosity/ is real gas density expressed/as(lsM)/(ZR'lj. Y can be
written as Y =1.66378- 0.04678 where X =3.47 1583 1.8) +0.M . T is reduced

temperature for confined fluids which is definedlas= T/T, .
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(2) Equations Assembly in Straigi&nocapillary

Given poreconfinement and real gas effect characterized by Eqs-42U/EQs. 4.124.16 can
be accordingly rearrange@he total molar flux for real gasn the nanocapillaryJ, , can be

determined as

Jo=dn K+ W o wlrwd
_ R_P 5 w2R [pdr 8
=-w, (1 &K P w2 P F
W (1, q)RO 8ZMRT %3 B 4 G PZRTM (4.29
r.V... r.dc,

m ~ max SC

e M dP

w=18 expr— B2 L 1fexp L ZS, 4Kn |
i — - C— s — Le |
kg ek §T ke T T s 1o oKy i 429
£ 1€ T 1 o
W, =il d expex— &l (4.27)
T ke ¢ Kn 4
2
W =1 % (4.28)
e ULl B B L
de, =PC }(1 P) %-(CBET 1)P Ger PN+1 gl"‘( BET 1) r Ceer ! (4.29
dap ! + | .
dP " 77 CoP@- (N AR NP @ ) C;ET( NDH g
| RN — - i
i (1' Pr)gl {Ger YR G R 8 §

where W, , W, , and W,, are the weight coefficient of viscousflow molar flux, Knudsen
diffusion molar flux,and surface diffusion molar flux for real gasspectively KN, is local

Knudsen numbefor real gas which can be derived Kn, = m./ ZRT/(2 M)/(_Plg). a is
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rarefaction coefficientfor real gas expressed aazrzz(gtanl(«rf"‘)/ ,. P is non

dimensionalize pressure for real gas which is expresse@asp/( ZR). C; indicates real gas

volume compressibilitywritten as C, =1/P -J/Z (6% dB where dz/dp can be further

expressed as

aC- A § B
dZ_(Z-b)Q 1 82 22(3D I+ (36 2b+a ¢ @30
P 37°+2z(b 1) (3 2 a-q +

Subsequently, the total apparent permeabfiiy real gasin the nanocapillary K,, , can be
determined as

K, =K, +K, +K,,

=ww(1+aerr1)84 8F§ &2 G PK

R
V de,
m

"3

(4.31)

_|_WSr DS rm max SC
M dP

whereK,,, K., andK is theapparenpermeability of viscous flow, Knudsen diffusion and

surface diffusiorfor real gas in organic nanocapillargspectively.

(3) Upscaling Usindg=ffective Medium Approximation

Various upscaling techniques have been applied in shale gas transport models to characterize the
overall flow performance in shale matrix. Wu et al. (20dd#)ptedbundlesof-capillaries method

to represent the shale strakonetheless, such simple averaging metbawl onlydescribethe
homogeneouporous media with narrow pore size distributaord neglect the necessity of pore

connectivity (Kirkpatrick, 1973). In contrastthe Effective Medium Approximation (EMA)
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upscalingtechnique stems from statistical physics is competent to iwaakbitrarydisorganized
system Particularly EMA provides an analytical approximatitmat transformsheheterogeneous
system into dypotheticallyhomogeneousystemwith equivalent permeadiily where the spatial
heterogeneity with respect to the pore size distribution are smoothed out and properties of original
heterogeneous system are replaced with the representative profiemtidauer, 1978; Sahimi,

2003).

As is illustrated in Figure.4, various pore radii in neaniform distribution (see Figure4h) are
replaced with the representative radius in a uniform distribution (see Fidime Mote that the
representative radius is not simply an average pore size as is commonly usedlés-dfund
capillaries method but a value reflecting the connectivity (i.e., coordination number) and pore size
distribution of porous media (Doyen, 1988; Ghanbarian and Javadpour, 2017). The formulation to

calculate the representative pore radius of the atgnv homogeneous system (i.e,,) is written

as

e R-R _
D . R+(n2 4 gf(%)dﬁ’v—o 4.32

where Ry is nanocapillary pore radiusR, is representative radius estimated by EMAjs

coordination numberRy max and Ry min are the maximum and minimum pore radii in original
heterogeneous medium, respectively. Ghanbarian and Javadpour (2017) provided a simple
technique to estimate the pore coordination number of shale matrix by repladthd?/S: where

S denotes the critel mercury saturation on the mercury intrusion porosimetry curve obtained
from the lab. S r epr esent s t he percol ation threshol

connectivity.

d
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It has been found that shale pore size in Eagle Ford, Pierre, Barnett,aacellld Formations

follows either a lognormal or bimodal distribution (Milliken et al., 2013; Chen et al., 2015; Landry
et al., 2016). Given the assumption of lognormal {®ize distribution in shale matrix, (R))

can be determinedaed on a truncated lognormal probability density function as follows (Joekar
NiasarandHassanizadel2012).

J?expe ;JHFF:: 8ﬂ

\/_Rmerfg’\&max /g\/_@ueff |%°m'n/$5l

where Ry, is arithmetic mean pore radius, is standard deviation of legormal distribution.

Combining Egs. 4.31 and 4.3Bgttotal apparent permeability for real gagive shale matrix.e.,

Ky 1. is given as

_f R:_T f 8F€_T -2 —=
_7er_T (1+ar_T Knr_T)8_&? -'L[\N(r_T ﬁ &D Cg T PKW_T (4_34)
de
+ f Wsr T Ds r meax ,;c N r_T
M - dP

whereKyr 1, K 1, andKg 1 is theup-scaledpermeability of viscous flow, Knudsen diffusion and

surface diffusionfor real gas respectively.f and ¢ is average porosity and tortuosity,
respectively.R, is representative radius estimated by EMA. Other parameters which are denoted
with subscript sigi in Eq. 4.34 indicates that corresponding parameteles)i 4.31 are upscaled

by replacingR, (i.e., nanocapillary radius) witR, (representative pore radius calculated by Eq.

4.32).
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4.3 Validation

In this work, we havenade our validation fanethane transpoftom two scalesa singlestraight
organic nanocapillary (porecale)and a shale rock core sample (caeale) In general, the
molecular dynamicg¢MD) is capable to simulate the gas transport in nanocapillaty high
accuracyin a limited time scale (Gadel-Hak, 1999) Since experimental data considering
adsorption and surface diffusion in th@nocapillarye.g. <10 nm) are sparsbetMD simulation
data from Yu et al. (2018) are collected to validatentie¢thane apparenpermeability in organic
nanocapillaryunder shale reservoir pressufemm 5 to 50 MPa. Yu et a{2018) simulatedthe
methane apparent permeability considering adsorption and surface diffogidhe non
equilibrium MD simulation. The pairwidateractions between particles were characterized by the
consistent valence force field potential (CVFF) which included both land shorrange force
potential due to the acknowledged effectiveness of CVFF in methane flow and adsorption

simulation (Wang et al., 2016). The detailed parameters in MD simulation are tabulated in Table

4.1.
Table4.1: Summary of parameters used in MD simulation and EMA upscaling method
Scale Organic Nanocapillary Eagle Ford Shale Core
Data Sources MD Simulation Pulse Deca¥xperiment
Parameters Symbol Values Values
Nanocapillary radius Y 6.00 nm /

Arithmetic mean pore radius Y / 6.96nm
Maximum pore radius Y / 39.64nm
Minimum pore radius Y / 1.46nm

Standard deviation ., / 7.91nm

Temperature Y 29800 K 294.65K
Average porosity %o / 0.062
Critical mercury saturation Y / 0.13

Representative radidfeom EMA Y / 16.79nm
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As for the shale core data, a pulse decay experiment on anAeadlshale core sample has been
conducted with the experimental error of 5% and a lognormal pore size distribution using nonlocal
density functional theory (NLDFT) has been obtained (Alnoaimi and Kovscek, 2013). Their data
are collected to validate the rhahe apparent permeability in-gpaled porous media. Since the

pore coordination number of shale matrix is unavailable (Alnoaimi and Kovscek, 2013), the critical
mercury saturation (i.e&) of Eagle Ford shale core provided by Ghanbarian and Javadpour
(2017) is adopted to estimate the coordination number. The detailed parameters in pulse decay test

and representative radius estimated by EMA are tabulated in Table 4.1.

4.3.1 Validation Methodology

The calculation ofapparent permeabilityequires estimatons of eleven empiricabarameters
including = , CgeT, Dt, x, Vmax Ds, Sy, t , kK, b ,and N, whichareobtained using optimization

techniques Based on the physical significance of these parameters, specific constraints are

assigned to them in the optimization process follows: 0<z @ (Xiong et al., 2012,
1.00¢ Cyey €24.45(Wang et al., 2017)2.0¢ D, €2. (Darabi et al., 20120<x &/R? #/R,
(Chai et al., 2019a), 3.59¢ 10° & ., ©.466 36 (Santos and Akkutlu, 2013,
1.0°10° O, 8.8 1¥ (Akkutlu and Fathi, 2012),0.2¢5, ¢1.2 (Beskok and Karniadaiks,

1999), 1.26¢¢ ¢12.2( (Chen et al., 2015),k21 -exp #Kn) , o¢s @ , and

1¢N ¢R/d, Zz 1. Note that the constraints &f, 6, and N are derived from the radius

inequalities in the conceptual model, i.R,¢R , R-(N 1)d, & 6 R-(NL)d, @&,

respectively.
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Considering the high nonlinearity of the apparent permeability formulation, an iterative ensemble
smoother (ES) algorithm proposed by Chen and Oliver (2012) is adopted to estimate the eleven
independent and continuousmpirical parameters byassimilating all measured data
simultaneously. Particularly, it is robust and pragmatic to handle muttgskemeter estimation
problems when the relationship between the measured data and the model parameters is strongly
nonlinear (Fan et al., 2018). Chand Oliver (2012) have introduced the updating equation of the

iterative ES algorithm for model parameters as follows.

misam {14 & G(e e g
\ (4.35
389(“') ~Os G(I’h ngf) 8

wherem andm*! denote the ensemble of-betuned model parameteat thelth and [+1)th

iteration, respectively.s, is damping factor which is the step length parameter that can be

determined by standard line searnfs; denotes the prior distribution of model paramet€xs,

denotes covariance matrix of model parametepsis covariance matrix of collected permealilit

data, g(()) denotes proposed apparent permeability formulation in this ipdenotes sensitivity

matrix which is a linearization of ((’,D at thelth iteration dobsdenotes collected permeability data,

T denotes the transpose sign of a matrix. In the initialization of the optimization, the ensemble size
is set as 50. The prior distribution of model parameters is set as Gaussian distribution whose mean
and standard deviation (e.g. < 0.1) are within theipusly defined physical constraints. It takes

24 to 35 mindor runningthe optimization process
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Figure4.4: EMA schematic diagram: (a) shale matrix with various pore radii inumsform distribution can be
replaced with (b) aypothetically equivalent shale matrix with representative radiusigpein a uniform
distribution by the use of Effective Medium Approximation (EMA).

4.3.2 Validation Results

Figure 4.5 shows thealculated andealisticapparent permeabilityersus nean pressuré a
nanocapillary Grey lines in Figure 4.5a illustrate 50 initial realizations of apparent permeability
generated by the iterative ES algorithvhile the green square dots are the realistic data (i.e.,
collected permeability data from Yuadt (2018)). The ensemble in Figure 4.5a presents simulated
apparent permeability, which exhibits a similar trend with the realistic data because the prior
distribution of model parameters is set as Gaussian distribution. Figurprdgsimts the optimal
realization in the ensemble (i.e., black line) obtained by the iterative ES algdtiieraeenhat

the developed modéi.e., Eq.4.31)s capableto accurately reproduce thmealisticdatafrom Yu

et al. (2018)with an average error a£.85%. Therefore,the validation demonstrates th#te

proposed model can yiellsatisfactory prediction with optimized model parameters.
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Figure4.5: Calculated and realistic apparent permeability vemse@n pressure in a nanocapillary: (a) grey lines show

50 initial realizations of apparent permeability generated by iterative ES algorithm and green square dots are realistic
apparent permeability from the MD simulation. (b) black line shows the optimi@ation obtained by the iterative

ES algorithm.

Figure4.6 shows thecalculated andealisticapparent permeabilityersus mean pressuire the

Eagle Ford shale car&imilarly, grey lines in Figure 4.6a illustrate 50 initial realizations of
apparent peneability and the red circular dots with 5% error bars are the realistic data (i.e.,
collected permeability data from Alnoaimi and Kovscek (2013)). Figure 4.6b shows the optimal
realization determined by the iterative ES algorithtims seenin Figure 46b that theupscaled
model (i.e., Eg. 3.34)s able to accurately reproduce thleservationdatafrom Alnoaimi and
Kovscek (2013)ith an average error @2%%. Therefore the newly proposed modes further
validated bytheexperimentatata in addition to theumerical datalhe optimized parameteby

the iterative ES algorithm in the validation prockase beemespectivelytabulated in Tabld.2.
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Figure4.6. Calculated and realistic appargrgrmeability versus mean pressure in Eagle Ford shale core: (a) grey
lines show 50 initial realizations of apparent permeability generated by iterative ES algorithm and red circular dots
with 5% error bars are realistic apparent permeability from the plélsay experiment. (b) black line shows the
optimal realization obtained by the iterative ES algorithm.
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Parameterg nanocapillary Data Sources Unit Values
z Given in literature dimensionless 1.00
o’ Optimized dimensionless 9.88
0O Given in literature dimensionless 2.00
X Optimized dimensionless 0.02
W Optimized m3/kg 3.99x10°3
o Optimized m?/s 1.45x10°
. Optimized dimensionless 0.35
T Given in literature dimensionless 1.00
I° Optimized dimensionless 1.30
f Given in literature dimensionless 1.00
0 Given in literature dimensionless 1.00
Parameters shale core Data Sources Unit Values
7 Optimized dimensionless 0.79
o’ Optimized dimensionless 10.32
(0} Optimized dimensionless 2.39
X Optimized dimensionless 0.09
W Optimized m3/kg 7421073
o Optimized m?/s 8.61x10°°
. Optimized dimensionless 0.82
t* Optimized dimensionless 3.71
Il° Optimized dimensionless 0.99
1 Optimized dimensionless 0.92
0° Optimized dimensionless 3.00

4 .4 Results and Discussion

Thevalidatedmodelfor the Eagle Ford shale core is applied to analyze involved mechanisms for

methane in this section. The key parameters used in the simulation as listed id.3adnie

consistent with that in coralidation.
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Table4.3: Summary of parametetsed in the simulation

Parameters Symbol Unit Values
Chemical confinemergarameter : dimensionless 0.09
Velocity direction heterogeneifyarameter I dimensionless 0.99
Reservoir temperature Y K 323
Fractal dimension of the pore surface (@] dimensionless 2.39
Universal gas constant Y Jimol/K 8.314
Nominal methane molecule size Q nm 0.38
Methane molar mass 0 kg/mol 0.016
Methane critical pressure 0 Pa 4.60x10°
Methane criticatemperature Y K 19055
Average porosity %o dimensionless 0.062
Average tortuosity T dimensionless 3.71
Equivalent fraction of adsorption layers I dimensionless 0.92
Actual number of adsorbed layers 0 dimensionless 3
Surfacediffusivity coefficient 0O m?/s 8.61x10°
Shale grain density ” kg/m? 2659.06
Methanedensity at standard condition ” kg/m? 0.64
Thickness correction coefficient - dimensionless 0.79
BET Equilibrium constant 0 dimensionless 10.32
First-layermaximumadsorptionvolume per unit ® m% kg 7.42x103
Tangential momentum accommodation coefficiel " dimensionless 0.82
Representative radius estimated by EMA Y nm 16.79
Methane acentric factor - dimensionless 0.01

4.4.1 Sensitivity Analyses

Fitting empirical parameters in the proposed model (i.e., Eq. 3.34) are firstly analyzed for the
sensitivity on methane gas apparent permeability in shale matrix. The optimized values of
empiricalparameterf validation are set up as the reference inputs to calculate the baseline of the
apparent permeabiliyndergasshalereservoimpressurefrom 3.0to 500 MPa Subsequently, the
reference datasat disturbedby 10% positively and negativelio generate inputs for the

sensitivity analysisNext, the minimum and maximum relative ersaf the calculategpparent
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permeability with respect the baseline are determinaspresentedh thetornado plot (seBigure
4.7). It can be seen thdlhe actual number of adsorbed layé€re., N ) has the mossignificant
impact on the apparent permeability which te relative error changes fro3.40% to 28.31%.
In contrast, hefractal dimensiornas thdeastimpact, which on} changes from0.08% to 0.20%.
Furthermore, empirical parameters in the proposed model can be categorized into three groups: i)

multilayer adsorption and surface diffusion related parameters inclidlifigs, Vmax #, =z ,and
Cger; ii) free gas kinetic parameters includi/@, S,, and x ; and iii) shale matrix structural

paraméers includingl andD,. It is observed thamnultilayer adsorption and surface diffusion

related parameterBasically make most of contributions to the apparent permeability except

structural parametef . The impact from free gas kinetics and paosl roughness which is
represented by thedctal dimension of the pore surfgce., D;) are significantly weakened when

the multilayer adsorption is in presence.
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Figure4.7: Sensitivity analyses on various empirical parameters

4.4.2 Analyses of Pore Confinement, Real Gas Effect, &hdtilayer Adsorption Effect

Figure 4.8 presents the influence of pore size and adsorption layer number on the real gas
compressibility factor of methane ungeessure from 0.1 to 70.0 MPat reservoitemperature

of 323 K It is seen irFigure4.8athattherealgascompressibility factoof confined and bulk gas
changeswith pressurdn inorganic nanoporewith pore sizes from 3 to 50 nrince the gas
adsorption in inorganic nanopores can be neglected (Wu et al., 20 i@altp@scompressibility

factor in inorganic nanopores is only affected by the pore size, pressure and tempkgreture.
shownthatreal gascompressibility factain all pore sizes behavenmonotonia@lly in thelow-
pressuregegionbelow 18.0 MPa, and then increase with the pres&iven specific pressuyé

is foundthe compressibility factodecreases to the value of bulk fluid as the pore size increases

from 3 to 50 nm. And theompressibility factoat pore size of 50 nm is exactly the same as that
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of bulk fluid. Given spefic pressure, it is also observed that the difference between
compressibility factor curve and bulk fluid curve declines rapidly with the increase of pore size,
especially when the pore size is larger than 6 nm. Therefore, it indicates that the poenoentfi

effect is only in presence below the pore size of 50 nm, and the pore confinement effect declines
significantly as the pore size approaches 50 nm. This observation also demonstrates the validity of
our model validation in nanocapillary using thend nanopore, which incorporates the strong pore
confinement effectFigure 4.8b presentghat the real gascompressibility factoof confined and

bulk gas changewith pressurein organic nanoporewith pore size of 6 nmit is seen that
multilayer adsorption has strong impact on the real gas compressibility factor, and the real gas
compressibility factor declines with the decreasing adsorption layer number at given pressure. In
addition, the difference between the compressgjbifactor curve with adsorption and the
compressibility factor curve without adsorption diminishes rapidly with the decrease of adsorption
layer number at given pressure, especially when the adsorption layer number is less than 3. This
indicates that thencrease of adsorption layers can decrease the pore space for free gas transport,
which can result in the similar pore confinement impact on the methane compressibility factor as

in illustrated in Figure 4.8a.
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Figure 4.8 Real gascompressibility factor of confined and bulk methane gas versus mean reservoir pressure in
inorganic and organic nanopores: (a) shows real gas compressibility factor changes with pressures in various hanopore
sizes and in bulk fluid state under isothermahdition. Note the curve with green dots (ig5 50nm) coincides

with the curve with pink crosses (i.e., Bulk fluid). (b) shows real gas compressibility factor changes with pressures in
various adsorption conditions and in bulk fluid state in fixecopane size.

Figure 4.9 exhibits theinfluence of pore size and adsorption layer number on the viscosity of

confined real and ideal methane gaslerpressurefrom 0.1 to 70.0 MPat reservoitemperature

of 323 K.It is shown in Figure 4.9a thuaiscosity of real gaf.e., /1) changes with pressure rather

than a constarfor theideal gadi.e., ,,,) as defined in aforementionatalytical model¢Xiong

et al., 2012; Wasaki and Akkutlu, 2015; Wu et al., 2016; Ghanbarian and JavafdourThe

real gas viscosity increases significantly from 0.013 to 0.037 cP when the pressure increases from
5.0 to 60.0 MPa, which indicates that real gas effect cammagriored under shale reservoir
conditions (e.gP = 5.050.0 MPa,T = 323K). Given specific pressure, it is also found the real gas
viscosity decreases with the increase of pore size below 35.0 MPa, whereas the viscosity increases
with the increase of persize above 35.0 MPa. This implies the coupling effect from-pore
confinement and real gas effect exerts opposite impacts on methane viscosity at high and relatively

low pressures. Moreover, the real gas viscosity is equal to the ideal gas viscosagaepoé0.1
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MPa and pore size of 50 nm, which reveals that the confined gas has become the bulk gas because
the pore confinement effect disappears at pore size of 5@murthe viscosity of real and ideal

bulk gas is much close at low pressufrgagure 4.9billustratesthatthe viscosity of confinedeal
gaschangesvith pressuren organic nanoporesith pore size of 6 nnit is foundthatthe real gas
viscosity decreases with the decrease of adsorption layer number below 38.0 MPa, whereas the
viscosity increases with the increase of pore size above 35.0 MPa. Similarly, the change of

multilayer adsorption thickness is inversely related to the change of pore size as in Figure 4.9a.
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Figure 4.9 Comparison of methaneiscosity between ideal and real gas in different pore sizes and adsorption
conditions: (a) shows ideal and real gas viscosity changes with pressures in various nanopore sizes. Note both ideal
and real gas viscosity are under the temperature of 323 ghdh)s ideal and real gas viscosity changes with pressures

in various adsorption conditions. Note both ideal and real gas viscosity are under the temperature of 323 K.

Figure4.10shows thepparent permeability for real gas in 6 nm pore changes withpnessures
from 5.0to 500 MPaat reservoir temperature of 323iliKthree scenariognorganicnangores
(i.e., without adsorption andsurface diffusion N=0), organic nanopores with monolayer
adsorption which is calculated based.amgmuir model (i.eN =1), and organic nanopor@sth
multilayer adsorption which is calculated based on BET model (¢.g3). Figure 4.10b is an

enlarged view of the curve for inorganic nanopores in Figure 4ltl€an be foundhatapparent
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permeability in all three scenarios decline with the pressline apparent permeability in

inorganic nanopores exhibits the least declinen 0.76 to 0.68 cP, while the organic nanopore

with multilayer adsorption shows the largest decline from 13.91 to 4.12 cP. Moreover, it is seen

that the apparent permeability increases significantly as the adsorption layer number increases.

This is maitty because increasing adsorption layers can result in considerable increment of surface

diffusion flux which contributes to the apparent permeability. Although increasing adsorption

layers can weaken the contribution of free gas due to decreasing flogy #panegative effect

can be completely offset by the increment of surface diffusion. In addition, the large difference

between the apparent permeability calculated from Langmuir model and BET model implies that

the application of Langmuir model in exisgi gas transport models may extensively underestimate

the apparent permeability.
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Figure4.1Q Apparent permeability for real gas under reservoir pressures in inorganic and organic pores with different
adsorption conditions: (a) siws total apparent permeability for real gas in shale matrix changes with pressures in
three different adsorption conditions. (b) shows an enlarged view of the curve for inorganic nanopores in subplot (a).
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4.4.3 Contributions of Flow Mechanisms

Figure 4.11 preserd the contributios of viscous flow and Knudsen diffusidio the apparent
permeability ininorganic nanopores with pore size of 2, 5, 10, andr2@om 3.0 to 50.0 MPa at
temperature of 323 Kit is found that apressureand pore sizelecreasesthe contribution of
Knudsen diffusionincreaseswhereasthe contribution of the viscous flow declines This is
attributed to the fact thahefree-gasflow pattern approaches higdnudsen flow in nanoporess
pressure and pore sidecreaseMoreover, it can bebservedn Figure4.11a thathe viscouglow

in 2 nm porecontributes from11.23% up to 5664% when pressureis more than5.0 MPa.
Meanwhile, the contribution of Knudsen diffusidaclinesfrom 93.11% to 43.36% ranging from
3.0 t050.0 MPa.As shownin Figure4.11d, theviscous flowin 20 nm pore isompletelydominant
whenthe pressure is above 5.0 MPRa& can beseen in Figre4.11h Knudsen diffusion irb nm
porestill keepsslight contribution abov®.80% across the entire pressure rarigecontrast, it is
found in Figure 4.11c that the contribution of Knudsen diffusion in 10 nm pore is negligible when
the pressure is more than 12.0 MPa. Therefocan be concluded thgiven inorganic nanopores,
the viscous flows importantat any pore sizes under reservoir conditipres, 5.650.0 MPa) and
completely dominant when the pore size is larger than 20meanwhile the Knudsen diffusion
cannot be neglectdd the pore sig below5 nm under reservoir conditions (i.e., 550.0 MPa)

andin the pore size below 10 nm wheressures from 5.0 to12.0 MPa respectively
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Figure4.11 Apparent permeability contributions from viscous flow and Knudsendidfuwith respect to reservoir
pressures in inorganic nanopores with four various pore sizes. Note there are no adsorption layers in all four figures.

The situation is quite different in organic nanopores considering multilayer adsorption and surface
diffusion.Figures4.12exhibitsthe contributios of viscous flow, Knudsen diffusiomnd surface
diffusion to the apparent permeability inorganic nanopores with pore size of 20, 80, 150, and
270nm from 3.0 to 50.0 MPa at temperature of 323AS is seen in Figure 4.1%he apparent
permeabilityof surface diffusion ioreasesas pressureand pore size dereasesThis ismainly
becausehatthe specific surface areacireasesvith the shrinkingpore sizewhich leads tanore
adsorption and surfadiffusion.In addition, it isobservedn Figures4.12aand4.12h, thesurface

diffusion greatly contributes tapparent permeabilitgccounting f099.35% to 97.21% in 20 nm
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and6527% to 32.10% in 80 nmfrom 3.0 to 9.0 MPa, respectivelyNonethelessas is seen in
Figures 4.12c and 4.12the contributionof surface diffusionis not significant that it drops to
6.59%in 150 nm poran Figure 4.12a@ndbelow 4.52%6 in 270 nm poreacross entire reservoir
pressure range Figure4.12d. In corirast, the contribution of viscous flow can be neglected in 20
nm pore (<2.79%), but it turns to be important when the pore size is larger than 80 nm across entire
reservoir conditions (>34.69%). In addition, it should be noted that the contribution dé&mu
diffusion is completely negligible when the pore size is larger than 20 nm under reservoir
conditions. Furthermore, the Knudsen diffusion contribution in Figure 4.12a is much lower than
that in Figure 4.11d. This implies that the multilayer adsorgimhsurface diffusion on the pere

wall occupy much space of Knudsen diffusion zone (see Figure 4.1) and highly affect the Knudsen
diffusion flux near the porevall. Overall the conclusion can be drawn that given organic
nanoporesthe contribution osurface diffusionplays a dominant rolhenthe poresizeis below

20 nm andcannot be neglected when the pore size is below 150 nm. Meanvbilescous flow

is important when the pore size is larger than 80anihis completely dominant when the pore

size is larger than 270 nm. And the Knudsen diffusion can be ignored under reservoir canditions
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Figure4.12 Apparent permeability contributions from viscous flow, Knudsen diffusion and surface diffusion with
respect to reservoir gsures in organic nanopores with four various pore sizes. Note there are three adsorption layers
in all four figures.

4.5 Summary

A novel comprehensiv@odelis proposed which is capable to characterize the shale gasvitow
the full flow regimes not onlyin inorganicand organic narpores but also incomplicated shale
matrix by the use ofeffective medium approximatiomnder typical reservoir conditions
Meanwhile, the modéhas beeriirst coupledwith multilayer adsorptionsurface diffusionard
poreconfinement effect, and has been successfully validated using the efficientEBdRL

optimization methodlt is foundthe pore confinement effect is only in presence below the pore
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size of 50 nm, and the pore confinement effect declines sigmiijcas the pore size approaches

50 nm.Furthermore, the significant increase of gas viscosity due to real gas effect under reservoir
conditions cannot be ignored. The enhancement of pore confinement effect and multilayer
adsorption can increase the reabgompressibility factor. In contrast, the coupling effect from
poreconfinement and real gas effect exerts opposite impacts on methane viscosity at high and
relatively low pressures. The apparent permeability increases significantly as the adsorgtion lay
number increases and the application of Langmuir model in existing gas transport models may
extensively underestimate the apparent permeability. In addition, given inorganic nanibygores,
viscous flowis importantat any pore sizes under reservoir diods andthe Knudsen diffusion
cannot be neglectdd the pore size below nm under reservoir conditiorendin the pore size

below 10 nm whempressuras from 5.0 t012.0 MPa respectivelyGiven organic nanoporethe
contribution ofsurface diffusiorplays a dominant rolehenthe poresizeis below 20 nm and

cannot be neglected when the pore size is below 150 nm. Meartvbilisscous flow is important

when the pore size is larger than 80 aumal the Knudsen diffusion can be ignored under reservoir

conditions
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CHAPTER 5: MULTI -SCALE SIMULATIONS OF GAS FLOW IN SHALE CORES
USING A PRACTICAL GAS APPARENT PERMEABILITY MODEL

5.1 Introduction
This work presents the simulations at both the ysoede and shale coseale. At the fine scale in
nanopores, # previously developed analytical AP model (see Chapter 4) is adopted.
Subsequentlythe AP is numerically coupled in the diffusivity equation and simulated at core
scale by coupling various mechanisms in shale matrix for theoretiogbleteness. Meanwhile,
physical terms in AP model are simplified with sesmpirical correlations for the practicability
in largescale field simulation. Compared with other gas transport models in nanopores, the newly
developed analytical model has besrccessfully validated against molecular dynamic (MD)
simulation, direct simulation Monte Carlo (DSMC), Lattice Boltzmann (LB) simulation, and
experimental flux results for five types of gases (i.e., methane, nitrogen, helium, argon, and
oxygen) with theminimum deviation. This work provides an analytical model which not only
considers nomegligible multiphysics in shale reservoirs (i.e., rarefaction effect, multilayer
adsorption, surface diffusion and confinement effect) but also simplifiebrear physical terms

using semiempirical linear correlations to facilitate AP calculations in lesgale simulations.

5.2 Mathematical Formulation

5.2.1 Modeling ofShaleGas Flow in Nanocapillary

The proposed analytical model in Chapter 4 is utilized to characterize the rarefied gas flow in
nanopores. This is because the contributions of various flow mechanisms have been rigorously
guantified based on collision probability between molecules anpgatewall. Moreover, in the

layersequence model, the mutually independent weight coefficients are explicitly parameterized
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with Knudsen number (i.ethe ratio of molecular mean free path to characteristic length), which
enables the model to calculdatee gas molar flux in the full flow spectrum of nascale porous

media.

(1) Modeling of Total Mass Flux

The mass flux of viscous flow in central zofkg, can be expressed as follows.

|5|\/| r ..
F'=J——Qu, Dadr
Y pr’RT [t ©A (5.9

It should be pointed out the seceodler Maxwell slip model is insufficient to predict the flux,

though the velocity profile is valid in full flow regimes. Hencegriiadakiset al.(2005)added
the correction ternd/ = (l +éKn) as shown in §. 5.1 to characterize the rarefaction impact on

the gas dynamic viscosity denotegarefaction coefficientvhich is defined as
2 a
a= @;arctar( &n 2) (5.2
where,=4.0, 2,=0.4, and @, denotes an asymptotic upper limit value@%/(150) . Since

Knudsen diffusion occurs in the outer annular zone, the massHluxan be calculated using a

generalized Knudsen equation for arbitrary geometrical esson based on Eq. 2.Bdth

1982)

2
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where S denotescrosssectionareaof outer annular zone anld is outer circumference of the

crosssection Consequentlythe total mass flux of rarefied gam nanocapillary F,, can be

calculated as follows.

Ft = I:vn -|Fkn vac WIH:k

2 p 5.4
cwgle PM g Zo [BM (5.4
8 nRT 3NV RT
_1é a g ®», 1 . é ag oKn 1
=— < - 7 ..‘2 — 1z - pre
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& 18 &4 g o
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Toapply the model at different scalésemasdiux can benondimensionalized in terms dagen

Poiseuilleequation (i.e., Eq. 2.6) and Knudsen equation (i.e., Eq. 2.3*) asd Ek respectively.
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(2) Rarefaction Coefficient Simplification

As is noted in Eg. 5.2herarefaction coefficienis expressed in terms ¢rfigonometric function
and three empirical parameters which arathematically complicatedsiven the rarefaction
coefficientcoupling with the weight of viscous flow term, the mass flux formula (i.e., Eq. 5.4)

turns out to be highly nonlinear, and the nonlinearity may incrgsmstability for largescale
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simulations. Thereforea simplecorrelation with satisfying accuracy is desired to facilitate the

computation of rarefaction correction term.

Based on the hypothesis of stratified model, the viscous flow term contrifoutesal flow
performance in continuum, slip, and transition flow regime. Accordindlg, tarefaction
coefficient (i.e.,a ) and rarefaction correction term (i.eZ,) are plotted against Knudsen number.
Figure 5.1ashows thathe analytical results of rarefaction coefficient (i.e., black dots) produced
by Eq. 5.2can be correlated bthe new empiricaktorrelation(i.e., blue curve) without any
additional coefficients.

a =0.128InKn) +1.12( (5.9
As indicated by the comparisomith analytical resultsthe presenequationyields an accurate
correlationfrom Knudsen number 0.0002 to &th a regressioR-squared valuef 0.99andan
average relative error of 9.33%igure 5.1bshows that thearefacion correction ternusingEq.
5.9(i.e., blue curve) can reproduce the analytical restittsa regressioR-squared valuef 1.00
andan average relative error of 0.85%. Hertbe, present expressias more suitable than the

analyticalequation given b¥Karniadakiset al.(2005) for the sake of simplicity
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(3) Multilayer Adsorption and Simplified Surface Diffusion Model

The rarefied gas model is insuffioieto describe the shale gas flow because of multiple physical
mechanisms under high reservoir pressures and limited transport space in shale matrix. Hence, a
more realistic model is developed in this section considering multilayer adsorption, surface
diffusion, and confinement effect. Various results from experiments and MD simulations have
confirmed that the multilayer adsorption is formed in nanopores under high pressures and
temperatures, which generate density fluctuations near theDwddir(and Akkdlu, 2013; Yu et

al., 2019). Furthermore, it is reported that adsorbed gas molecules can move along the wall due to
concentration gradientRfewchotisakuland Akkutlu, 201% Such phenomenon is known as

surface diffusion of which mass fluks, can be forralated as (Xiong et al., 2012)
F=D © (5.10
whereDs is surface diffusion coefficienCs is concentration gradient of adsorbents defined by

C,=r, IV, I is gas density at standard conditidn,is shale rock densitys is volume of

adsorbents per unit rock mass.

It is imperative to improve the surface diffusion formula (i.e., £80) by coupling the density
profile of multilayer adsorption. Results from the MD simulation in Figure 5.2a showhtrat

are three methane adsorption layeach layer has thickness of one methane molecule @ize
each side of nanocapillary with pasize of 3.04 nnat 4,000psi and 180F(Didar and Akkutlu,

2013) The discrete profile exhibits damped oscillations from the highest value on the wall to the
lowest one in the centevhere viscous flow and Knudsen diffusion are in presence. Hence, it is
naural to simulate the surface diffusion incorporating BET isotherm model due to the distribution

of multilayer adsorption (Alnoaimi and Kovscek, 2013). However, the application of BET model
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involves significantly complicated calculations of the concemtnagradient which makes the
simulation highly impractical. To facilitate the computation of surface diffusion model, multilayer
density profile can be transformed to the equivalent monolayer density profile as showrén Fig
5.2b (Wasaki and Akkutlu, 201 Riewchotisakul and Akkutlu, 2018ubsequently, the mass flux

of surface diffusion can be determined by the monolayer Langmuir model expressed by
V= (F’\/L)/(_P +P) , whereV, is Langmuir volumePy is Langmuir pressur&lonetheless, Fige

5.2b demonstrates that such shift from multilayer to monolayer profile is inappropriate because
the available volume for viscous flow and Knudsen diffussawverestimated. Thus, a simplified
surface diffusion model is proposed in lig5.2c, where the radiusf flow zone of viscous flow

and Knudsen diffusionts, is unchanged while the multilayer adsorption is simplified to the
monolayer adsorption by the method of Wasaki and Akkutlu (2015). Note that an effective radius

(i.e.,re) is defined to constrain tremplified surface diffusion zone, which is givernras ro - dm.
Then, the surface diffusion mass fILEgr], can be calculated based on the simplified density

structure and Langmuir model as follows.

0= ,O(I’ -I’)

4 Py
= -—Dr I8 5.1
s pr. s’ sc % ( :D

In addition, the radius of flow zone of viscous flow and Knudsen diffusion r&fg2c can be

modified ag's = ro -X dm Wheredm is molecular size anxlis the number of adsorption layers.
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Figure5.2 Shale gas discrete density profile in the nanopore with size of 3.04 nm at 4,000psi and 180F: (a) discrete
density profile with three adsorption layers; {ilyppropriate simplified density profile with monolayer adsorption;
(c) appropriate simplified density profile with monolayer adsorption.

(4) Apparent Permeability of Shale Gas Flow

Due to the presence of multilayer adsorption, the critical radius iateghdo the expression

rczrs\/l -exp( q/Knr)/JE where Kn; is Knudsen number for real gas modified as

Kn =m, ZRT/(2 M)/TD;. Hence, the apparent permeability for shale gabdmogeneous

matrix, i.e., ky, can be derived as,
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ke =k + ke TG
AW A _fwKzr_jm [BZRT
TS A Mp (5.12
o 2,
(
+ zwerSm rsc ,I’\/LPLRT V% Z (
l M (; +ZFE -
1e a g ®_ 1 ¢ a g omKn 1
W, =>4l -expe —— &2 = 1gexp | (5.13
ha c Kn, A o oa ?H- i K
£ 1€ a 6@21
W, =11~ expe L Gl (5.14
T e ¢ KN =g
2
w, =1 - (5.19

wherek; , k,, andk is the real gas apparent permeability for viscous fioveentral zong

Knudsen diffusionin middle annular zoneand surface diffusionn outer annular zone

respectively. W is defined asW =/P {dz/dP/Z, and J, is modified as J, =1 +aKn .

Similarly, the flow rate for shale gas in nanocapillddy, can be calculated by

f ,0 4 BZRT o
=Lws s pp +
Q =W, 8 vmr /Jé p
PRT .4 Z & (519
rpr D SC r'L"L \% 0 B
M oP+zR ¢

Note thatthe real gas effect and confinement effect have been considered in the model using the

Egs. 4.174.24.
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5.2.2Numerical Simulationof Shale Gas Flow at Core Scale
It is widely accepted that the momentum conservation equation in matrix cgonabéfied

incorporating the flow model in nanocapillary as follows.

( J+ “él- = -(8ip Q (5.17

where 7/ is gas density,q is adsorbate mass per rock volume which is defined as

q="rg rP\//( P +ZP) Q is sink/source term per unit volumedenotes fluid velocity vector

which can be expressed as

u= =K (CPbrg H) (5.19

1
m
whereK is permeability tensoH can be denoted as the elevation with direction of positive

downward. Then, Eg. 5.17 can be rearranged as follows (see detailed expansions in Appendix D).

U My, _ ar ..
TG ART CRRCE B -

. A oe g .. 17
P ODP.+—%D+ e K H H) § Q (5.19
% a

|-O: Ot

In this work it is assumed that shale gas flows along the horizontal direction in the core, thus one
dimensional spatialemporal formula can be applied to simulate the gas transport through the core
at various locations. Moreover, the gravity term can lggeaged and the permeability tensor can

be regarded as the scalar because the vertical permeability is extremely low in shale matrix. Also,

the source/sink term is omitted. Hence, Eq. 5.19 is further organized as the following expression.
Ar .. 0O ; ¢
Biry+tg1-)a g=%6 gp 08P+ 3D (5.20
Mt H cm =

Eg. 5.20 can be simplified by coupling Egs. 55125 as follows.
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M L, _a 0 (
E(f ’)+—p 1-)8 @—gé,%?'ﬂr 0 % E (5.20)
& 6+(1 - )hg J@E -a,r  — (5.22

where( can be expressed &=C. 1€, whereC, and C; is the compressibility term for density
and porosity as C,=(],/f)uP/ W and C,:(]/r)uP/ w . C, is written as

c,=ZP C,/( P +ZE) ﬁ/(l /} G. Due to the stress effect in the shale formation, the porosity can

be influenced which is characterized as the following correlation (Wu et al., 2016)

o - gC
f= fae g (5.23
C P =+
p.=p.- a P (5.24)
o 0,5(cc- s9
Fo=ini ge& 8 (5.29
C P =+

where P, is effective pressuref), is confining pressurep, is standard pressure (i.e., 1 atey,

is shale porosity coefficient ranging from 0.006 to 0.0d6is shale intrinsic permeability

coefficient ranging from 0.196 to 1.01% is pore pressuref, is porosity under unloading
condition, I};; is radius under unloading conditioa, is Biot coefficient ranging from 0.15 to 0.85.

Hence,C; can be rearranged as follows.

cc@
p.-aP

(5.26
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According to EQqs.5.125.15 the apparent permeabilitig incorporated in Eq. 5.22 for the
simulation. Eq. 5.24s discretized implicitly due to the stable performamdsgle the central
difference and the backward difference scheraee utilized for the spatial and temporal
discretization, respectivelfAppendix E) The initial condition is shown in Eq. 5.27 whereas the

Dirichlet boundary conditions (pressure specified bowy)dare given in Eq. 5.28.

l.C. Px |O¢x ¢t O=: I:?ni (5-27)
S T Pt |x—0t :9_ Rn’ th |x—Lt 9 Pout (52&

where P, and P,,; are the specified pressures at inlet and outlet, respectiRelis initial

pressure across the core.

5.23 Application in PulseDecay Test

The pulsedecay test can be utilized to determine the petropalysroperties of the shale core by
triggering a series of pressure pulses through the tight cores. As the gas flows through the core
from the upstream to downstream pressure chambergiorensional steady and unsteeatgsite
simulation can be implementd&dsed on the Egs. 5-b728. Since the inlet and outlet pressures
change with time in the test, two empirical correlations for the inlet and outlet pressures are

adopted, which are given &B4ral et al,201Q Civan et al., 2011

= I:i)n _eq -( in_ini in eq)exp( y ) (529

Iﬂ

where E’n_eq denotes the inlet pressures under equilibrium condilﬁqr_wmi denotes the inlet

pressures under the initial conditioh, is the reciprocatharacteristic time for the inlet.

Subsequently hieimplicit finite difference schemis usedto solve the partial difference equations
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for the methanéransport through the core due to its unconditionally stable performance. More
specifically, the blocicenter discretization and backward difference approximation are taken for
the spatial and temporal term, respectively. The shale core with lengthcof ss@qually divided

into 100 blocks and the simulation time increases 15 seconds per time step. Note that the outlet
pressure remains constant in the simulation. The detailed simulation parameters are listed in Table

5.3.

5.3 Results andDiscussion

In this work,the validatiors are madén straight capillaries. The rarefied gas model in a straight
capillary (Egs. 5.%5.8) is tested with experimental and simuladédensionlessnass fluxes of

five types of gases including argon, helium, magte, nitrogen, and oxygen collected from various
literatures (Loyalka and Hamoodi, 1990; Tison, 1993; Ewart et al., Z0&Tieret al, 2011;
Yamaguchet al., 2011). The shale gas model in straight nanocapillary (Eq. 5.16) is verified against
the methae flow rate data from Yu et al. (2019). More particularly, Yu et al. (2019) adopted non
equilibrium MD simulation (NEMD) to simulate the gas flow considering monolayer adsorption
and surface diffusion from 5.0 to 45.0 MPa under reservoir conditions.€fhiéed parameters in

validations are tabulated in Table 5.1 and 5.2, respectively.



Table5.1: Summary of parameters used in rarefied gas model validations

Gas Type d* o* Literatures
Ewart et al., 2007
Argon 1.62 0.67 Perrier et al., 2011
Yamaguchi et al., 2011
Tison, 1993
Helium 1.54 0.91 Ewart et al., 2007
Perrier et al., 2011
Methane 1.20 2.17 Loyalka and Hamoodi, 199(
Ewart et al., 2007
Nitrogen 1.54 0.69 Perrier et al., 2011
Yamaguchi et al., 2011
Oxygen 1.54 0.67 Yamaguchi et al., 2011
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Figure5.3: Collected and calculated dimensionless mass fluxes versus Knudsen number for the validation of rarefied
gas model in straiglgapillary. Five types of gases are used for validation includipgrgon, b) helium, €) and ¢)
methane, € nitrogen, andff oxygen.



