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The growing demand for energy provides an incentive teuguunconventional
resources. Among these resources, tight gas and shaleeg@soirs have gained
significant momentum because recent advances in tegyallowed us to produce
them at an economical rate. More importantly, theynskely to contain a significant
volume of hydrocarbon.

There are, however, many questions concerning hydrocarbalugti@n from
these unconventional resources. For instance, in ggist sandstone, we observe a
significant variability in the producibilities of wells ithe same field. The heterogeneity
is even present in a single well with changes in deptis. ibt clear what controls this
heterogeneity.

In shale gas, the pore connectivity inside the void espgaaot well explored and
hence, a representative pore model is not availablehdfurtthe effects of an adsorbed
layer of gas and gas slippage on shale permeability areypoatérstood. These effects
play a crucial role in assigning a realistic permeabibtyshale in-situ from a laboratory
measurement. In the laboratory, in contrast to in-flitel,core sample lacks the adsorbed

layer because the permeability measurements are Hypmanducted at small pore
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pressures. Moreover, the gas slippages in laboratory asduirconditions are not
identical. The present study seeks to investigate theseegancies.

Drainage and imbibition are sensitive to pore connégtand unconventional gas
transport is strongly affected by the connectivity. Hertbere is a strong interest in
modeling mercury intrusion capillary pressure (MICP) testause it provides valuable
information regarding the pore connectivity. In tight gaadstone, the main objective of
this research is to find a relationship between thenastd ultimate recovery (EUR) and
the petrophysical properties measured by drainage/imbibitgts {enercury intrusion,
withdrawal, and porous plate) and by resistivity analydesa measure of gas likely to
be trapped in the matrix during production—and hence a proxiitR—we use the
ratio of residual mercury saturation after mercury drétwal &) to initial mercury
saturation &;), which is the saturation at the start of withdravzLicially, a multiscale
pore-level model is required to explain mercury intrusicapillary pressure
measurements in these rocks.

The multiscale model comprises a conventional netwookiel and a tree-like
pore structure (an acyclic network) that mimic the ropt@nular (macroporosity) and
intragranular (microporosity) void spaces, respectivipplying the multiscale model to
porous plate data, we classify the pore spaces of rodks nmacro-dominant,
intermediate, and micro-dominant. These classes havegrgssively less
drainage/imbibition hysteresis, which leads to the prdhicthat significantly more
hydrocarbon is recoverable from microporosity than maamsity. Available field data
(production logs) corroborate the higher producibilityha tmicroporosity. The recovery
of hydrocarbon from micro-dominant pore structure is dapelespite its inferior initial
production (IP). Thus, a reservoir or a region in whibé fraction of microporosity
varies spatially may show only a weak correlatiomien IP and EUR.

In shale gas, we analyze the pore structure of theixmeging mercury intrusion
data to provide a more realistic model of pore connegtiVit the present study, we
propose two pore models: dead-end pores and Nooks and Crammiresfirst model, the
void space consists of many dead-end pores with circutartpmats. The second model

viii



supposes that the void space contains pore throats avijle laspect ratios that are
connected through the rock. We analyze both the scanreataal microscope (SEM)
images of the shale and the effect of confining stresshe pore size distribution
obtained from the mercury intrusion test to decide whigte model is representative of
the in-situ condition. We conclude that the dead-end puoocetel is more representative.
In addition, we study the effects of adsorbed lapéiGH, and of gas slippage in
pore walls on the flow behavior in individual conduits simple geometry and in
networks of such conduits. The network is based onSE# image and drainage
experiment in shale. To represent the effect of aésbdas, the effective size of each
throat in the network depends on the pressure. The hydrauductance of each throat
is determined based on the Knudsen numban) (riterion. The results indicate that
laboratory measurements made with & ambient temperature and 5-MPa pressure,
which is typical for the transient pulse decay methagyestimate the gas permeability
in the early life of production by a factor of 4. Thisisancreases if the measurement is
run at ambient conditions because the low pressure enhfwecglfopage and reduces the
thickness of the adsorbed layer. Moreover, the periityaibcreases nonlinearly as the
in-situ pressure decreases during production. This effect lootdsi to mitigating the
decline in production rates of shale gas wells. Laboratats available in the literature
for methane permeability at pressures below 7 MPa agteemaidel predictions of the

effect of pressure.
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Figure 3.10: The mercury withdrawal from tree-like pore sjmebown in three steps.
The red color denotes the nonwetting phase and the dasbkdifda
represents an absence of nonwetting phase, simifagaoe 3.9. (a) illustrates
fully saturated pore model at the start of mercury watha@d (Pc = Pmay. (b)
The narrowest throats are evacuated as the cappllasgure is reduce@{=
P1< Pcmay. (€) The withdrawal continues as capillary pressumeadsesH,
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wetting phase is completely withdrawn. The topologyheftree (it has no
cycles) and the ordering of the throat sizes ensuatsitimwetting phase in
all steps is connected to the exit. Thus, unlike the netalwtn in Figure
3.9, the withdrawal from tree-like pore structure dostsleave a residual

Figure 3.11: Mercury withdrawal from macro-dominant (al)-@ micro-dominant
(b1)-(b4) multiscale models. Corresponding imbibitionvesral- a4 and
bl-b4 in (c). (al) and (bl) are fully saturated with merd@y= Pmay. (22)
and (b2) depict the models at a lower capillary presfre Pz < Pmay.
Mercury leaves the smallest pores of tree-like molbglwithdrawing through
the smallest pore throats. (a3) and (b3) are reldwaatower capillary
pressurel. = P, < P3) where mercury withdrawal continues; in (a3) the
nonwetting phase of the conventional network of porestisrthat is
accessible only from the tree-like pore model becons®dnected. No such
disconnection occurs in (b3). (a4) illustrates thedtesdimercury phase at
zero capillary pressure which remains in the conventioalel while (b4)
shows that all mercury is withdrawn at zero capillargssure. (c) shows
decrease of the capillary pressure with wetting phatsgeation for the macro-
and micro-dominant pore models. This plot distinguishesrtibibition
results based on the pore structures, which is usakigntinto account in
reporting the imbibition results (Lake, 2010).......ccooreeiiiiiiiiiiiiiiiiieeeei, 51
Figure 3.12: Mercury intrusion and withdrawal data on sangfleso Western tight gas
sandstones held under confining stress. The capillargyreegicreases
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reversible intrusion/withdrawal over a large range efeury saturation is
indicative of void space dominated by microporosity. Intast, strong
hysteresis for the sample with a smaller entry presgpen symbols) reveals
that the macroporosity mainly constitutes the void spat¢hat sample. ...... 53
Figure 3.13: (a) Schematic illustration of the tree-pkee structure which is initially
saturated with brine and connected to a larger pore (thiekdilso contains
brine. (b) Gas drains the large throat (red) but cannotientize tree-like void
space as brine has N0 Way OUL...........cuuiiieiaii e, 54
Figure 3.14: Drainage curves for a set of samples of aedetsgjht gas sandstone
measured by (a) mercury intrusion and (b) porous plateca3éary
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pressures are scaled by interfacial tension and comiglet asing Equation
(3.1). The average wetting phase saturation at the maxsuoaled pressure is
0.35 saturation units smaller for the porous plate tbeamercury intrusion.
This is because of the brine trapped in the tree-likeaparosity................. 57
Figure 3.15: The void space of tight gas sandstone igfeddsased on the porous plate
experiment. (a) is the macro-dominant void space inlwthe partial
percolation (gray box) and large irreducible brine satumatare obvious, (b)
the intermediate structure showing no percolation lwgelareducible
saturations, and (c) the micro-dominant pore structutleowi notable
invasion. Core samples are labeled as in Figure. 3.13........cccooevevienes 60
Figure 4.1: Variation of residual mercury saturatiggn.{ with absolute gas permeability
for samples of Western tight gas sandstone. Macro+fgrhhas the largest
fraction of connected intergranular void space resuitinge largesG.
From 35 core samples, 9 are macro-dominant, 19 interteediad 7 micro-
dominant. The frequency distribution of pore structuresiegpted from the
POrous plate SAMPIES. ... 66
Figure 4.2: Examples of mercury intrusion/withdrawal dataNestern tight gas
sandstone samples that correspond to different paretwtes. In each pore
structure, the capillary pressure is larger during intrufgiom given non-
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residual mercury saturation as it has the largest dracti connected
intergranular void space. The gas permeabilities of radgnoinant,
intermediate, and micro-dominant samples are equal 6 4B, and 2.3
microdarcy, respectively. The ratio of the residuataugy saturation at the
end of withdrawal to the saturation at the start ithdvawal indicates the
fraction not recoverable, and the complementary paddoverable. The
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recoverable fraction is thus equallle—™" ..., 68
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Figure 4.3: An example of cyclic mercury intrusiamd withdrawal (Cluff and Webb,
2009) from which we estimate the ultimate recowargifferent gas
saturations in different pore types in tight gasdstones. The mercury
withdrawal tests were continued up to zero capilfaessure and not negative
values. Individual cycles indicated as sequenaedfrrows. The first (a) and
combination of first and second cycles (b) aresttin®ate the recovery for
macro-dominant pore structure. Second cycle (c)camibination of second
and third cycles (d) re used for intermediate @necture. The last cycle (e)
is for the micro-dominant pore StruCtUre. ..........cccoeveveviineiiiiiie e, 71

Figure 4.4: The producible gas saturatiG) versus initial gas saturatiofy() for
different pore structure that is based on recosdiséed in Tables 4.1-2. This
provides an estimate for the EUR from a tight ggervoir if the one type of
pore structure constitutes all the void space énrdservoir. Consequently, it
provides lower and upper limits of gas productiotiné void space is a
mixture pore types. Previously, Lake (2010) indeckthe effect of having
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different rock types on the producible gas saturation; heweve address the
effect of having different porosities in tight gas sandstoere for the first
time. 75
Figure 5.1:Normalized gas production rates of a Westdnhdis reservoir logged
versus relative depth. The relative depth is measureddrbaseline in the
well. The actual rates are obtained from two productiggihg tool (PLT)
analyses taken three months apart...........ooocee i, 80
Figure 5.2: There is a correlation between the fraaifanicroporosity in the void space
predicted from (a) residual nonwetting saturatigng and (b) decline ratio
(R). The residual nonwetting phase saturation is obtaimad fmercury
withdrawal (section 4.1) and the decline ratio is evalubyecbmparing the
gas production rates with three months difference usipgaion (5.1). The
comparison of the decline ratio and residual nonwettinggbaturation is
limited to the intervals for which the core data arailable and not for the
entire well shown in Figure 5.1. The relative depth Iedefined similar to
Figure 5.1 and thus, we explore the top interval of tal shown in Figure
D L e ————— et a et et e et eataaaaaaarnan 82
Figure 5.3: Variations of the (a) absolute gas permeabhittity(b) decline ratidX) with
relative depth for the same tight gas reservoir as €i§Lt. The comparison
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permeability and decline ratio. There are moderate deafitiee relative
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Figure 5.4: Two normalized production rates (first ratedasaircle and second is blue
square) of the layers of tight gas reservoirs obtawwed production logging
tool (PLT) after 124 and 225 days from start of production.rélaive depth
and normalized rate are defined similar to Figure 5.1. We saphasthere is
no cross flow between layers and thus, we predictuhmuitative gas
production behavior of each layer using Equation (5.3). Ttermeation of
pore structure is based on analysis of core laborateasarements (cf,
FIQUIES. 5.2-3). it 85
Figure 5.5:Normalized cumulative gas productions of thestlargers of the tight gas
reservoir shown in Figure 5.4. The early cumulative prooodaf the slightly
macro-dominant interval is the largest because of agability. Then, it
becomes smaller than other layers at a later tiswdtneg from an inferior
producibility. The slightly micro-dominant interval héee best recovery
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despite its low initial production (IP). The normalipatiused here only scales
the reSuUlts lINEATIY. .........u i et eeaas 87
Figure 5.6: The normalized ultimate gas production predictad Equation (5.3) is not a
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equal to unity. This normalization only scales the plotesdilts linearly. The
ultimate gas production is calculated with integratinds taaodel over time.
The coefficients of tank model are determined from tw® Bgs for which
the normalized production rates are shown in Figure (5.1)..........ccc....... 89
Figure 5.7: The normalized expected ultimate gas productionnitethickness of the
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layer decreases with an increaseGLn(zL). This indicates thas, can be

gsci
employed for EUR instead of initial production (IP) whigas used in Figure
(5.6). Further, large EUR occurs at lgy which is expected to correspond to

micro-dominant interval based on Equation (5.3). Thenalté production
here is normalized here similar to Figure 5.6. ........cccccoovviiiiiiiiiiniecinnnnnn. 91
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accessible from wider throats (see (a), (b), and Kg)cury is shown with
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3 (courtesy of Dewers et al., 2012). This corroboratesnoglels by
indicating that most pores have small coordination nusn@g ................ 113

Figure 6.16: (a) illustrates the tree-like pore model astag of transient pulse decay
method { = tp) in which the pore pressure is uniform and equ&tg. (b)

The pore pressure distributioBp{ax= P1 = P> = P3 = Poyge) and flow
pattern are shown after we start to evacuate thelsdbp to). The flow
direction is indicated Dy arrows. ...........ooiccceem i 118

Figure 6.17: (a) Tree-like pore model with three charatietlsroat sizes. Flow pattern
indicates the pressure distribution during transient mdsay (TPD). (b) is
the equi-potential plot of the tree-like pore model whttee equivalent tubes.
In the equi-potential plot, the equivalent tubes are useepresent the pore
throats with similar lengths, cross section area,pagdsure drop as they are
10T 08] 0 1= =T o AP 120

Figure 6.18: Tree-like pore models with branching ratios egu2land 1.1 are shown in
(a) and (b), respectively. The branching ratio is the Htthe lengths of the
throats accessed at two subsequent capillary presSinetee-like pore
model assumes that a wider throat is longer........ccc.oooviiiiiiiiiiiiiiinenens 121

Figure 6.19: The number of throats of the tree-like pordehis determined to capture
the MICP data shown in Figure 6.1. The number of poreatin@quired at
each capillary pressure in the tree-like pore magglq presented in a ratio

form (=ni+1/n;). The subscript is clarified in Table 6.1. ........................ 122
Figure 6.20: The average of the coordination numlzpisf ¢the tree-like pore model vs.
BranChing ratio. ..........oooiiuiiii e e 123

Figure 6.21: Variation of the permeability with branchingorabtained from the tree-
like pore model. The predicted permeability is between 15-2&nibh is in
acceptable range for the matrix of the un-fractured glsalkhaee-Pour and
Bryant, 2012). The branching ratio is clarified in Figure 6.18.............. 124

Figure 7.1: (i) shows the mean free-path of the gas miele¢a) at different gas
pressuresi; < P,< P3< P4) . The gas molecules are shown by red dots. The
mean free-path of the gas molecules increases at fmessures and this
leads to a higher Kn for a constant size conduit({ijlindicates the

corresponding flow regimes for the assumed gas pressures............... 129
Figure 7.2:Pore size distribution of a Barnett shale s&aoigained from mercury
intrusion capillary pressure (MICP)............ . commmmeeeinieieiiie e 135

Figure 7.3: Change in the cross section area of thetpmats smaller than 10 nm is
shown here. The adsorbed layer is shown with greem eotl assumed to be
0.7 nm which is representative of 28 MPa. The decrease icross-section

area is notable because the pore throats are extrearebyw. ................... 136
Figure 7.4: Scanning electron microscope (SEM) images afeBashale (Wang and
Reed, 2009; 2008; Ambrose et al., 2010)... e st 11 e eeeennes 138

XXVi
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Chapter 1. Introduction

1.1. Problem statement

Tight gas and shale gas reservoirs are thought to ncatsignificant fraction of
energy (Polczer, 2009), yet the physics of flow through thatrices of these
unconventional resources are not well understood. Thimamly because of the
complexity of the pore connectivity in tight gas sandstdn shale gas, this becomes
even more challenging because the transport properteesiogle nanoscale throat—the
typical pore throat size in shale (Nelson, 2009)—arksastilatter of active research.

In many conventional rocks, a significant range of séturacorresponds to a
narrow range of capillary pressure during drainage. Foanast the wetting phase
saturation &), defined byS,= 1 —Syq, decreases 0.7 (fro, = 0.9 toS, = 0.2) when
the capillary pressure increases from 0.7 to 2.1 MPacarlaonate sample, as shown in
Figure 1.1 (Al-Sayari, 2009). This is shown by the gray bokigare 1.1. The capillary
pressure is within 50 percent of a threshold pressure irolpgon (Berkowitz and
Balberg, 1993). The threshold pressure is 1.4 MPa in this sampl

When percolation occurs, a large number of throats eafillary entry pressures
smaller than the threshold pressure are accessed. fhineats are not invaded at a lower
pressure because access to them is only by way ofweartbroats. The existence of a
plateau-like trend in drainage curve, when capillary pmessersus wetting phase
saturation is plotted in a linear scale, is an indicatahis phenomenon (see Figure 1.1).
The conventional models, such as sphere packing (Behsexed@ Bryant, 2009), are
capable of capturing this plateau-like trend in the drainage auhen the results are

plotted on a linear scale.
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Figure 1.1: Drainage results of carbonate sandston8dydri, 2009) obtained from
mercury intrusion test. The gray box shows the deciieabe wetting
phase saturatiorg() fromS, = 0.9 toS, = 0.2 when the capillary pressure
increases from 0.7 to 2.1 MPa. This range of capillpayns 0.7 MPa from
1.4 MPa which is the threshold pressure of this samplke wHtting phase

saturation here is defined By = 1 —S,4. We observe a plateau-like trend of
capillary pressure with wetting phase saturation in dggrnwhen it is
plotted on a linear scale.

In tight gas sandstones, however, the change in wesitigation during mercury
intrusion is rarely as large as the conventional sam@ observe in Figure 1.2. That is,
we do not see the plateau-like trend in drainage experimexen when capillary
pressure is plotted on a logarithmic scale. Thus, theertimnal models, such as sphere

packing (Mousavi, 2010), cannot capture the two-phase dispéateof tight gas
sandstones.
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Figure 1.2: Mercury intrusion capillary pressures of ecwtiWestern tight gas
sandstones versus wetting phase saturafignwhereS, = 1 —Syq. The
capillary pressure shows that there is no plateau+i@gatsimilar to what
we observe in Figure 1.1. There is only a slight percwlat’hich is shown
by the gray boxes. Thus, the conventional models sugbhasespacking
cannot capture this trend (Mousavi, 2010).

In shale reservoirs, there are two fundamental ehgéls in the physics of gas
flow through the matrix. First, the extremely narrsiwe of the pore throats prevents us
from using continuum models. Second, gas desorption takesspdaring the production,
which alters the pore structure.

The pore throat size of shale is on the order of amater (see Nelson, 2009),
whereas those of conventional reservoirs are régefy/than microns. Figure 1.3 shows a
scanning electron microscope (SEM) image of a shale saW#eg and Reed, 2009).
This means that the conventional models, such as splaeteng, used for studying

transport in conventional rocks, in which pore throatsaaheindred to a thousand times
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larger, cannot be employed directly. This is becauseexinemely narrow throats,

molecule-wall collisions are more dominant than molieenolecule collisions. Thus, the
interactions of molecule-wall must be modeled to mtetthe flow properties, which is the
case for shale. However, the conventional modelsdasigned to capture molecule-
molecule collisions, and thus cannot be adopted directly

Further, most of the void space is inside the organicragion of Barnett shale

(Loucks et al., 2008; Wang and Reed, 2009), as depicted in Figu@nd.ghat is where

gas desorption takes place. The adsorbed layer of gambs thinner during production,
and hence the pore throat area open to flow expands.egus us to a new family of
pore structures in which the resistance against the ifloa strong function of pressure.

Such a pore model has not been developed.

Figure 1.3: A scanning electron microscope image of a Bashakt sample (courtesy
of Wang and Reed, 2009).



1.2. Objectives

This dissertation examines the petrophysical properti¢glaf gas and shale gas
reservoirs to understand how hydrocarbon flow takes plaoegh the matrices of these
unconventional resources. To this end, this study adoptspohe-scale modeling
approach and discusses the implications of such modelmgrdaluction. For dealing
with tight gas and with shale gas, respectively, thenrojectives of the present study
are the following:

a) To develop a new pore structure model to capture tweepthiaplacements in
tight gas sandstone. This entails appropriate repressrgaof the microporosity and
macroporosity to mimic the flow through each and thegractions.

b) To analyze the pore connectivity of gas shale amdpeoe it with the void
space of conventional reservoirs. Further, we evalhateffects of an adsorbed layer of

gas and of gas slippage on the single-phase gas permeability.

1.3. Hypothesestested in thisresearch

The conventional network models, such as sphere packingegudhr lattice,
allowed many researchers to analyze flow propertiesith a matrix of unconsolidated
sandstone (Behseresht et al., 2009; and Rodriguez, 2010). Thkerknemodeling
approach divides the void space into pores interactingewach other by the pore throats.
We adopt the term “conventional” here for the regudditide and sphere packing-based
models because the positions of the pores are assighed feom the pattern of regular
lattice or from sphere packing. The pore throat sizbda obtained from the positions of
the grains in the sphere packing-based approach, and irgtiarriattice, the pore throat
size is assigned randomly from mercury intrusion capilpressure mesuremeant data. In

the present study, we hypothesize that the network modafipgpach can capture the
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transport properties of tight gas sandstones and ofhgéde & the positions of the pores
are assigned appropriately and if their characteristzes are determined correctly.

In tight gas sandstone, our hypothesis is that the mabirthe intergranular and
intragranular voids are different both in termstedf tharacteristic size of the pore throats
and the spatial distribution (topology) of the poreo#tts. We term “intergranular” and
“intragranular” voids as “macroporosity” and “micropotgsi respectively, and use
them interchangeably. This means that this is a toma@Ebgriterion and not a size
criterion. Thus, we propose a multiscale network moiutelcapture the transport
properties of this unconventional resource. The mulescaodel comprises a
conventional network model and a tree-like pore structare acyclic network) that
mimic the intergranular (macroporosity) and intragran(iaicroporosity) void spaces,
respectively.

The present study tests the proposed multiscale modsrbgaring the predicted
results of the model with the petrophysical measurem&éscompare the imbibition
data obtained from mercury withdrawal as well as draimegelts from the porous plate
experiment. We also test the actual production data becawsenodel has major
implications for producibility. The model classifies theducing intervals into macro-
dominant, intermediate, and micro-dominant, and prethetisthe hydrocarbon recovery
improves progressively in these intervals. This classibn is based on the fraction of
connected microporosity to total porosity, meaning thatniicro-dominant interval has
the largest fraction of connected microporosity. Tet tthe hydrocarbon recovery
prediction, we use field data (production logs) taken agifft times in a single well.

In shale gas, our hypothesis is that the void spacieofun-fractured matrix
consists largely of dead-end pores. Hence, we proptse-dike pore model in which

many pores with circular pore throats are connectedbi@rching point. This is similar
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to the tree-like pore model proposed for the microporadithe tight gas sandstone. This
part of our research aims to provide a more repretbentaodel for pore connectivity.

We test the pore connectivity model by SEM images ofeshto determine
whether the pore connectivity model, in which each pem@nnected to three or fewer
pores, is consistent with the image analyses availaltlee literature. We also analyze
the effects of confining stress on the drainage reshtesred from mercury intrusion test
and on the pore throat geometry. The image analysislseewhether the circular pore
throats we adopt for the dead-end pores model remain T confined conditions,
which is representative of in-situ stress boundary itiong.

In addition, we study the effects of adsorbed layanethane and gas slippage on
the pore walls. We hypothesize that an adapted networklroadeébe used to analyze
the single-phase gas flow properties at in-situ conuitiddoth the adsorbed layer and
slippage are present at in-situ conditions. This modeaged on SEM images of shale
samples and a pore size distribution obtained fronméecury intrusion test. It further
accounts for the effects of an adsorbed layer and slipggending on the gas pressure.
The thickness of the adsorbed layer increases with th@rgasure whereas the slippage
decreases with an increase in the gas pressure.

The present study also tests the adapted network modeattpmes against
laboratory measurements available for low pressurésNKa). At those pressures, gas
slippage plays a more important role, and thus the dadwyr results yield a partial

validation of the model.



Chapter 2: Literaturereview

The present study consists of two major sections, itee deals with tight gas
reservoirs and the second with shale gas reservolrs. fdllowing literature review

covers studies related to each of these topics.

2.1. Tight gas sandstone

In tight gas sandstone, the objective of this studyoisuriderstand the pore
structure in terms of the characteristic size of tiwat and connectivity. In-depth
understanding of the pore structure is crucial becausklwsals to predict the ultimate
recovery. The prediction of hydrocarbon recovery friv@ understanding of the pore
structure arises here and not in the conventional roekause there are two types of
porosities, i.e. microporosity and macroporosity, rextéing with each other unlike the
conventional rocks. Possible differences in the patectstres of the porosities makes it
possible for them to behave differently in terms aforeery and thus, it is possible for
producing intervals of a well, which could have differ&attions of these porosities, to
produce differently. Therefore, we will mainly focus e petrophysical models of the
pore structure both analytical and empirical.

We begin with a definition of tight gas sandstone hTgas sandstone is generally
considered a formation with low permeability. The US egoment provided a more
precise definition by indicating that its single-phasem@ability is less than 0.1 microD
(Holditch, 2006). Some researchers, however, disagreed paoposed alternative
definitions. For instance, Holditch (2006) stated thabmnétion is tight gas if it is
producible at an economic rate only after hydraulic fraagurLater, Nelson (2009)
recommended another criterion. He claimed that hydbocais not stored under the

buoyancy force in these formations and that this shbalddopted as a distinguishing
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criterion. Despite the differences in the definitioti®ey have the commonality of not
using porosity as a screening factor. This tells us tthatresistance of the formation
against the flow is the main concern and is probablgas¢ason why many researchers
studied the flow behavior of tight gas sandstones.

Many studies have been undertaken to model the fluid tlonwugh these
reservoirs. The importance of these studies becomes alwious considering the fact
that these reservoirs behave differently from thaveational reservoirs in several
respects (Masters, 1979; Masters, 1984; Law and Dickenson, 1986e8aE985, 1989;
Surdam, 1997). One characteristic of these unconventicsehars is that producibility
can vary widely from well to well. Another characstic is that water production rates
strongly affect the economics of gas production buddfieult to predict. The amount of
fluid recovered after the hydraulic fracturing operai®also an important consideration
(Bazin et al., 2010; and Bahrami et al., 2011).

The influence of confining stress on the porosity amgjlsiphase permeability
were also studied (Ostensen, 1983; Luffel et al., 1991;eByamd Castle, 2000; Jones
and Owens, 1980). It was reported that the porosity changeloatiing is negligible
whereas the permeability decreases notably (Jones amohs) 1980). It was further
stated that the permeability reduction is more notalrléoteer permeability rocks (Jones
and Owens, 1980). Considering the significant decrease of gkilityewith loading, it
was concluded that the flow occurs mainly through shketeracks and consequently,
the crack closure was modeled (Cluff and Webb, 2009). Furthe-phase flow
characteristics were explored (Shanley et al., 2004).lyaing the relative permeability
data available in the literature, Shanley et al. (2004) drgiugt over a wide range of
wetting phase saturation, gas does not flow. In additlos influence of diagenesis on

flow properties was investigated (Mousavi and Bryant, 2008 .eLe¢, 2010, and Olson
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et al., 2010). In other research, it was indicated th@afpbre connectivity is a dominant
parameter in the fluid flow (Mousavi and Bryant, 2009).

The macroscopic flow properties of sedimentary rocks dkpen their
microscopic structure.€., grain scale geometry) and on conductive fractures within the
rock. To better understand this dependence, many reseatehersinvestigated pore
structures of conventional sandstones, and recemgettechniques have been extended
to tight gas sandstones (Nelson, 2009). Hayes (1991) shoatethé¢hporosity evolution
stages can be indicated from the vitrinite reflecta(iRg), The stages are destruction of
primary porosity, dissolution porosity, and destructiorpofosity by cementation and
compaction.

Many conventional models, such as Corey-Brook (1966), caramitire the two-
phase flow properties of tight gas sandstone. Thisetause the conventional models
were proposed for the pore structures of conventia@s; which differ from the pore
structure of tight gas sandstone. Therefore, to craatappropriate model, we need to
understand the pore structure of tight gas sandston¢saaifféerences from conventional
rocks. This entails analyzing the fluid flow from a fundamal level, that is, at the pore-
scale. The pore-scale approach accounts for the itimracof the pores, which are

connected in a network pattern.
2.2. Theoretical approaches (network modeling)

Network modeling is a theoretical approach that mimics ¥bid space by
building a network of pores connected to each other. Tideeartion of the connected

pores is through the pore throat. This approach implentbetsnteractions of pores

inside the rock and allows us to estimate flow propestieh as permeability.

10



2.2.1. Bundle-of-tubes model

Purcell (1949) proposed the bundle-of-tubes model for @ space in a porous
medium. This means that the parallel tubes can modelntheroscopic transport
properties. The main goal of this approach was to rdlatenercury intrusion experiment
(drainage) to single-phase permeability. A schematic tiitisn of the model

representing a three-dimensional representationatlais shown in Figure 2.1.

simplification | ®
ﬁ I ]
| (
o
—
PLAN VIEW SIDE VIEW
(@) (b)

Figure 2.1: The bundle-of-tubes model depicted in (bpies the three-dimensional
pore model of a rock shown in (a). The simplified regnéstion of the void
space contains many parallel tubes with a circularscsestion. See the plan
and side views in (b).

The main notion here is that the void space accesseath capillary pressure has

a characteristic size that controls the permeabilitye characteristic size is relevant to

the size of the tube because this model presumes ithespace contains parallel tubes.

The characteristic size of the tube is determined froarcury intrusion capillary

pressure (MICP) data using the Young-Laplace equation. tAigmotion, Purcell (1949)

related the drainage measurement to single-phase perityeabil
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wherey is the interfacial tension of the mercugyis the porosity of the sampl§, is the
wetting phase saturation, akds the lithology factor. The lithology factor isnaatching
parameter which is calculated for each type of p&iracture after fitting the above
relation to a number of samples.

The main advantage of the bundle-of-tubes modies isimplicity. In addition, it
incorporates the idea of pore size distributiom itite pore model. However, it fails to
provide a realistic image of the rock, as it igrsotige pore connectivity. In reality, pores

are not arranged in a pattern similar to tubes.

2.2.2. Interconnected tubes model

Because pores are interconnected, the bundle-e&toimdel is not representative
of the void space. With that in mind, Fatt (1956ppgmsed that the pores are
interconnected in a regular lattice pattern. Fig2u2 shows a two-dimensional regular

square lattice model as an example.

O O
C ( e
C({Cq (| CDO

Figure 2.2: A two-dimensional regular square lattiwodel was proposed by Fatt
(1956). This model includes interconnectivity oé fores and is capable of
capturing residual nonwetting phase saturatiomgudrainage and
imbibition.
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This model accounts for the interconnectivity of the pofiéhe interconnectivity
permits us to capture the residual wetting phase satusatioth in drainage and
imbibition. We are aware that the wetting phase rasai the void space in the form of
residual phase and hence, this model is more representétive pore space of the

conventional rocks such as unconsolidated sandstone.

2.2.3. Network extraction from rock image

The rock image indicates positions of the pores and tlwescan extract the
network model directly (Oren et al., 2002). Because thia direct extraction of the
network model from the void space without considering gepat priori similar to the
Bundle-of-tubes and regular lattice model, we considisrd semi-analytical approach.
The resolution of the images must be comparable tohaeacteristic size of pore throats
to let us derive detailed information of the void spacecaBise of the resolution issue,
this approach faces challenges for tight gas and shaleTde void spaces of these
unconventional reservoirs contain extremely narrowéts, which could be on the order

of nanometers for shale (Sakhaee-Pour and Bryant, 2012).

2.2.4. Sphere packing as a pore space model

We could consider a packing of spheres as an approximatelnad the
unconsolidated sandstone in which the spheres représegtdins and the empty space
between them the void space. With that notion, Bryeintal. (1993) developed a
physically representative network model using the actuasared data of 8000 bearing
balls (Finney, 1970). Using the representative model, rdsmaralso examined the
effects of grain sedimentation, compaction, and diagjsnen the transport properties
(Bryant et al., 1993; Oren et al., 1998).

A random sphere packing was also created with computegraged codes
(Thane, 2006) by implementing a cooperative rearrangemethtoch¢Cargill, 1984).
This is similar to actual sphere packing (Finney, 1970) lscthe spheres represent the
grains. Unlike the actual packing, however, the computer catleimpose periodic

13



boundary conditions at the packing edges. This eliminates effigiets, which further

improves the representation of the void space. Thergimon of the edge effects allows
us to use a finite size model and yet analyze the flelavior in an infinitely extended
porous medium (Behseresht et al., 2009). An example ohdona sphere packing is

shown in Figure 2.3 (courtesy of Rodriguez, 2010).

Figure 2.3: An example of a random sphere packing thaed as an approximate
model for the void space of unconsolidated sandstonegdinerated
packing contains 1000 spheres of a radius of 1 in whichiadi®boundary
condition is imposed (courtesy of Rodriguez, 2010).

2.2.5. Porethroat resistance against flow

The detailed information of the positions of the gramegher from the actual
packing (Finney, 1970) or the computer code (Thane, 2006), allewsugh extraction
of the geometry of the empty space. The empty spacereptesent the void space and
hence, we can use it to build a network of pores conthidoteach other. We can then
obtain the resistance of each pore throat againdlotvdrom the extracted empty space.

The resistance of pore throat in a three-dimensispate is determined by the
Delaunay Tessellation technique (Gladkikh and Bryant, 200B6¢. Tessellation is a
computational geometric structure that splits the spaiwe convex polygonal regions.

The splitting is implemented by grouping every four ndasggheres together. An
14



example of a grouped four spheres is shown in Figure 2uvich pore throats are at the
surfaces of tetrahedron. The resistance of each pooattis calculated based on the
opening area available at the surface.

u

Figure 2.4: Delaunay cell formed by four neighboring sphéres.pointW indicates the
center of the gap. The poiKtindicates the center of the pore body. The
plane defined by pointSVT identifies one of the four pore throats
(courtesy of Mousavi, 2010).

2.2.6. Extension of the sphere packing model for tight gas sandstone

The outstanding success of the sphere packing modelpiaigrg the flow
properties of unconsolidated sandstones (Bryant et al., 1988 et al., 1998) provided
an incentive to test them for tight gas sandstone. iShieecause they were found to be
representative of the intergranular void space thatstdéates the porosity of
unconsolidated sandstone. Hence, Mousavi and Bryant (2003 )thesesphere packing
model to study the effects of compaction and cementatiaie intergranular void space
of tight gas sandstone. They implemented the compabtioronsidering soft and hard
grains that penetrate each other. Then, they grewsites of the grains for the
cementation.

This approach is successful when it is of interest étteb understand the
15



intergranular void space. However, this is not alwaysctse especially for tight gas
sandstone in which a significant fraction of the poyosg intragranular. The
intragranular void is inside the grain, whereas thergmanular void is between the
grains. With that in mind, Mousavi (2010) tested whethedthemage results of the tight
gas sandstone could be captured by the sphere packing modebraved that the
intergranular model alone is not capable of modeling pivase displacement.

2.3. Empirical approaches

Empirical approaches aim to capture a correlation déetw petrophysical
properties. For instance, many correlations were petpts map the capillary pressure
measurement to single-phase permeability (Swanson, IB&imeer, 1983). As an
example of such, we review the Swanson (1981) methodtamktensions to tight gas

sandstone.

2.3.1. Swanson method

Swanson (1981) proposed a correlation to estimate sihglseppermeability
from the mercury intrusion test (drainage). This is Udedgause it allows approximation
of the permeability from small pieces of a rock suclp@adions of sidewalls or drilling
cuttings.

To propose the correlation, Swanson (1981) defined effeltillesaturation §,)
on the drainage curve obtained from the mercury intrusiperiment. The effective
saturation corresponds to a capillary pressBgedt which pores effectively interconnect
the void space and thus, they control the flow behavibe effective saturation is a
saturation at which the slope of tangent to FieS, curve in a log-log plot is —1.
Knowing the effective bulk saturatio& and its corresponding capillary pressupg) (
Swanson predicted the permeability as follows:

2.2
kSWanson_ brine — 43](%)2-109 (2.2)
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where the coefficients 431 and 2.109 are empirical and latdcuatfter fitting the above
relationship to 24 clean sandstones.

As an example, we show the procedure for a 15-bar cesample here. The 15-
bar is an indicator of the characteristic sizeshef pore throats of the sample. It shows
that the air starts to invade the saturated sample ard thasmoisture out when its
relative pressure is 15-bar. This capillary pressure enafonsidered an entry pressure in
petroleum engineering terminology.

To find the effective bulk saturation and its correspogdapillary pressure from
the Swanson method, we plot the capillary pressure vehgusnercury (nonwetting
phase) saturation in a log-log plot (Figure 2.5). We thawdr tangent line to the curve
where the slope is —1. The mercury saturation at therided point is 0.56 of the
saturation unit, which means that the bulk saturatidh18 of the saturation unit, since
the porosity of the sample is 0.33 € ¢ Siy= 0.32x0.56 = 0.18). Note that the effective

bulk saturation is calculated with respect to the bulkme and not the void space and
that is why we implement the porosity here. The cailpressure at this point is 2160
psi. Using these values, the Swanson method predidtshnaingle-phase permeability
is 18 microD.
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Figure 2.5: lllustration of the Swanson (1981) method fbs-#ar ceramic sample. The
effective bulk saturationS,) and its capillary pressure correspond to the
point where the slope of curve in the log-log demonsinasic-1.

2.3.2. Extensions of the empirical model for tight gas sandstone

Comisky et al. (2007) published a thorough review of the eoapirmodels
extended capture correlations between the petrophysicglenpies of tight gas
sandstones. For completeness, we mention two ctoredathat are based on Swanson
(1981).

Walls and Amaefule (1985) proposed a new correlation fot ggs sandstones
whose permeabilities are smaller than 0.01 microD. Thagped the mercury intrusion
data (drainage) to the single-phase permeabilities. dliwgdtory measurements were run
under net effective stresses between 3000-4000 psi. They lvatedathe Swanson
coefficients as follows:
Kwalis-Amaefule = 30-5(%) 1o (2:3)

C
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Later, Kamath (1992) provided another correlation for tight sandstone when the
permeability is smaller than 1 microD. The new cotietais expressed in below:

kKamath = 413%) 1 (24)

While these types of correlation provide a quictl tor permeability estimation,
they do not provide insights into the pore struetiMore importantly, the estimation is
not reliable for a specific sample unless it ishie pool of data.

2.4. Shale gasreservoirs

Shale has provoked a great deal of research rgcewihg to the considerable
volume of natural gas stored in these resourcdsZ&o 2009). The natural gas produced
from these reservoirs is callethale gas, and is envisaged to provide a substantial
fraction of US gas production, perhaps as muchadk dy 2020, according to some
reports (Polczer, 2009).

Shale and mudrock are sometimes used interchangeably; strictly spgak
however, they are different in appearance desgar tsimilarities in composition.
Mudrock lacks fissility (Blatt and Tracy, 1996), like shale. This means that mudrock

does not separate along thin laminae or paralferathat are less than 1 cm thick.

2.4.1. Scanning electron microscope (SEM) images

Understanding the void space of shale gas presmagsr challenges. For
instance, the characteristic size of the pore thi®an the order of nanometers. This
extremely narrow throat size prevents us from usiogtinuum models to analyze the
fluid flow behavior, an aspect discussed in gredétail in the final chapter of the present
study. Moreover, the void space changes during ymtazh because of gas desorption

taking place inside the organic-rich region.
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With the major challenges of the shale in mind, we bedgih the images of the
shales because they help us to clarify the complexifipsre structure. Figure 2.6 shows
scanning electron microscope (SEM) images of differegliesh We observe that the pore
size is on the order of nanometers. Further, theaenistable difference in the wettability
of the pores and they are not all the same. In tmeeBashale, most pores are inside the
organic-rich region, meaning that they are gas wet whioime other samples, such as
Fayetteville, pores reside in the non-organic-rich regibhe organic-rich region is

shown with dark gray color in this image.

Fayetteville

Figure 2.6: Scanning electron microscope images of shaf@essoourtesy of Curtis et
al., 2010). The pore size is on the order of nanomeéf¢gsalso observe that
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pores are inside the organic-rich region in some shalel,as Barnett. The
organic-rich region is shown with gray color. The panethe images are
shown by black color.

We should be careful when we interpret these imagtsegsare obtained without

confining stress, and thus many crack-like pores may bsealaunder confined

conditions, which is more representative of in-siturimtary conditions.

2.4.2. Pore connectivity of shale from laboratory measurements

We cannot deduce significant information regarding the pommectivity of the
shale from SEM images because they are limited tory small region of the rock.
Consequently, researchers made other laboratory meamtsensuch as the mercury
intrusion capillary test (Heath et al.,, 2011) and adsomftesorption (Adesida et al.,
2011). These tests give us valuable insights not only iegdine connectivity but also
the pore size distribution.

Figure 2.7 shows mercury intrusion results of Kirtland &ncaloosa shale
samples (Heath et al., 2011). The “After closure” cooditindicated on the plots is
relevant to the confined boundary condition, which mimibe loading at in-situ
condition. We observe that the capillary entry puesss almost equal to 30-80MPa after
closure. This tells us that a significant fractionhe pore throats have characteristic sizes
smaller than 10 nm. We also observe that the capilezgsure increases almost linearly
with mercury saturation (nonwetting phase). This treincagpillary pressure vs. mercury
saturation sheds light on the pore connectivity ofstile, as we will discuss later in this

study.
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Figure 2.7: Mercury intrusion capillary pressures oKjaJand and (b) Tuscaloosa
shales (courtesy of Heath et al., 2011). The “After clgstgfers to
confined boundary condition which is representative Hitim boundary
conditions.
Also, Adesida et al., (2011) derived the pore size distobutif shale sample
using the adsorption/desorption experiment. Their measmsnfurther confirm that

most pores have characteristic sizes smaller than 10 nm.

2.4.3. Modification of petrophysical propertiesfor shale

To provide a meaningful parameter that describes the petioghgsoperties of
shale, many researchers revisited the commonly adopteditidan For instance,
Sondergeld et al. (2010) re-evaluated the logs for shaletdprmeaningful values for
its petrophysical properties.

Some of the challenges we encounter in studying shalefsiengas desorption,
which is absent in conventional reservoirs. Gas désors crucial in shale because it
forms a significant fraction of stored hydrocarbonuwoé stored. To address this,
Ambrose et al. (2010) investigated the effect of adsorbedogathe porosity and

provided a new model. Passey et al. (2010) also analyzesths and recommended
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that we express the hydrocarbon storage in the form #f Wmlume of gas. This

definition does not require any porosity evaluation.

2.5. Permeability measurements

We measure the permeability of each formation to mdgelrocarbon flow
through the reservoir. Similarly, this was undertaken $bale gas reservoirs to
understand the flow behavior. Therefore, we review theasmement techniques

available in the literature and indicate whether teyused for shale.

2.5.1. Constant head

The constant head approach applies a constant pres$igrente to a core
sample to measure the permeability. This test usesdaadysstate flow rate to determine
the permeability. Although this method is widely adoptedhigh-permeability rocks, it
is not used for the shale. This is because shale petinesbin the order of nanoD (f0

Darcy) and thus, this method entails a great deal oftinneach a constant flow rate.

2.5.2. Transent pulse decay (TPD)

Brace et al. (1968) developed the transient pulse decay (frfeod for low-
permeability rocks. This measurement technique is widelg tseneasure the single-
phase gas phase permeability of shale (Billiotte et2808). In this approach, a core
sample, which is usually in lab condition and filled waih and/or remaing gas from the
reservoir, is connected to two reservoirs that arel latlan equal constant pressure
initially. Then, the upstream pressure is elevated by &mgoa pulse pressure increase to
the upstream reservoir. Consequently, the differencseaet the pressures of core ends

decays over time. The rate of decay over time is usedtimate the permeability.
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Brace et al. (1968) indicated that the difference betwee pressures of upstream
and downstream decays exponentially. Thus, the norrdaliseline in the pressure

difference was expressed as follows:
AP(t) ool (2.5)
AR,

where AP refers to the initial pressure difference after asipg the pulse increase in the

pressure and\P(t) shows how this difference changes with timaeincludes pertinent

parameters of the experiment and allows us to astithe gas permeability as follows:
_k AL 1 (2.6)

whereky is the gas permeability; viscosity of the gasf the compressibility facto
cross section area of the samjldength of the corey,, the upstream reservoir volume,
and Vgown the downstream reservoir volume. Two times are somea to fit the
exponential curve to the experimental (see Equafioh)). These times are when the
ratio of the pressure differenceM(t)/AP,) is equal to 0.95 and 0.50.

Jones et al. (1997) proposed a faster transieseplgcay method to accelerate
the measurement. Unlike the TPD, the late-time aesp of the decay in the pressure
difference is analyzed here. The hypothesis is tiatlate response is not significantly
affected by the initial pressure distribution. Henthe uniform initial pressure condition

is not required here and thus, we can conductettefdster.

2.5.3. Crushed rock method

Luffel et al. (1993) used TPD for the permeabiltgasurement of crushed rocks
to accelerate the process. They crushed the sathglewere saturated with in-situ water

saturation and placed them inside a small cell.nT heey connected the small cell to a
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chamber containing a higher pressure gas. The pressureniéebetween the small cell
and chamber decays with time. The rate of decay is ogaedict the permeability.

Initially, gas invades the void space between the chipglasdauses a sudden
pressure drop. Later, the rate of pressure drop decreages atarts to invade the pore
space of the rocks. The later pressure drop is usedefqretimeability estimation.

Many laboratories use this technique because the data ew@suris not time
consuming. However, the interpretation of the dataois straightforward and entails
some assumptions. For instance, this method assumeslthae crushed rocks are
cylindrical chips and also that they have the same Fimn, a simulator model is used to
capture the pressure drop and from that model the permgabitiktracted. This method
cannot apply confining stress to the rock samples, whialiqday a crucial role. This is
because the crushed rocks are in irregular shapes. &ksseptions raise concerns

about the reliability of the reported permeability.

2.5.4. Ogcillating pulse technique

Suri et al. (1997) predicted the rock permeability by anatytzhe pore pressure
reaction of a sample to an oscillating pressure. Dine sample was initially kept under a
known uniform pore pressure. Then, the upstream pressuhe glample was changed
with constant amplitude and frequency. The phase lag amgitade ratio of the
downstream pore pressure to upstream pore pressure weretausestimate the
permeability.

Shale permeability has not been measured using this techamgli¢hus, the

performance of this technique is not clear.
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2.5.5. CT-based method

Dvorkin et al. (2003) used a three-dimensional computetiagtbgraphy (CT)
image of a shale sample to investigate flow propertiasy Extracted a network model
of the sample from the CT image. Using the model, dtegied the resistance of the
sample against the flow.

This approach permits researchers to acquire detailedmaftmn of the void
space. However, we should be aware that the imageacagrgred without confining
stress. This means some pores for which the detailednatan is obtained may not be
present under confined boundary conditions. The confined bouedadition is more

representative of the in-situ stress condition.

2.6. Theoretical modeling of the flow through shale

The void space contains many pore throats with diffecbaracteristic sizes and
spatial locations. The overall interactions of thds®ats govern the resistance of the
formation against the flow and thus, we need to haveoeotigh understanding of the
physics of the flow through each throat to be able é&alipt the overall outcome of their
interactions. Therefore, we first review the physi€she flow through a single narrow
throat, whose characteristic size is similar to tharacteristic size of the shale throat.
Then, we review studies undertaken at larger scales.

The number of studies examining flow through the matfistwale is limited.

There have been more studies at large scales, asliveeavsubsequently.

2.6.1. Physics of flow through a single throat

The physics of gas flow through a nanoscale throat iisteffest to us because the

characteristic size of the pore throat inside theesisabn the order nanometers (Sakhaee-
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Pour and Bryant, 2012). The flow studies at this scale \eegely devoted to the straight
tube because of the complexity of the problem. For elgRoy et al. (2003) performed
a finite element analysis (FEA) to estimate the nflasg rate through nanoscale pores.
Later, Zhou et al. (2006) modeled the gas flow rate forGbaette problem using the
Lattice Boltzmann method.

The physics of the problem is even more challenging whtamactions of the
nanoscale tubes occur. This is the case if we wampi@sent the void space of the shale
because the void space is a network of throats comhézteach other. To avoid this
challenge, some analyses were performed to modelthoough shale by assuming that
the porous medium acts similar to a single tube. Inetlaglyses, the void space is
simplified to a single-sized tube. For instance, Micéelal. (2011) investigated the
effects of accounting for the non-ideality of flowingsgan transport properties. They
modified the mean free-path of the gas to evaluatelifhgage. In addition, Fathi et al.
(2011) modeled the flow behavior by adopting a single tube. Tstagied the

interactions of gas molecules with the pore walls obgen.

2.6.2. Physics of flow through a network of nanoscale throats

The void space is a network of pore throats connecteddb other. Therefore, it
is of interest to model the flow behavior by accountorgthe interactions of the throats.
It is instructive to know how the conventional pore megeedict the flow behavior for
shale samples. With that in mind, the Carman-Kozeny ihwds used to predict the
liquid permeability for shale (Yang and Aplin, 2007; Malland Swarbrick, 2008). The
Carman-Kozeny model assumes that the void space is afadenduits with circular

cross-sections.
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2.7. Statistics-based smulation of the reservoir

The physics of the flow through shale is very compldated thus, it has become
tempting for researchers to develop more statisticeebapproaches. These approaches,
indeed, require a large pool of actual production data. Faneost Xiao et al. (2011)
proposed a combined physics-based and data-driven reservolateimThey corrected
the results of the simulator that were based on theigshg§the problem when there was
a significant deviation from the actual data. This trehdaworing statistics over the
physics of the problem was further extended. Stricklarad. ¢2011) attempted to predict
the ultimate recovery solely by analyzing the productate. This was implemented by

the correction of the Arps’ decline curve.

2.8. Implementation of the adsorbed layer

Most of the void space is inside the organic-rich regyrthe Barnett shale
(Figure 1.3), and that is where gas desorption takes fremently, attempts have been
made to study the influence of gas desorption on the iilewavior. Cipolla et al. (2010)
modeled a fractured shale gas reservoir that incorpotiaedfluence of gas desorption.
They concluded that gas desorption does not play an iamom the cumulative
production. Later, Shabro et al. (2011) incorporated gas mtesorinto the mass
conservation equation to model single-phase gas flowagthrthe sphere packing method
(Bryant et al., 1993). They assumed that the sphere gpokas representative of the
shale reservoir and predicted the gas production. LeahyeDm@ls (2011) also studied the
shale gas reservoir to better understand the importaradsofbed gas. They presented a
new model to capture multi-component sorptions from poraponent data. The model
was implemented in the form of the Extended Langmoihisrm in the unstructured grid

reservoir simulator (Beckner et al., 2001).
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2.9. Summary of Chapters

Chapter 3 analyzes the petrophysical properties of tiet @yas sandstone
measured in the laboratory. The laboratory measurenmaitgle mercury intrusion and
withdrawal capillary pressures, porous plates experinaamt, resistivity parameters. We
indicate which laboratory measurements cannot be modeléloelbgonventional models
such as sphere packing. Consequently, we propose our metlmodkel to capture the
experimental data. Analyzing the mercury intrusion/drittival and porous plate results,
this chapter classifies the pore structures of the gghtsandstones into micro-dominant,
intermediate, and macro-dominant. This classificabows the fraction of connected
microporosity to total porosity in which the micro-domib&as the largest fraction of the
connected microporosity.

Chapter 4 provides a major implication for the pore structilassification
introduced in the preceding chapter. The major implicatidnthe pore structure
classification is the prediction of the ultimate gasavery. For this purpose, we take the
fraction of mercury saturation recovered after withdgrb® mercury saturation at the
start of withdrawal as an approximation for the gas vego We then present the
recovery results for the micro-dominant, intermesliabnd macro-dominant pore
structures. Analyzing the approximated recoveries of the ptuctures, we show that
the predicted recovery enhances with an increase in fihetion of connected
microporosity to total porosity in the void space.

Chapter 5 investigates gas production from a Western U$ ¢gah reservoir
which was obtained from the production logging tool (PLT)e PLT shows neither gas
production nor its decline rate is uniform with depth. déjave test the notion of superior

recovery from an interval with the micro-dominant peteicture. We present the results
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per unit thickness of the interval for the comparisotheftotal production. The thickness
of the producing interval is determined from logging. We shibw that the production
from an interval with a larger fraction of micropotgsoccurs with a slower rate because
of lower permeability but its cumulative production &rder owing to its superior
recovery.

Chapter 6 analyzes the pore structure of the shaldaStmthe study of the tight
gas sandstone, we begin with the investigation of tleecuny intrusion experiment
(drainage) as they provide valuable insights into the tgpyolof the void space.
Consequently, we propose two pore structure models thatagable of capturing the
mercury intrusion capillary pressure test. Using theppsed models, we predict the
single-phase permeability and compare the predictedsesitih the existing data. Later,
we test if our understanding of the pore structure isistam with the scanning electron
microscope (SEM) images available in the literature.

Chapter 7 investigates the effects of adsorbed layenmiethane and of gas
slippage at pore walls on the flow behavior in individe@duits of simple geometry and
in networks of such conduits. The combined effects of ratism and slip depend
strongly on pressure and on conduit diameter. The resuisate that laboratory
measurements made with & ambient temperature and 5-MPa pressure, which is typica
for transient pulse decay method, overestimate thepgaseability at early life of
production by a factor of 4. Moreover, the permeabilityaases nonlinearly as the in-
situ pressure decreases during production. This effect coesildot mitigating the
decline in production rate of shale gas wells.

Chapter 8 presents the concluding remarks and future worknneendations of

this dissertation.
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Chapter 3: Model for petrophysical properties of tight gas sandstone

3.1. Introduction

We are to analyze the laboratory measurements df gigh sandstones such as
mercury intrusion (drainage), withdrawal (imbibition), pasoplate, and resistivity
parameters. For this purpose, we develop a multiscale noda=ipture variation of the
mercury intrusion capillary pressure (MICP) vs. wettpigase saturation. The model
comprises a conventional network model and a tree-like pbrecture (an acyclic
network) that mimic the intergranular (macroporoségy intragranular (microporosity)
void spaces, respectively. Using the developed model, wiexwphy the capillary
pressure increases almost exponentially with mercutyra@on at high pressures.
Implications of this model are supported by other laboratoeasurements that are
mercury withdrawal, porous plate, and resistivity pararaete

Applying the multiscale model to porous plate data, wesiflathe pore spaces of
rocks into macro-dominant, intermediate and micro-dontind hese classes have
progressively less drainage/imbibition hysteresis, whedds to the prediction that

significantly more hydrocarbon is recoverable from oparosity than macroporosity.

3.2. Mercury intrusion capillary pressure of tight gas sandstone

In many conventional rocks, a significant range of séturacorresponds to a
narrow range of capillary pressure during drainage. Foanast the wetting phase
saturation &), defined byS,= 1 —Syq, decreases 0.7 (fro, = 0.9 toS, = 0.2) when
the capillary pressure increases from 0.7 to 2.1 MPaarlaonate sample shown in Fig.
1(a) (Al-Sayari, 2009). The capillary pressure is within 5@getr of a threshold pressure
in percolation (Berkowitz and Balberg, 1993). The thresholdsure is 1.4 MPa in the

carbonate sample. Figure 3.1(b) provides another percolati@ample in which the
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wetting phase saturation decreases notably when theurperapillary pressure goes up
from 0.3 to 0.9 atm (x50 percent of the threshold of 0.6),afRurcell, 1949). When

percolation occurs, a large number of throats with lzaientry pressures smaller than
the threshold pressure are accessed. These throatetareraded at a lower pressure
because access to them is only by way of narrower thrbaother words, the spatial
distribution of the throats on an interconnected nétvi® the reason for the percolation
phenomenon. The existence of plateau-like trend in dyairaurve, when capillary

pressure versus wetting phase saturation plotted mearliscale, is an indicator of this

phenomenon (see both examples in Figure 3.1).
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Figure 3.1: Drainage results of (a) carbonate (Al-Sag2&d9) and (b) sandstone
(Purcell, 1949) core samples obtained from mercury intrusstn The
wetting phase saturation is determinedSpy 1 —S44. () The mercury
percolates at 1.4 MPa as the wetting phase saturativeades from 0.9 to
0.2 (shown with gray box) when the pressure is within 50gmtwith 1.4
MPa (0.7 <P; < 2.1 MPa). (b) The percolation in a sandstone satailes
place at 0.6 atm during mercury intrusion. The plateautiéwd of capillary
pressure with wetting phase saturation in drainage cueve irsdicator of
percolation.
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In tight gas sandstones, the change in saturation duenguny intrusion is rarely
as large as 0.7 over a correspondingly small rangamflary pressure. That is, we do
not see the plateau-like trend in drainage experiments, \when capillary pressure is
plotted on a logarithmic scale. Typical examples ohsare shown in Figure 3.2 (see the
gray boxes, which span a £50% range of the threshold ypegssThe wetting phase
saturation of core #2 decreases 0.3 saturation units,0fr@nto 0.55, when the capillary
pressure is within 50 percent of 600 psi. For core #3 the decrgfawetting phase
saturation is even smaller, from 0.85 to 0.6, for a siminge of capillary pressure. We
say that the nonwetting phase “slightly percolatesthiese conditions. More precisely,
we will argue that percolation is occurring but only withi sub-network of void space in

the rock, which corresponds to macro-dominated inter¢gapores.
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Figure 3.2: Mercury intrusion capillary pressures of confWébtern tight gas
sandstones versus wetting phase saturafignwhereS, = 1 —Syq. The
capillary pressure shows that partial percolations (goxgs) take place in
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cores #2 and 3. The change in saturation over a smgk raf capillary
pressure is small compared to the conventional sampligume 3.1. Note
the logarithmic scale on th& axis.

The drainage data of tight gas sandstone show thatlggwoodoes not happen
over a wide range of saturation (Figure 3.2). It slightikcpltes at moderate pressures.
Then, the variation of the capillary pressure withussgion is exponential at high
pressures (greater than 1000 psia), that is, approximatelyr lon the semi-log plot of
Figure 3.2. This portion of the MICP corresponds to invadimgntiicroporosity region
which is the intragranular void space. Figure 3.3(a) (Eibht2010) illustrates inter- and
intragranular void spaces of a Western tight gas samelsample. From now on, we use
macroporosity for intergranular void space and micropiyrésr intragranular void space
interchangeably.

Alternative explanations for the absence of peramatire unlikely to apply to
these samples. For example, percolation becomes degsrent in the MICP
measurements if an operator does not give the testghnbbime to equilibrate. That
situation is not applicable here because we are inforhedenough time was given to
the mercury at each capillary pressure. Samples afige Isurface area to volume ratios,
such as irregular cuttings, can show exhibit less prondumeecolation behavior, but all
the samples examined in this work were conventional plégsther, similar non-
percolating results are available for tight gas sandstaaported by othe researchers
(Cluff and Webb, 2009).

The mercury intrusion capillary pressure measuremeois fab also depend on
the size of a sample (Larson and Morrow, 1981; Liu et1803). The percolation takes
place at a larger capillary pressure for larger sampleite for smaller samples, the

surface effects become a crucial player (Mason antbbiMd995). Hence, Mason and
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Mellor (1995) specified the size of a sample and later adpes have adopted those
specifications to report representative results fagitin-conditions. This tells us that the
absence of percolation we observe here is not a lechsize effect.

Understanding two-phase displacement is crucial in estighéhe recoverability
and its spatial variation. However, any conventionalwoet model will exhibit
percolation during drainage, and it will fail to accountdoainage curves for which the
pressure increase becomes almost exponential over aravide of mercury saturation
(Mousavi, 2010). We emphasize that the failure occurs riegardf how we assign the
pore size distribution to the model (Mousavi 2010). The vqgedce of the non-
percolating domain constitutes almost half of the por@stshown in Figure 3.3 and we
cannot simply ignore it. Therefore, it is valuabled®velop a model for capturing the
capillary pressure variation over the wide range wgtpinase saturation, and not only the

percolating part.

3.2.1. Multiscale model of void space of tight gas sandstone

To model a two-phase displacement process in tight gastemes, we develop a
multiscale network model which mimics both macro- androporosity. For the large
scale of the model, we use the conventional network reqtiag the macroporosity, and
for the small scale, we propose a tree-like pore stractThe notion of tree-like pore
structure is introduced here for the first time in thetegt of tight gas sandstones and has
major implications in producibility. The multiscale modedepicted in Figure 3.3(b) in
which the conventional network model is shown with bléicks and tree-like pore

model, magnified in Figure 3.3(c), with gray circles.
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Intergranular void space

Intragranular void space

(a) (b)

Figure 3.3: (@) Scanning electron microscope (SEM) imageVdéstern tight gas
sandstone (left image from Eichhubl, 2010; scale bar arlogght = 100
micrometers). The characteristic throat sizes efitbergranular void space
(macroporosity) are larger than the intragranular voidesjjanicroporosity).
(b) Multiscale network model in which lines designate ititergranular void
space and shaded circles the intragranular region. ken&tic of the tree-
like pore structures that comprise the microporosity.

Depending on the fraction of macroporosity connectedotal tporosity, we
classify the pore spaces of rocks into macro-dominiate;mediate, and micro-dominant.
The schematic illustration of the corresponding mediis model is shown in Figure 3.4.
The macro-dominant pore structure has microporosityteseal upon a connected
network of conventional intergranular voids. The imediate pore family has
widespread microporosity, but conventional intergranulads/@also exist. Some are
connected, but many are isolated between regions ofopaoosity. In the micro-

dominant, the conventional voids are scattered andaimeected paths in void space are
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through microporosity. The classification indicatesewlthe macroporosity is connected
and when microporosity interferes. Thus, we expectmbero-dominant pore structure
behaves more like conventional network. To clarify difeerence between these models,
we will explore the mercury intrusion into macro- amétro-dominant pore structures

later.

Figure 3.4: Multiscale network models of tight gas sandstomelassified based on the
fraction of connected macro-porosity to total porog$ack lines and
wheels with green spokes represent macro-porosity atro{porosity,
respectively. (a) Macro-dominant pore space: theredslywconnected
network of conventional intergranular voids and theraporosity is
scattered, (b) Intermediate pore space: an incompdteork of
intergranular voids exists but elsewhere intergranudatsvare isolated by
patches of microporosity, and (c) Micro-dominant porespenost of the
voids consist of regions of micro-porosity, occasityneonnected by an
intergranular void.

3.2.1. Predicted MICP curvesfor multiscale modédl of void space of tight gas
sandstone

First, we recall how mercury intrusion takes place inoaventional network
model (see Figure 3.5). This is for the sake of compseand more importantly, it also
allows us to compare this model with tree-like pore stmgct There exist numerous
cycles in the network of throats; that is, startiranf a pore, one or more paths lead back

to that pore without retracing any segment of the .pathexample of a cycle is depicted
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with green arrows in (a) in Figure 3.5. Cycles in the pekwmean that mercury can
arrive at a pore through many different paths.

We illustrate the invasion of conventional model iarfgteps that are at different
capillary pressures. The network at the start of ilovagP. = 0), without mercury, is
shown with dashed black lines (see (a) in Figure 3.5). ifkethickness represents the
throat size. As the capillary pressure increasesgcunginvades from left and right sides
of the network. Invaded pore are accessible are depidgte red lines. Only few throats
are occupied at a small capillary pressure, see (b)gard-3.5 whereP. = P, > 0.
Mercury cannot occupy some throats that have smaly entissure because they are not
(yet) accessible. There are 8 such throats and onemfithindicated by the arrow in (b)
of Figure 3.5. The invasion continues as the capillaggqure increases further, see (c) in
Figure 3.4 for whichP, = P, > P;. Percolation occurs at this capillary pressure as the
mercury invades a large number of throats. The throas &re not accessed at the
previous step are invaded at this pressure. The spatiabdiigtn of the pore throats is
the reason for this phenomenon. The last step of #reury intrusion is shown in (d)

where all the throats are invaded at a sufficientlgd#.
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Mercury cannot invade this throat as it is not accessible at this pressure. The
capillary pressure is sufficient for invasion of this throat but the neighboring
throats have larger critical entry pressures preventing the mercury to reach
the throat with low entry pressure.

(b) (c) (d)

Figure 3.5: Mercury intrusion of a conventional network madethich line thickness
represents the pore throat diameter. Mercury is shownreal color. There
exist cycles in the conventional model which is emptyailiyt as shown by
green arrows in (a). (a) Start of mercury intrusiowlmch the mercury
saturation in the model is zero aRg= 0. (b) Nonwetting phase invades the
wide throats at low capillary pressure, indicated byotine dashed line
substituted with red full line R;= P, > 0). Eight throats with small critical
entry pressures are not invaded as they are not adedssibercury. The
surrounding throats with large entry pressures preventumetac reach the
wide throats. (c) The invasion continues as the capitleessure increases
(P.= P2 > P3). Percolation takes place in this step because ananmgéer of
throats are occupied. (d) This is the end of invasioneasapillary pressure
is maximum P. = Pna,) and mercury occupies all the throats.

We adopt the tree-like pore structure for the micropoyrasigion which is the
small scale of the multiscale model. The throatsed-tike pore structure have unique
spatial distribution; there is no cycle in the tréeImodel, in contrast to the conventional
network where cycles are ubiquitous. That is, any pathWingaa pore in the tree-like
structure cannot return to that pore except by retrazandy step. The absence of cycles
means that mercury can arrive at any pore only by a sipafle. Further, there are

multiplying branches with ever smaller throats and wau Thus, the narrower throats

are accessible only from the wider throats. Theseufestprevent percolation from
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occurring during mercury intrusion. Instead, a small incr@asapillary pressure always
causes a small change in saturation. As discussed biglevecaling of branch volume
with branch radius leads to power law relationship bebweapillary pressure and

saturation of the forrR, ~ (S,,)™. The mercury intrusion of the tree-like pore structare i

depicted in four steps in Figure 3.6.
\

T ! T

(a) (b) (d)

Figure 3.6: Mercury intrusion of tree-like pore modellissirated where the
nonwetting phase is shown by red color and its absenceshgdiéine. As
in Figure 3.5, the width of each line segment is proportimndne width of
the corresponding pore throat. (a) is the start of iova§l. = 0). (b) The
widest throats are invaded &€ P> 0). (c) The invasion continues as the
narrower throats are invaded at a larger capillaryspresP.= P> P3). (d)
This is the end of mercury intrusioR.€ Pmay. The multiplying branches
with ever smaller throats without cycle in the netkvgives power-law
variation of capillary pressure with mercury saturation

The drainage curve for a tree-like pore structure caeasdy modeled. For this
purpose, throat size, throat length, and the number & gooats at each branch) (
should be specified. We do not attempt to creataaxpees with actual values afbut
present the results in terms of branching number. Thecbirag number is the ratio
ni+2/n; of number of branches at two successive capillaryspresP.;.1 andPg;. In this
study, our primary concern is the key qualitative behaum@mely, imbibition is a
reversible process in tree-like pore structures whichwillesee later in the withdrawal

discussion. To represent a given MICP experiment, tloatisize of branches invaded at
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thei™ capillary pressure is determined using Young-Laplace equatie 2ocosd/ P, ,

and we assume that the throat length decreases byoa ¢&@ at each branching level.
The drainage results of tree-like models for threaditeng numbers are shown in Figure
3.7. We observe that the tree-like model leads to an expiah trend of capillary
pressure with phase saturation when the branching nurabeefined appropriately,

which is equal to 4.4 in this example.
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Figure 3.7: Drainage curves of tree-like pore structuresigfire 3.6) with different
branching numbers which is the number of branches at eaehaf the
tree. The capillary pressure increases exponentialty mércury saturation
if the branching number is between 4 and 5. The wetting @adseation is

Sy=1- S—|g-

Let us analyze mercury intrusion into tight gas san@stoumsing multiscale
network by implementing both the conventional and tikeeemodels. We use the macro-
dominant and micro-dominant pore structures defined earli€¢figare 3.4. We show
their drainages in four steps in Figure 3.8, where panel (apspmmds to macro-

dominant and panel (b) to micro-dominant. The variatibthe capillary pressure${)
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versus wetting phase saturati@)(is also provided for the pore structures in Figure 3.8
(c). The mercury starts to invade the accessible widsathrfirst as they require low
capillary pressures; see (al) and (bl) in Figure 3.8. T&@ significant decrease in the
wetting phase saturation at this step for both poretstes as there are not many wide
throats accessible from the boundary; see points (al(odn in Figure 3.8(c). Additional
throats are invaded as we increase the capillary peesSigure 3.8(a2) and (b2). In the
macro-dominant model Figure 3.8(a2), a significant numb#mrofts are invaded at this
pressure resulting in a percolation in the fractionarfventional network connected to
outside. This leads to “partial percolation” in the nschle model as the conventional
network constitutes only a fraction of the void spatenultiscale model. In the micro-
dominant model Figure 3.8(b2), we do not observe a notablsiamvat this pressure
because the tree-like structures of very small poreslynaakes up the void space and
the capillary pressure of the mercury is not sufficieninvade them. Thus, the wetting
phase saturation is much smaller for the macro-dominadehfpoint a2 in Figure 3.(c))
than for the micro-dominant model (point (b2) in Figur8(8). Panels (a3) and (b3)
correspond to a larger capillary pressure at which meramyeater the small pores in
the tree-like pore structure and conventional throatst thre accessible from
microporosity. The latter throats are relatively rameboth models, so the capillary
pressure increases exponentially with mercury saturattwoh is the main feature of
tree-like pore model. Note the trend of changB.inersusS, at this step, points (a3) and
(b3) in Figure 3.8(c). Panels (a4) and (b4) illustratedbedtep of drainage where all the
throats are invaded. Therefore, the drainage curvesahthitiscale model is more similar
to that of a conventional network model, with partialcpéation (points al.a2-. a3- a4

in Figure 3.8c) rather than full percolation, or moreilsimto that of a tree-like pore
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structure (path bl b2-b3-b4 in Figure 3.8c), depending on the fraction of macro-
porosity and its connectivity.
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Figure 3.8: Multiscale models of macro-dominant (al)-(ad)raicro-dominant (b1)-
(b4) pore structures in mercury intrusion; corresponding draiciayes are
paths al. a4 and bL b4 in (c). (al) and (b1) are relevant to small capillary
pressureR. = P;) with small invasion. (a2) and (b2) refer to invasion at
larger capillary pressur@®{ = P, > P;) where partial percolation occurs in
the macro-dominant pore model (a2). The mercury intnusfdhe micro-
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dominant pore structure is still negligible at this puesgsee (b2)) as the
void space is mainly through tree-like model. (a3) and ifxgate the
drainage at a larger pressuRe €P; >P,) where the tree-like models are
occupied. (a4) and (b4) are the end of drain®ge Pnay as the void space
is thoroughly saturated with mercury. (c) depicts theatimn of capillary
pressureR.) with wetting phase saturatio8,j for macro- and micro-
dominant pore structures. TRgS, curves of macro- and micro-dominant
are provided according to the stages of invasion shovaip(é4) and
(b1)-(b4), respectively.

3.2.2. Comparison with observed MICP curves

With the drainage illustrations of the multiscale modelsnind, we now turn to
the drainage data of tight gas sandstones shown in FiglreTBe wetting phase
saturations,Sy = 1 — Sy, of core #2 decrease 0.3, from 0.85 to 0.55, and core #3
decreases 0.25, from 0.85 to 0.6, over a small range dfacggpressures. This is the
partial percolation which can be captured by the macro-demmaltiscale model. The
saturation change in this interval is thus interpreted aseasure of connected macro-
porosity. The fraction of the connected macro-porowityarger in the corresponding
network of core #2 than in core #3. Thus, the MICP curverdwbes the proportion of
conventional to tree-like model. We also see the dgarresults of cores #1 and 4 in
which the partial percolation does not occur. The mdwminant multiscale model is
appropriate for this condition as the capillary pressnceease with the wetting phase
saturation is semi-logarithmic for the entire range,cwhs characteristic of tree-like pore

model.

3.3. Mercury withdrawal of tight gas sandstone
3.3.1. Predicted mercury withdrawal from multiscale model

We illustrate how withdrawal of mercury from a conventil network model
leaves some mercury behind as a residual phase in ¢éngramular void space. The same
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phenomenon will occur within the connected intergranudéts/portion of the multiscale
model. Then, we describe mercury withdrawal from tree-lpore structure that
constitutes the small scale of our model. Importantty, hysteresis and therefore, no
residual phase trapping occurs in the tree-like structurallysirby implementing the
multiscale model, we indicate how it captures thecongr withdrawal from the tight gas
sandstone.

We elaborate how imbibition takes place in the conweat network model here.
This allows us to better understand the difference eBetiseen this model and tree-like
pore structure which we explore subsequently. First, canti@econventional network
model of an intergranular void space which is initidilled with mercury, Figure 3.9(a).
The thickness of each line is adjusted to show the qunelng throat size. In this
model, red full lines designate the mercury and black dashed bhe absence of
mercury. As mercury withdrawal begins, the smallest poaee emptied first,
accompanied by withdrawal of mercury from the narrowbsbats attached to those
pores as their entry pressures are largest. This isatedi in Figure 3.9(b), where black
dashed lines replace some of the red full lines. Themmercury pressure is decreased
more, larger pores and wider throats attached to thoses @ye emptied (see Figure
3.9(c)). Figure 3.9(d) is to represent the nonwetting phiasabdtion when the capillary
pressure is lowered to zero which is the last we cons$idee. The withdrawal of the
mercury from any pore requires that the pore be parteofriércury phase connected to
the exit (here, the left and right sides of the nekjofhat is, we cannot withdraw the
nonwetting phase if there is no path connecting iheodutside. Figure 3.9(d) exhibits
this condition where the nonwetting phase (red fulld)ne no longer connected to the
outside; throats with nonwetting phase are surroundeldebweétting phase (black dashed

line). As a result, this fraction of the nonwettinggage stays in the void space as residual,
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regardless of how much the mercury pressure is decrelisedatio of the void space of
the network containing nonwetting phase (red full linesj)he entire void space in part
(d) of Figure 3.9 is the residual nonwetting phase sataré8q,). The network model
holds the nonwetting phase as residual because sp#tal distribution of sizes of the
throats and, more fundamentally, the lattice-likaicgure of the network. The lattice
guarantees many alternate paths from any given thrasetoutside. Thus, it is often
possible to withdraw mercury from a small pore in theriot of the network and thereby
disconnect mercury in a larger adjacent pore. A sefigsich disconnections leads to the

complete isolation of volumes of mercury.

(@) (b) () (d)

Figure 3. 9: Mercury (red color) cannot be completely dvalvn from a conventional
network because it becomes disconnected. Line thickmeéisgates pore
throat diameter and dashed line the absence of the nonyyetase. (a)
Start of imbibition in which the void space is fuligturated with
nonwetting phase. (b) Nonwetting phase leaves the anmales by way of
narrow throats (dashed lines) as the capillary preskmease. The
nonwetting phase withdrawal continues as we lower th#lag pressure
shown in (c). (d) End of imbibition in which the nortteg phase remains
in the void space as residual because there is no cedrngatth of the
nonwetting phase to the outside through which it can Ipdadisd. The
spatial distribution of the pore throats and the topoloigy network are the
reasons for the phenomenon.

Now, we analyze the mercury withdrawal from tree-ljgere structure. See
Figure 3.10 in which the mercury is shown by red full line & absence by dashed

black line. The thickness of the line of the networkisnded to represent the throat size.
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Suppose that the void space is initially saturated wighnibnwetting phase (see Figure
3.10(a)). Then, mercury withdraws first from the narrawisoats as the capillary
pressure is decreased. Some red full lines are replacedsbgd black lines to indicate
this in Figure 3.10. Progressively wider throats are evadusdethe capillary pressure
decreases. Because smaller throats are only accessedvider throats, the nonwetting
phase remains connected in all steps ((a)-(d) of Figure 3TH®B. is possible only
because the tree-like structure contains no cycles.behigvior differs qualitatively from
the conventional model of Figure 3.9. Consequently, wenstdmraw all the nonwetting
phase from the pore space. That is, the mercury intresid withdrawal is completely
reversible in the tree-like void space. The revergpibbf the nonwetting phase
withdrawal is favorable for gas production as the hydramarban be completely

recovered from this type of porosity, even as aqueous [rhagdaes into the pore space.

!

(@)

Figure 3.10: The mercury withdrawal from tree-like pore sjmebown in three steps.
The red color denotes the nonwetting phase and the dashkkdifda
represents an absence of nonwetting phase, simifaguoe 3.9. (a)
illustrates fully saturated pore model at the start efaury withdrawal R =
Pmay. (D) The narrowest throats are evacuated as thiacgpressure is
reduced RP.= P1 < Pcmay. (€) The withdrawal continues as capillary
pressure decreasd® (< P;). (d) This is the end of mercury withdrawBk (
= 0) at which the non-wetting phase is completely witharalihe topology
of the tree (it has no cycles) and the ordering othiheat sizes ensures that
nonwetting phase in all steps is connected to the exit., Tinlike the

(€) (d)
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network shown in Figure 3.9, the withdrawal from tré&e-fpore structure
does not leave a residual phase.

The conventional network model exhibits percolation in draifgggire 3.5) and
residual mercury saturation in imbibition (Figure 3.9). Vé@ehfurther learned that the
tree-like pore structure exhibits gradual (no percolatiang reversible mercury
intrusion/withdrawal (Figure 3.6 and Figure 3.10). Implementiese concepts, we now
analyze the mercury withdrawal from the multiscalewmogk model. The macro-
dominant and micro-dominant models are analyzed in Figut&. We previously
explored the mercury intrusions of these models in FigueFigure 3.11(al) and (bl)
are the start of mercury withdrawal in which the models fully saturated with
nonwetting phaseP¢ = Pmay. See Figure 3.11(c) in which points (al) and (b1) show the
start of imbibition for macro- and micro-dominant poteustures, respectively. The
mercury leaves the tree-like pore structure as we ldahercapillary pressure, Figure
3.11(a2) and (b2). In this step, mercury is withdrawn ordynfthe pores of tree-like
model as their characteristic sizes are smaller pemen(a2) with (al) and (b2) with
(b1)). The increase in the wetting phase saturatismaller for the macro-dominant than
for the micro-dominant pore structures because the-like structures makes up a
smaller fraction of porosity in the former; comparénp®(a2) and (b2) in Figure 3.11(c).
Figure 3.11(a3) and (b3) show the situation at still lovagillary pressure where the
tree-like pore structure is emptied of mercury. Here, mhercury occupying the
conventional network that is accessible only through tiee-like model becomes
disconnected. At the end of this step, we begin to withdnawmercury from the fraction
of the conventional network model accessible to thsider Note the trend ¢f; versus

Sy in macro- and micro-dominant pore structures. Figure 3.14f@d)b4) show the end
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of imbibition with zero capillary pressure in which theengury remains as a residual
phase in the connected network portion of the pore speués the mercury is fully

withdrawn from the tree-like pore model. Therefore, tbsidual nonwetting phase is
much smaller in the micro-dominant pore structure, Figur&(B4), as the corresponding
network is mainly composed of tree-like pore model, coeghdo the macro-dominant

pore structure, Figure 3.11(a4).
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Figure 3.11: Mercury withdrawal from macro-dominant (al)-@ micro-dominant
(b1)-(b4) multiscale models. Corresponding imbibitionvesral- a4 and
bl-b4in (c). (al) and (b1) are fully saturated with mer¢ey= Pmay)-

(a2) and (b2) depict the models at a lower capillary preqBuE= P; <

Pmay. Mercury leaves the smallest pores of tree-like nohdgwithdrawing
through the smallest pore throats. (a3) and (b3) azeasl to a lower
capillary pressureR; = P, < P3) where mercury withdrawal continues; in
(a3) the nonwetting phase of the conventional netwbgore throats that is
accessible only from the tree-like pore model beconmsx®dnected. No
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such disconnection occurs in (b3). (a4) illustrateseb&ual mercury phase
at zero capillary pressure which remains in the conveadtimodel while

(b4) shows that all mercury is withdrawn at zero dayilpressure. (c)
shows decrease of the capillary pressure with wettingepbaturation for
the macro- and micro-dominant pore models. This ploindgishes the
imbibition results based on the pore structures, wisictsually taken into
account in reporting the imbibition results (Lake, 2010).

3.3.2. Observed mercury withdrawal in samples

In light of the preceding models, consider the mercuryusmn/withdrawal
measurements under confining stress shown for two Westgihgas sandstones in
Figure 3.12. We assume that the effect of disjoing pressuregligible (Derjaguin and
Churaev, 1974). During intrusion, the capillary pressuré®fample with a larger entry
pressure increases almost exponentially with mercutyrag@on and there is no
percolation. Then, the capillary pressure of the sandgicreases almost exponentially
with mercury saturation during withdrawal, almost revegsihe path following during
intrusion. These are the characteristic featureb@tree-like pore structure. The slight
irreversibility at the end of the intrusion/withdrawgtte is because of a small amount of
intergranular void space that is accessible only throhghntragranular void space; cf.
Figure 3.11(b4). In other words, a small fraction of tleed vspace in this sample is
embedded in a conventional network of voids which is adalesonly from tree-like
pore structure. The cumulative disconnection of mergutlgese voids results in the final
residual saturation of abo&,, = 0.10. Therefore, a micro-dominant multiscale network
model, with a large fraction of void space embedded inttbe-like pore structure,

represents the void space in this sample.
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In contrast, tight gas sandstone samples that areomahdted by microporosity
show strong hysteresis during mercury withdrawal and \emgel residual saturations.

The sample with a smaller entry capillary pressuréiguire 3.12 is an example of such.

104?

10

Figure 3.12: Mercury intrusion and withdrawal data on sangdleso Western tight gas
sandstones held under confining stress. The capillargyreegcreases
exponentially with mercury saturation during intrusiondoth samples.
The withdrawal is almost reversible for the sampléh\ailarger entry
pressure (filled symbols) until the mercury saturation §l) reaches 0.10.
The reversible intrusion/withdrawal over a large raofmercury saturation
is indicative of void space dominated by microporositycdntrast, strong
hysteresis for the sample with a smaller entry presgpen symbols)
reveals that the macroporosity mainly constitutes/the space in that
sample.

3.4. Porous plate experiment and itsrelation with mercury intrusion

This section examines our understanding of the pore steuatiich is based on

the multiscale model. We first predict the drainagrilte of tight gas sandstone obtained
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from mercury intrusion and porous plate experiments oonsistent set of samples.

Then, we contrast our prediction with the measured data.

3.4.1. Predicted porous plate experiment from multiscale model

In the porous plate, air is invaded into a sample fullyreded with brine. Air is
the nonwetting phase for tight gas sandstone and Isrwetting. Thus, this experiment
is drainage. We predict the drainage results here frommtiligscale model.

First, we suppose that there is no clay swelling ocayiring the porous plate
experiment. Consider the displacement of brine by gdsnihe tree-like pore structure
of the microporosity. The microporosity is filled withater at the start of porous plate
test as depicted in Figure 3.13(a). As drainage begins, gaacaisporine from the
relatively large throat that connects the tree-Hteicture to the exit, Figure 3.13(b).
However, gas cannot invade the microporous void space, nernfaw large the
capillary pressure is, as the brine has no way dwé.gas also cannot compress the brine
inside the pore space enough to enable significant satuciidmges. Therefore, the pore
structure of the tree-like model predicts that a signifidaction of void space is not

accessible in the porous plate, simply because the brirepjged in the microporosity.

(@) (b)

Figure 3.13: (a) Schematic illustration of the tree-pkee structure which is initially
saturated with brine and connected to a larger pore (thiekdilso contains
brine. (b) Gas drains the large throat (red) but cannotietize tree-like
void space as brine has no way out.
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The trapped phase phenomenon in the porous plate expermo@stsiot occur in
the mercury intrusion test because the sample isaligitevacuated. Therefore, the
capillary pressure of the nonwetting phase only needi® tlarge enough to exceed the
capillary entry pressure of the throat. There is mdent fluid that must be displaced
from the void space.

Now, we assume that a notable clay swelling takes ptat¢ke microporosity
region. If this is the case, the void space embedded imibmporosity is available
during mercury intrusion but is no longer available in theops plate experiment. The
clays swell and occupy the adjacent void space and hdmegorosity existing in the
tree-like fraction of the multi-scale model vanishEsis provides another reason for the
samples having larger wetting phase saturations in porous ldaitént mercury intrusion
tests at similar scaled capillary pressures. Thereftve multiscale model predicts

significantly larger wetting phase saturation in theopgrplate experiment.

3.4.3. Observed porous plate experiment

We now turn to the comparison of drainage results obthirom porous plate
experiment and mercury intrusion. This is to test thelipten of multiscale model. For
this purpose, we analyze the drainage data in the forsgadéd capillary pressure. The
scaled pressure presentation eliminates the differenastarfacial tensions (gas/water
versus Hg/Hg vapor) and allows us to compare the accessilolespace controlled by
the same set of throats in both experiments. Thedcapillary pressure after assuming

equilibrium is calculated as:
P

—_ C

- ycosd

(3.1)

cs
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where P.is the scaled capillary pressur®, the capillary pressure obtained from

laboratory measurementg,interfacial tension, and@ the contact angle. The interfacial

. o n L
tension of air-brine is equal to YQES and for mercury-mercury vapor, it is 487
cn

dynes
cmr

. The contact angles of air-brine and air-mercury @reand 140 degrees,

respectively. Knowing the capillary pressures from labmy measurements, we
determine the scaled pressures.

The drainage curves of mercury injection and porous piata $et of samples of
a Western tight gas sandstone are shown in Figure 3.14 sc#hed form. The wetting
phase saturation in mercury intrusion is evaluated frarcany saturationSy= 1 —Syg,
and in the porous plate, it is brine saturation. We ebsarsignificant decrease in the
invaded void space of the porous plate compared to memtrnsion. The average
difference in drainage endpoints is almost 0.4 saturatiois between the two sets of
experiments. The difference is because of brine leapgped in the samples and/or clay
swelling. This corroborates our understanding from the pmbrecture of tight gas

sandstone which is based on multiscale model.
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Figure 3.14: Drainage curves for a set of samples of a&Wweisght gas sandstone
measured by (a) mercury intrusion and (b) porous platecadéary
pressures are scaled by interfacial tension and comiglet asing Equation
(3.1). The average wetting phase saturation at the maxsoaled pressure
is 0.35 saturation units smaller for the porous plate fimamercury
intrusion. This is because of the brine trapped in tieslitke microporosity.
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3.4.4. Pore structure classification based on porous plate experiment

Here, the pore structure of tight gas sandstones isac&ed by comparing the
drainage results. We categorize the porosities of dhe samples into macro-dominant,
intermediate, and micro-dominant depending on the weftirgse saturation, which is
brine saturation, at the maximum scaled capillary presslinese terms are used to
indicate the fraction of porosities only relative axle other. So the term macro-dominant
means that the fraction of macroporosity in that @bnacture is greater than in the other
groups. We do not mean that the void space is made up maxsitpaimilar to
conventional rocks. In this classification, we alsmsider the trend of capillary pressure
variation with wetting phase saturation.

The void space is macro-dominant if the partial permolatakes place at low
capillary pressure. Figure 3.15(a) depicts examples of sbohthe other hand, the
invasion is negligible if the void space is mainly micraysity (see (c) in Figure 3.15).
Other pore structures are considered intermediate innwthie partial percolation does
not occur but the wetting phase saturation at the langgsllary pressure is comparable
with macro-dominant pore structure (Figure 3.15(b)). Foram, the final wetting
phase saturations of intermediate pore structures dhe irange of 0.4 to 0.65 while for
macro-dominant they are 0.4 to 0.6. Implementing the gtoveture classification to 15
samples, we find that 4 are macro-dominant, 8 are naéiate, and 3 are micro-

dominant.
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Figure 3.15: The void space of tight gas sandstone isfeddsased on the porous plate
experiment. (a) is the macro-dominant void space inlwte partial
percolation (gray box) and large irreducible brine satumatare obvious,

(b) the intermediate structure showing no percolabararge irreducible
saturations, and (c) the micro-dominant pore structuiteowi notable
invasion. Core samples are labeled as in Figure. 3.13.

3.5. Absolute gas per meability and itsrelation with pore structure classification

In this section, we examine the correlation of absalai® permeability and pore
structure. This is to examine whether the fractionmiéroporosity determined from
porous plate data is reflected in the absolute permeatMiey.expect the permeability
decreases as the microporosity fraction increases.

We compare the average gas permeability values of the gtaretures. The
average (logarithmic mean) permeabilities of the samgplesmacro-dominant,
intermediate, and micro-dominant pore structures aspectively, 8.0, 4.7 and 2.5
microD. This shows that the characteristic throa¢siof macro-dominant pore structure
are the largest. So the connected void space, compaoticetosamples, is more through

the macroporosity. We also note that the micro-dontimere structure has the lowest
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permeability indicating the largest fraction of micropdsom this pore structure. Hence,
the average permeability values are consistent withpoue structure classification in
indicating the fraction of microporosity.

To summarize the development thus far, we have descrilmadltescale model
that captures characteristic features of the meraurysion capillary pressure test. The
model allows us to explain features of the mercurydvitval as well. Implementing this
model, we explained why a significant fraction of void cgpd not accessible to the
invading nonwetting phase in the porous plate, compared tairgantrusion. Then, we
classified the pore structures of the rocks into macrokgiant, intermediate, and micro-
dominant. This classification is supported by the averagel@bsgas permeability
values. We next use this approach to estimate the uitiraabvery of tight gas sandstone

and validate it via analyzing production data.
3.6. Resistivity analysis

In this section, we examine whether the resistivityapsaters are correlated with
the pore structure. If a resistivity signature can dentified, it could be used to
categorize logged intervals in terms of the pore spaoetstes. This section is only to
examine whether the pore structures are classified loastt resistivity parameters. Of
course, we do not mean that all the resistivity patarseobtained from lab
measurements provide meaningful values for tight gas saressimilar to conventional

rocks.

3.6.1. Cementation exponent

The formation factor indicates the resistivity offidly brine-saturated sample

against electrical current. It depends on the conductivitysadurated throats and
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conductive grains, if the latter exist. The formatiortdacs commonly treated as a power

law in porosity:
(3.2

_a
A
a is a constant anch the cementation exponent. Here, the constasittaken to be unity,
and the cementation exponent is obtained from thedédxy measurements Bfand ¢

We present the cementation exponent data of the poctises in Table 3.1. The
average value (arithmetic mean) of the cementationrexqas large for macro-dominant
and intermediate pore structures and small for micro-aamntj the cementation exponent
decreases with the fraction of connected microporosius, the cementation exponent
data, similar to the absolute gas permeability values,carrelatable with the pore
structures determined from drainage experiments. The vadae 2 for the macro-
dominant and intermediate is consistent with valuesctmventional networks. The
smaller values offn for the micro-dominant samples are consistent viighfact thaim =
1 for the bundle-of-tubes model of pore space, which mge@f conduction is analogous

to the tree-like pore structure.

Table 3.1: The average (arithmetic mean), minimuna,maximum of the cementation
exponents of Western tight gas sandstone samplegoraestructures were
determined from the porous plate results provided in Figure 3.15

Macro-dominant Intermediatg Micro-dominant

Average 1.80 1.79 1.48
Min 1.70 1.56 1.45
Max 1.89 1.85 1.51
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3.6.2. Resigtivity index

The resistivity index is the ratio of the resistivity tbe partially brine-saturated
core to its fully saturated condition. The resistiviiligex is commonly parameterized
with brine saturation as:

mp o L (3.3)

n

where RI is the resistivity indexS, the wetting phase saturation, amdhe saturation
exponent. The saturation exponents for the sameofsestamples classified by pore
structure are listed in Table 3.2. The saturatkpoeent follows a monotonic trend based
on the pore structure classification. It decreasethe fraction of microporosity increases,
with micro-dominant having the lowest average valshowing that the pore

classification is also capable of ordering the teleal resistivity parameters of the rocks.

Table 3.2: The average (arithmetic mean), mimmand maximum of saturation
exponents of 15 samples of Western tight gas samelsSamples are
classified as macro-dominant, intermediate, andayglominant pore
structure based on Figure 3.15.

Macro-dominant Intermediatg Micro-dominant

Average 1.58 1.50 1.32
Min 1.40 1.38 1.28
Max 1.66 1.61 1.41

The analyses of cementation exponent and resystivitlex show that pore
structures are classified according to these paeseAs we will see in the subsequent

section, this pore classification has major imgiama in terms of producibility. Analysis
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of resistivity logs could therefore be useful in assesthe pore structure, though such

analysis is beyond the scope of this paper.

3.7. Conclusions

We have analyzed the pore structure of the tight gadssane. To this end, we
have developed a multiscale model to analyze macroppr@simarily intergranular
void space) and microporosity (primarily intragranwaid space) and their interactions.
The multiscale model embraces conventional network mouktrae-like pore structure
to mimic the intergranular and intragranular void spasespectively. The tree-like pore
structure is proposed in this study for the first time.

We have adopted the multiscale model to analyze thwdadry measurements
such as mercury intrusion (drainage), withdrawal (imlohjti porous plate, and
resistivity parameters. Applying the multiscale model ¢oops plate data of drainage
experiment, we have classified the porosities of roicke macro-dominant (large
macroporosity fraction), intermediate (combinationnadicro and microporosity), and
micro-dominant (large microporosity fraction). Each sslahas different imbibition
behavior and hence different expected gas recoveries.isThas major implications in
terms of predicting ultimate recovery from the reserwVe will quantify the estimated
ultimate recovery (EUR) of the tight gas reservairthe subsequent chapter using the

mercury intrusion/withdrawal data.
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Chapter 4: Estimation of ultimate recovery for tight gas sandstone

4.1. Introduction

We are to see the main implication of the multisecatedel which we originally
developed to explain the mercury intrusion capillary presgMICP) measurements of
the tight gas sandstone. The main implication is ridicate how pore structure
classification introduced from the notion of multigcainodel along with mercury
intrusion/withdrawal allows us to predict the ultimateonesry.

We use the residual mercury saturation of the mercuttydvawal test &) to
evaluate producibility of each pore structure. We use #te of residual mercury
saturation after mercury withdraw&dyf) to initial mercury saturationS(;), which is the
saturation at the start of withdrawal, as a measuga®tikely to be trapped in the matrix
during production and hence a proxy for estimated ultimaevesg (EUR). This is the
EUR considering the capillary effects only from the nmadf a tight gas sandstone. We
first calculate the recovery of the pore structuragisnercury intrusion/withdrawal tests.
Then, we evaluate the recovery from different inigals saturations by investigating

measurements of cyclic mercury intrusion/withdrawal.

4.2. M ethodology
4.2.1. Estimation of ultimate recovery from residual mercury saturation after
withdrawal

We estimate the ultimate recovery of pore structures fresidual mercury
saturation $wr) of intrusion/withdrawal test. The variation of dsal mercury saturation
with absolute gas permeability of the core sampleBuistriated in Figure 4.1. Because
the porous plate data were not measured for these santi@esemarcation o, for
each category is made by distributing pore types to leeveadme population distribution
as observed in the porous plate samples (see Figure 3nlH)isl demarcation, the
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populations with the largest residual mercury saturationggpond to macro-dominant,
medium residual saturations represent intermediatefrendmallest residual saturation
tally with micro-dominant pore structures. Examplesnadrcury intrusion/withdrawal
results for the pore structures are provided in Figure #2hé porous plate pore
structure classification implemented for 15 samplesg3ramicro-dominant group, 8 in
intermediate, and 4 in macro-dominant. Hence, from3thaamples for which we have
the mercury withdrawal results the populations of matminant, intermediate, and
micro-dominant are 9, 19, and 7, respectively. Using this |ptipn criterion, we draw
lines between the pore types on Figure 4.1. The coincideihtee lines with “round
numbers” on the y-axis is not deliberate.

0.5 Macro-dominant @
&
04
. &
t'.% Intermediate
0.2

OD S 10 15

kg(microD)
Figure 4.1: Variation of residual mercury saturati§n. with absolute gas
permeability for samples of Western tight gas san@stbiacro-dominant

has the largest fraction of connected intergranulat space resulting in the
largestS,w. From 35 core samples, 9 are macro-dominant, 19 inteateed
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and 7 micro-dominant. The frequency distribution of pomecsures is
adopted from the porous plate samples.

We use mercury intrusion/withdrawal results for estingagas recovery. We take
residual nonwetting phase saturation at the end of mensithdrawal G.w) as an
estimate of the residual gas saturati@p)( This is reliable when the initial nonwetting
saturation $wi) of the test is close to initial gas saturati&y)( The recoverable fraction
of nonwetting phase depends on both pore structure andl inbnwetting phase

saturation. The recoverable fraction of the nonwettimgsp is the complementary part of
the ratio ofS,w to Swi (i.e., recoverable fraction = 12w ). We will generalize this

approach to partial cyclic intrusion/withdrawals in thbsequent section.

We illustrate the procedure for micro-dominant, intediage, and macro-
dominant pore structures. The results of mercury intndsithdrawal for the three
samples are shown in Figure 4.2. The nonwetting phaseasah of the micro-dominant
pore structure is 77% at the start of withdrawal. We thieasS;. Then, we take the
nonwetting phase saturation at the end of withdrawébd S,, which is 21% for the
micro-dominant sample. Hence, the fraction of redidoainitial nonwetting phase
saturations is 0.21/0.77 = 0.27. This indicates the fracticriginal nonwetting phase
that is irrecoverable. Hence, 73% (= 100% — 27%) of thealingas saturation is
recoverable when the initial gas saturation is 77%. Rerintermediate pore structure,
the nonwetting phase saturations at the start and fanthibition are, respectively, 77%
and 30%. This implies that 39% of the initial nonwetting phiasirrecoverable, so 61%
of the original nonwetting phase is producible. The maomidant pore structure shows
that its nonwetting phase saturation at the start adaedrainage and imbibition equal
87% and 50%, respectively. Therefore, 57% of the injecteduneis not producible.

This shows that 43% (= 100% — 57%) of the initial nonwgtpihase is recoverable.
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We implement the same procedure for all samples in pahstructure shown in
Figure 4.1 to evaluate recovery and average the valueadbmpere structure. The results
are listed in Table 4.1 in the rows showing “Hg withdrawedt. These recoveries can be
regarded as the maximum feasible ultimate recovery. urtgerlying assumptions are
that (i) the initial gas saturation in the field is geoeater than the drainage endpoint
saturation of mercury and (ii) that the only factoieeting recovery is the residual gas
saturation in the matrix. Smaller recoveries could oatyractice for technical as well
as economic reasons, and these other factors cotifghtaithe predicted difference in

recovery from each pore type.
4
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Figure 4.2: Examples of mercury intrusion/withdrawal data¥estern tight gas
sandstone samples that correspond to different paretstes. In each pore
structure, the capillary pressure is larger during intrufgiom given non-
wetting phase saturation. The macro-dominant pore steugieids the
largest residual mercury saturation as it has the lafigesion of connected
intergranular void space. The gas permeabilities of radgnoinant,
intermediate, and micro-dominant samples are equal 6 4B, and 2.3
microdarcy, respectively. The ratio of the residuataugy saturation at the
end of withdrawal to the saturation at the start ithdvawal indicates the
fraction not recoverable, and the complementary paddoverable. The

. S
recoverable fraction is thus equallte —™" .

nwi
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The capillary pressure was increased to a maximum of Srkfgs tests shown in
Figure 4.2. This is sufficient to establish similar endpsaturations of mercury (0.8 to

0.85) in most of the samples. Hence, the differencesdoverability are due to the pore

type.

Table 4.1: Estimated ultimate recovery (EUR) for difféngore structures with large
initial gas saturations. The recoverable fractiorpgraximated by
computing the ratio of residual mercury saturation aetieeof withdrawal
(imbibition), S\, to initial mercury saturation at the end of intrusion
(drainage) Swi. The recoverable percent is the fraction of initiad ga
saturation that is producible$; were equal t&Gyi.

Pore structure | $;i (%) | Syr (%) Recoverable %

Macro-dominant 85 47 45
Intermediate 83 33 60
Micro-dominant 81 14 83

Table 4.1 presents the recovery in terms of the fraatioinitial gas saturation
recoverable and not the producible gas saturation its@lfintance, in macro-dominant
pore structure, 45% of the initial gas saturation which is 88%roducible. So the
recoverable gas saturation is 38%. Crucially, the laboraneasurements of mercury
withdrawal indicate that the producible fraction of stbgas is different for different
pore structures. The micro-dominant pore structure haktyest recovery (= 83%) of

large initial nonwetting phase saturations.
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4.2.2. Estimating ultimate recovery from cyclic mercury intrusion and withdrawal

In this section, we generalize the preceding sectioogsacach to partial cyclic
intrusion/withdrawal. This enables an estimate of re@hle fraction from smaller initial
gas saturations in each pore type. We suppose that therfra¢ mercury saturation
recovered in each cycle provides an estimate of tkhéidraof gas can be recovered from
the pore type involved in that cycle. For this purpose, we agclic mercury
intrusion/withdrawal data reported by Cluff and Webb (2009). arraysis of these data
is restricted to the core samples whose gas permeshdre less than 10 microD. This is
a legitimate range of permeability for non-fracturghtigas sandstones considering our
laboratory measurements as indicated in Figure 4.1. loyitle drainage/imbibition, the
capillary pressure is increased up to different valuesatdtainage endpoint of each
cycle. A schematic of cyclic intrusion/withdrawalssown in Figure 4.3(following Cluff
and Webb, 2009). For this= 5 microD sample, the capillary pressure was increased up
to 0.75, 2, and 10 kPsia at the drainage endpoint of the theasured cycles. These
capillary pressures are sufficient for the invasiorthobats with characteristic sizes of
0.30, 0.11, and 0.02 micrometers. The measured cycles aratedliwith red arrows in
panels (a), (c) and (e) of Figure 4.3. Two other cyclesraticated in panels (b) and (d).
The basis for using these cycles is that had a measotrerhéhe indicated cycle been
made, the residual saturation would have been the sarttee asmlue observed in the
actual cycle. This is reasonable considering the drainagee in each cycle continues
smoothly from the drainage curve of the preceding cycle.

We classified the pore structures by analyzing their dganesults obtained from
porous plate. Therefore, the recoverability of each mbnecturecan be assessed for
different initial gas saturations if we consider the mge/imbibition cycles of the

corresponding throats in mercury intrusion/withdrawat.télence, we use the first and
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combination of first and second cycles to analyze ¢oewverability of macro-dominant
pore family ((a) and (b) in Figure 4.3). For the interragglipore structure, we employ
second cycle and combination of second and third cyclesut (d) in Figure 4.3), and
for the micro-dominant pore structure, in which the voidace is primarily

microporosity, we adopt the last cycle ((e) in Figure MNd)ing that the drainage portion
rejoins the previous drainage curve, we assume the namgvpttase configuration at the

end of any portion of the drainage is unaffected by pregedihibition loops.
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Figure 4.3: An example of cyclic mercury intrusion anchdsibwal (Cluff and Webb,
2009) from which we estimate the ultimate recovery tiedint gas
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saturations in different pore types in tight gas samekst. The mercury
withdrawal tests were continued up to zero capillaryguesand not
negative values. Individual cycles indicated as sequene@ @&rrows. The
first (a) and combination of first and second cyclesafe)to estimate the
recovery for macro-dominant pore structure. Second ¢gtlend
combination of second and third cycles (d) re used form#diate pore
structure. The last cycle (e) is for the micro-dominaore structure.

For the sake of clarity, we elaborate the procedureh®mmacro-dominant pore
structure ((a) in Figure 4.3). The wetting phase satust®F 1 —Sq, at the end of first
drainage and imbibition cycle are 74% and 78%, respectivelyigure 4.3(a). This
means that the nonwetting phase saturations for thaseitions are 26% and 22%,

respectively. Therefore, the produced nonwetting phase asaturis 4%, and

0
consequently the recovery is 15% 4% ) of the initial saturation (26%) established
6%

during drainage. This estimation implements only the Gggle and is appropriate for
low nonwetting phase saturations of macro-dominant gtoueture.

For larger nonwetting saturations in macro-dominant [stmecture, we use the
combination of first and second cycles ((b) in Figure .48 wetting phase saturations
at the end of second drainage and imbibition cycle are88%54%, respectively. So the
nonwetting phase saturations at the end of drainagenalmidiion are 61% and 46%,

respectively. Hence, the recovered nonwetting phase Batuist15%. This implies that

29% (= éiﬁ

) of the nonwetting phase is producible if the initiahwetting phase

saturation is 61%.
After implementing the above approach for 9 samplesavwerage (arithmetic
mean) the initial nonwetting phase saturations antt teeoverable fractions for each

pore structure to determine the ultimate recov&he results are listed in Table 4.2. We

72



observe that the recovery% improves as the fracfanicroporosity increases and that
the micro-dominant pore structure has the largest reg#verhis is because of increase

in the fraction of tree-like microporosity.

Table 4.2: The recoverable fraction is determined fpartial cyclic mercury
intrusion/withdrawal data (Cluff and Webb, 2009). This is rsegalization
of the intrusion/withdrawal approach implemented ingtreceding section.
The fraction of recovered mercury in different cyclaslike the previous
approach which was for a single withdrawal from draireggpoint, is
adopted to approximate the producible fraction of gas.

Pore structure | S;i (%) | Syr (%) | Recoverable (%
Macro-dominant 30 26 14
Macro-dominanf 59 44 25
Intermediate 34 19 44
Intermediate 58 31 46
Micro-dominant 40 13 68

Comparing the recoverable fractions (Tables 4.1-2) of eack siwucture at
different initial saturations, we realize that theaeery also improves as the initial
nonwetting phase saturation increases for each pauetigte. This is familiar from
“Iinitial-residual” curves in conventional rocks. The beba of tight gas sandstones in
this regard is amplified by the influence of microporosaylarger nonwetting phase
saturation is attained at a larger capillary pressure wileiatls to more invasion of
narrower throats that are in tree-like pore microptyo$Ve also know that the tree-like

pore structure has a better producibility. Thus, we ing¢rprat the better recoverability
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of pore structure at larger saturation is because of nvasion of tree-like
Mmicroporosity.

It is of interest to know how much of the gas in plac@roducible and for that
reason, we present the producible gas saturabigj ¥ersus initial gas saturatiofy() for
different pore structures (Figure 4.4). We use the predidtedate recoveries addressed
in Tables 4.1-2. The producible gas saturation is determinedubbyplying the initial gas
saturation &) and the recoverable fraction. For instance, whenrthial gas saturation
of macro-dominant pore structure is 30%, the recoveryidract 14% (first row of Table
4.2) and hence, the producible gas saturation is 4% (=>4810). This plot indicates
an estimate for the gas recovery from the reserifoone type of pore structure
constitutes the void space. This plots also provides an ugpperlower limits of
producible gas saturation (upper limit is for micro-dominauat lawer limit is for macro-
dominant), as we know that the void space in a reseryar mixture of macro- and
micro-porosity. Figure 4.4 implies that a gas saturgtiafile that is uniform with depth
at the beginning of production will evolve to a highly valaprofile if the pore types are
distributed non-uniformly with depth. Large residual satonat will remain in zones
dominated by macroporosity, while production will contirftmm zones dominated by

microporosity until much smaller residual saturationsestablished.
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Figure 4.4: The producible gas saturati&g) versus initial gas saturatiofy() for

different pore structure that is based on recoverigsili; Tables 4.1-2.
This provides an estimate for the EUR from a tight gasmvoir if the one
type of pore structure constitutes all the void spackdandservoir.
Consequently, it provides lower and upper limits of gas praoludtihe
void space is a mixture pore types. Previously, Lake (20ti@ated the
effect of having different rock types on the producible gégration;
however, we address the effect of having different ppbessn tight gas
sandstone here for the first time.

4.3. Conclusions

We estimated the ultimate recovery (EUR) of tight gasdstone using mercury
intrusion/withdrawal data. The ultimate recovery isdmted to be between 14% to 83%
of the initial hydrocarbon saturation depending on theo rafi microporosity to total
porosity and initial gas saturation. This is an estinfatéhe recovery from the matrix of
tight gas reservoir. The recovery increases as thetidn of tree-like microporosity
increases and also improves with an increase in ihgidocarbon saturation.

It is of interest to determine whether the predictexhdris consistent with the
actual production data. Hence, we will analyze the tairo@ between the pore structure

and the producibility in the subsequent chapter. The pouetste will be determined
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from the laboratory measurements wherever it is abkl or production rates. The

production data are from the production logging tool (PLT).
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Chapter 5: Production data of tight gas sandstone and its correlation
with poretypes

5.1. Introduction

We now seek to validate the multiscale model developéfhile direct
measurements of gas production from core samples ofreakhtype are not available,
field production data (a repeated PLT) and logs of the produnterval are available.
The validation test is thus qualitative: are the datansistent with expectations based on
the abundance of microporosity? Inconsistency wadd s to reject the hypothesis that
microporosity correlates with greater producibility; astency provides some support
for the hypothesis, but there are not yet sufficieta da quantify the influence of other
factors on the production data.

The essence of the test is that the larger recoeerasattion expected from
microporosity-dominated intervals should result in a slodecline in the production rate
from that interval. This predicted effect must be deobred from another first order
effect: the initial production rate of micro-dominant @astructure is smaller compared to
other pore structures because of its typically smalemmeability. The decline in
production rate would thus be slower in absolute termstifne. on production), even if
the recoverable fraction were the same. Table 5.4 &istr expectations of recovery,

decline rate, and initial production rate for each pore tsiracype.

Table 5.1: The multiscale model predicts the pore structebave differently in terms
of initial production rate, decline rate, and the recovery.

Pore structure Recovery fraction Decline rate Inititd ra
Macro-dominant Small Fast Large

Intermediate Small to moderate Moderate Moderate
Micro-dominant Large Slow Small
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The porosity type is not the only factor affecting thedpimbility. In practice,
many other parameters are involved that eventually cottieoultimate recovery. For
instance, we could enhance the producibility by fracturing an@tacedring the
formation. The effects those parameters are notestudere and here we only focus on
the influence of pore type on ultimate recovery, ire@ffassuming that all other factors
are the same from one well to the next.

First, we investigate the gas production data of a wethioed from production
logging tool (PLT) analysis along with the residual meycsaturation $..) for core
plugs from a portion of the logged interval. The objecitvéo determine whether the
decline in the production rate decreases with an inciedbe fraction of microporosity
of the void space, which is inferred from the residualcongy saturation. Because little
mercury data are available, we also conduct a secorektryme indicate where the pore
structure is slightly micro-dominant or macro-dominacaading to absolute gas
permeability and then study the relation of decline inplmeluction rates to the fraction
of microporosity. This test is less rigorous becauseoagth large permeability is
associated with macroporosity-dominated rocks, small pdrititesss are observed in all
three rock types, Figure 4.1. Finally, we explore the prooluctata over a larger interval
of the well to see how the estimated ultimate rego(&UR) is related to initial

production rate (IP) in tight gas sandstone.

5.2. Correlation of decline ratio with residual nonwetting phase saturation

Here, we indicate whether the fraction of micropdsosicreases in the producing
interval by taking into account the residual mercuryrsdion &) at the end of a

mercury intrusion/withdrawal measurement as indicatedarpreceding chapter. Smaller
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residual nonwetting phase saturation corresponds to l&n@etion of microporosity in
the void space.

We use the gas production rate profile in a well comgletea long interval of a
Western US tight gas sandstone determined by PLT anafygigre 5.1 shows the
normalized production data at relative depths in the atetiwo different times three
months apart. The normalized rates are determined foomatizing the gas entry rates
obtained form PLTs to a reference value so that tealized rates remain smaller than
or equal to unity. The relative depth indicates the dejottm fa baseline in the well. We
observe variability both in the initial production ratesl in their declines. All the layers
with large gas rates declined during the three months betRleEnSome of the layers
with smaller rate declined little or not at all.

We use the gas production rate profile in a well comgletea long interval of a
Western US tight gas sandstone determined by PLT anafygigre 5.1 shows the
production data at different depths at two different tithese months apart. Neither the
production rates versus depth nor their decreases aremnidl the layers with large
gas rates declined during the three months between PLT. &aime layers with smaller

rate declined little or not at all.
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Figure 5.1: Normalized gas production rates of a Westenhdas reservoir logged
versus relative depth. The relative depth is measureddrbaseline in the
well. The actual rates are obtained from two productiggihg tool (PLT)
analyses taken three months apart.

To normalize the differences between the two PLesdefine a decline ratid{)
as follows:
_ Ogeem (t =) =yt =t, +3MO) (5.1)
) Ogscn(t = 1)

R

where g, ,(t) is the gas production rate of layerof the reservoir at timé All the

production rates studied here are from a layer of regeand not the entire well and
hence, we drop the subscripthereafter. The decline ratio determines the ratio dfraec
in the production and not the decline in the production itd#e#fllows us to see whether
the decline in the production is significant compared to dfaet-of-analysis rate. A
smaller decline ratio means that the rate is lessietby production.

Now, we explore the correlation of residual nonwettpitase saturationS()

and the decline ratidR) in the productionS, is the mercury saturation obtained from
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withdrawal test (see section 4.1). The fraction of theroporosity to total porosity of
each interval is decided fro8.,, in which the low values correspond to slightly micro-
dominant pore structure and high values to slightly macroktemt. Core data are
available only from a subset of the logged interval guFe 5.1.

We have limited core measurements over the producingvaiteo decide the
pore structure of the layer for which we have two PLWIsre importantly, the core
measurements show heterogeneity at their scale whibblow the PLT scale. Thus, we
assign the pore structure of the producing interval basddend of change in the core
measurements. The pore structures of the producing atdeave taken to be slightly
micro-dominant, intermediate, and slightly macro-dwant whereas the closest core
measurements could be micro-dominant, intermediate ororgiominant. For instance,
at the relative depth of 145 ft the core sample is mdormmant and we consider the
producing interval as slightly macro-dominant from thend of change in the core
measurements (see Figure 5.2(a)). This is because wethefgrore structure of the
interval from core measurements which is represestativa smaller scale than the PLT
scale. We use the same approach in determining the pactustr from permeability
measurements in the subsequent section (see Figure 5.3).

The comparison of the variation of decline ratig) (and residual mercury
saturation &) indicates some correlation, Figure 5.2. Both increate relative depth
from 115 ft to 155 ft and decrease from 155 ft to 185 ft. Tiseaemoderate decline ratio
of 0.42 at 115 ft and large decline ratio of 0.6 at 155 ft, bbwhach are consistent with
our model prediction for intermediate and slightly nsadominant pore structures,
respectively. However, the decline is small at 185 ft wigalot what our model predicts
if we assign the pore structure based on the closestnoeasurement available at the

relative depth of 175 ft.
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Figure 5.2: There is a correlation between the fraaifanicroporosity in the void space
predicted from (a) residual nonwetting saturatign.g and (b) decline ratio
(R). The residual nonwetting phase saturation is obtairwad fnercury
withdrawal (section 4.1) and the decline ratio is evalubyecbmparing the
gas production rates with three months difference usipgaion (5.1). The
comparison of the decline ratio and residual nonwettinggbaturation is
limited to the intervals for which the core data arailable and not for the
entire well shown in Figure 5.1. The relative depth edefined similar to
Figure 5.1 and thus, we explore the top interval of tak shown in Figure

5.1.

(@)

(b)

5.3. Correlation of decline ratio with absolute gas per meability

In this section, we estimate the pore structures friosolate gas permeability and

consequently, the correlation of pore structures witHirdecatio R). In average, the
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slightly macro-dominant pore structure has the low,rinégliate pore structure the
average, and slightly macro-dominant pore structurditiie permeabilities.

The decline ratios of the production rate along withpibwiee structures determined
from absolute permeability are presented in Figure 5.3 g@keroduction rates indicate
moderate decline ratio at the relative of depth 115, largénde@tio at 155, and small
decline ratio at 185. This trend is in agreement with thie ptyuctures, where we expect
the slightly micro-dominant exhibit the low declineioatintermediate the average, and
the slightly macro-dominant the highest decline rafiberefore, the well production
rates are strongly correlated with the pore structoiégined from absolute permeability
and hence, the notion of lower decline rate, listed inér'atl, is supported by the actual

production data.
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Figure 5.3: Variations of the (a) absolute gas permeadhitity(b) decline ratioR) with
relative depth for the same tight gas reservoir as €i§L. The comparison
of the decline ratio and permeability is only for annaséwhose core data
are available and not for the entire well. The fiatf microporosity to
total porosity, which is indicated by slightly micro-domibgintermediate,
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and slightly macro-dominant, is assigned based on perntiesbitf. Fig.
16. We observe a strong correlation between pore steuasigned from
permeability and decline ratio. There are moderate deafitiee relative
depth of 115 ft, large decline at 155 ft, and small decline afti8®oth
permeability and decline ratio. The relative depth hedeimed similar to
Figure 5.1 and thus, we explore the top interval of tal shown in Figure
5.1.

It might be argued that the lower decline ratio of themfation in the slightly
micro-dominant interval is primarily because of smal@rmeability and not larger
recovery. To analyze this, we explore the cumulagik@duction of a gas reservoir per
unit thickness of the producing interval. For this purposeuseethe tank model (Walsh
and Lake, 2003) to represent individual layers in this wklls, we assume negligible

vertical communication. The production rate of a gasrvesr is calculated as:
qgsci (52)

2
1 + qgscizﬁct
Vp (1_ SWi ) pi

where ggsci 1S the initial gas productionfysc gas production rate at timg z

qgsc =

compressibility factor of the ga¥j, reservoir pore volumeg the average initial water
saturation, ang@; reservoir initial pressure. Since we want to implentka effect of pore
type on residual gas saturation, the $}-) term should be replaced by (& —S, ).

Thus, we considevp(l—S_m—Sgr) as a recoverable pore volume. Other parameters are

not of interest here as we want to distinguish theuamites of permeability and
producible pore volume on the decline ratio. As a reswdtuse the following equation

after assuming other parameters being constant:
qgsci

qgsc =
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where ggsci IS proportional to permeability, and consequenflyis proportional to
permeability and inversely proportional to recoverable poteme.

We suppose that the reservoir consists of three lalyasgd on the prior analyses
in Figures 5.2-3, with equal initial gas saturation and watcross flow (Figure 5.4). If
two values of production rategy{) from each layer are measured at different times, then
the coefficientsyysci and B can be determined for each layer. The actual gas extey of
the well for which the normalized rates are showifigure 5.4 are measured by PLTs
after 124 and 225 days of production. Using the actual ratesdetermine the
corresponding values @fsci and S for each layer. The pore structure of each producing
layer was assigned from the core laboratory measuntsntbéat we analyzed earlier

(Figures. 5.2-3).
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Figure 5.4: Two normalized production rates (first ratedsaircle and second is blue
square) of the layers of tight gas reservoirs obtawwed production
logging tool (PLT) after 124 and 225 days from start of produclibe
relative depth and normalized rate are defined simil&igore 5.1. We
suppose that there is no cross flow between layerthasdwe predict the
cumulative gas production behavior of each layer using keougg.3). The

85



determination of pore structure is based on analysisreflaboratory
measurements (cf, Figures. 5.2-3).

Now, for the sake of comparison between the producilsilbiethe reservoir layers with
different pore structures, we turn to the analysisusfidative production by the usgsci
and S of the three layers. We integrate Equation (5.3) owee and to get rid of the
effect of thickness, we compare the results per urktieiss of each layer. The thickness

of each layer is determined from the log.

Figure 5.5 plots the normalized cumulative gas productiorupi thickness of
each layer. The cumulative productions are normaliaeal reference value so that they
remain smaller than or equal to unity. The cumulativelpcton of the slightly macro-
dominant interval is the largest at early life of produttivhich is because of its superior
permeability and at a later time, it becomes the ssialtesulting from an inferior
producibility. The difference in the cumulative productionbescause of residual gas
saturation; the slightly micro-dominant interval hag test producibility and macro-

dominant the worst, see Table 5.1.
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Figure 5.5: Normalized cumulative gas productions of theetlargers of the tight gas
reservoir shown in Figure 5.4. The early cumulative proonaf the
slightly macro-dominant interval is the largest beeanfsits permeability.
Then, it becomes smaller than other layers at atiate resulting from an
inferior producibility. The slightly micro-dominant intexl has the best
recovery despite its low initial production (IP). Themalization used here
only scales the results linearly.

Figure 5.5 is a quantitative illustration of the behawescribed in Table 5.1.
Different pore types in tight gas sandstones can overgre usual correlation between
large initial production (IP) and large EUR. Each categuelds a different producibility
at a different pace, and as a result, the ultimatevezgmf the tight gas varies depending

on the distribution of the pore types. In other wotBsalone will not predict EUR unless

only one pore type is present.

5.4. Estimated ultimate recovery (EUR) for the producing interval and the well
using tank model

The core measurements data are not available oventire @epth of the well, as

it is often the case in practice. This prevents us fassigning the pore structure over the
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entire well. Therefore, we examine the correlatiointhe tank model parameters with the
estimated ultimate recovery (EUR). First, we expldve dependency of EUR on initial
production (IP) as it is often used in conventional resesvThen, we usg of the tank
model in a scaled form to explore its performance ieesang the EUR.

We present the results in the normalized form andtinetactual value. This
allows the use of what we learn from this researchotber tight gas formations if the
thickness of producing interval and initial pressure aresmoilar to the well investigated
here. This, of course, depends on the presence of tue{sorDsities interacting with
each other similar to here.

Initial production (IP) is often adopted for EUR in convenal reservoirs. We
test this approach here with the use of tank model; werrdete gqsci and S for all the
producing intervals. The production rates which we useaftt model are from the PLTs
whose normalized values are shown in Figure 5.1.

The tank model is derived on the basis of constant pdweneo(see Eq. 5) and
this means no cross-flow between the layers if wetlisenodel for a specific interval
with known producing thickness. However, there are slinftthe production rates of
some layers which is presumably because of flow frdjacagnt intervals. An increase in
the production rate from a given layer yields a negafiygeee Equations (5.2) and (5.3))
if the tank model is used. Hence, we do not analyzseaveir layer whos@ is negative.
We also suppose that the tank model can capture the wetirand thus, predict the gas
production based on that. The coefficients of tank méxdethe entire well are found to
be positive.

Figure 5.6 shows variation of the normalized predicted ¢atima gas production
per unit thickness, which can be considered normalized EURinge thickness, with

normalized IP which is for unit thickness of the intérva predict the cumulative gas
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production, we integrate Equation (5.3) over time for a tinikness. We observe that
EUR (predicted from pore type and repeat PLTs) does ootlate with IP. This
observation agrees with our analysis of core measutereanlier in which we showed
that EUR has to be estimated from two-phase displaneiand not from permeability,
especially for tight gas sandstones. Our pore strucnedysis reveals that there is a
significant scatter in the recovery despite having alreimsilar permeability (Figure 4.1).
Therefore, the lack of dependency of EUR on IP is Umzaof the pore structure.
Regarding the position of the “entire well” datum, wewd note that it depends strongly
on the overall fraction of microporosity. This medhat the entire well could have a

small IP and still have large EUR, larger even tharotieeshown.
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Figure 5.6: The normalized ultimate gas production predicted Equation (5.3) is not
a function of normalized initial production (IP). This ams that unlike
conventional reservoirs, initial production rate aldpes not control the
ultimate recovery in tight gas reservoirs. The udtiengas production and
initial production (IP) are normalized after dividing thémthe thickness of
the producing interval so that the normalized parametersraaller than or
equal to unity. This normalization only scales the plotesdlts linearly.
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The ultimate gas production is calculated with integgatank model over
time. The coefficients of tank model are determined ftemPLT logs for
which the normalized production rates are shown in Figudg.

Now, we are to use a scaled parameter of the tank rfarddle analysis of EUR.
qgscizpsc

95ct if we account for
Vp (1_Sl\li _Sgr) pi

Equations (5.2) and (5.3) reveal thais equal to

the residual gas saturatiof,{. Assuming that the initial gas pressupg (s almost the

same in the layers, we deduce that the variatio@ isf because of recoverable pore
volume Q/p(l-S_M-Sgr)) and initial production rateggsc). Moreover, the pore volume is
proportional to the thickness of producing layer. Thugotopare the ultimate recoveries

of the layers, we form a scaled parameter as follows:
_hxpg B 1
° qgsci (1_§ - Sgr) (53)

Our expectation is that the normalized EUR of the produdayer per unit

thickness increases with decreasing the scaled parafefebecause of the dependency
of B, onS;. B, decreases with decreasifig (Equation (5.3)) and we expect intervals
with lowerS, to be more micro-dominant. To test this, we plot tlagiation of the
normalized EUR withg, (Figure 5.7). We observe that an increasgjfowers the EUR
and this indicates that the proposed parameter can beauserkén the layers according
to their EURs. More importantly, intervals with larg®&R have lowgs,. These layers

with low g, are expected to be micro-dominant based on how we dgfine Equation

(5.3).
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Figure 5.7: The normalized expected ultimate gas productionntethickness of the

hx g

layer decreases with an increaseBi{=—-—). This indicates thaB, can

gsci
be employed for EUR instead of initial production (IP) viahicas used in
Figure (5.6). Further, large EUR occurs at Iy which is expected to

correspond to micro-dominant interval based on Equasid).(The
ultimate production here is normalized here similariguie 5.6.

5.5. Conclusions

We have used field data (repeat PLT logs) to test outisoale model. For this,
we classified the pore structure using laboratory measntsniike permeability and
mercury withdrawal. We observe that the production ohtmacro-dominant interval is
larger initially but goes below micro-dominant more qlyckThe larger initial
production rate is because of larger permeability and moeseein the production (larger
decline ratio) is a consequence of inferior recoverys Theans that the available field
data are encouraging and they should be tested as largef data become available.

We extrapolated the production rates of the layersheftight gas reservoir
obtained from PLT and integrated over time to comparetineulative production. The

projected cumulative production per unit thickness indicdated the hydrocarbon
91



recovery of the micro-dominant interval is the latg@nd this agrees with our hypothesis
of having better producibility with an increase in the wparosity fraction. Knowing
that micro-dominant pore space has the lowest initiatyction (IP) in the well, we
conclude that initial production (IP) alone is not an appab@riool to probe EUR. This
highlights the importance of having a better understandiogn fpore structure of
unconventional rocks which could be true for shale gasvaise as well.

We are aware of the importance of the in-depth undefisiginof the pore
structure after investigating the pore structure of tjia fjas sandstone in the first part of
this dissertation (chapters 3-5). We have been ableeticprthe hydrocarbon recovery
from the study of the pore structure. With that in mivd,will turn to the analysis of the
pore structure of the shale gas in the second part ofdiksertation. We will take

advantage of our understanding from the study of the gightsandstones.
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Chapter 6: Pore structure of shale

6.1. Introduction

This chapter investigates the pore structure of un-fractgtede to better
understand hydrocarbon flow through this type of unconverti@saurce. We adopt a
pore-scale modeling approach which means that we accautiefinteractions of pores
to predict the flow behavior.

Similar to the study of tight gas sandstones in the pusvchapters, we begin
with investigation of the mercury intrusion (drainage) roeasients because it provides
valuable insights into not only the pore size distribubanalso the topology of the void
space. We also check if our understanding of the poretwteucs consistent with

scanning electron microscope (SEM) images of the shales.

6.2. Mercury intrusion capillary pressure (MICP)

We learned from the study of tight gas sandstonesthigatcapillary pressure
measurements are essential to understanding of the pacust of a void space. Thus,
we analyze mercury intrusion results of a shale sampthis chapter.

Figure 6.1 shows mercury intrusion capillary pressure (NIi€Bults of a Barnett
shale sample. The capillary pressupg) (here is the mercury pressure during injection
and wetting phase saturatid®,) is determined from the mercury saturatip: 1 —Sqg.

We observe that no percolation take places; there @ateau in thé.-S, curve. There
is not even a slight percolation unlike some tight gmsdstones (see Figure 3.3). This
absence of slight percolation has a major implicanaerms of the pore structure model.

We discuss this subsequently when we propose new poctust for un-fractured shale.
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Figure 6.1: Mercury intrusion capillary pressures (MICPa &arnett shale sample
versus wetting phase saturati@y)( whereS, = 1 —Syg. The drainage
results show that no percolation (invasion of largetioa of pore space
after small increase in capillary pressure) takes flemartesy of Sakhaee-
Pour and Bryant, 2012).

6.3. Pore structure models for shale

We propose two pore structure models for the shaleeMlerate the pore throat
geometry and connectivity of the pores that are the features of the each model.

The pore throat is the narrowest part of the void spemenecting two
neighboring pores. It is crucial to analyze the poreahgeometry because it controls the
resistance of flow path between the pores. Thus, wasitjathe pore throats here and
study the implications of each throat on the pore siractharacterization. Our pore
structure characterization allows us to predict the sipase permeability of the
formation from MICP. We classify the pore throatsdzhon their aspect ratios; the pore

throats are either circular (aspect ratio = 1) dr(&Erge aspect ratio). Examples of such
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throat geometries are shown in Figure 6.2. The large-asp@r throats are indicated

with blue color.

Figure 6.2: Scanning electron microscope (SEM) images @&dsfeourtesy of Curtis et
al., 2010). We classify the pore throats into circulat slit based on their
aspect ratios. The microcrack-like throats are inétatith blue color.

Pore connectivity explores interactions of pores frolarger scale than the pore
throat. The pore connectivity is concerned with theneativity of one pore to all its

adjacent pores while the pore throat is related to omty adjacent pores. The pore
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connectivity is presented in the form of coordinatioombar ). By investigating the
coordination numbers of the pores, we will be able t@lavidea about the connectivity
of the pores across the sample. This means that wiatarested in knowing about not
only the pores within one throat distance but also Heoey form a connected network
through the rock. The connected network through the rock gsiiresl for the
hydrocarbon to flow.
The coordination numberz)( of each pore shows the number of pore throats

connecting that pore to the adjacent pores. As an da&ampres with coordination

numbers equal to 2 and 3 are depicted in Figure 6.3.

Pore body

Pore throat l

N\

(a) (b)
Figure 6.3: Pore structure models for which the coordinationbers %) of the middle
pores are equal to 2 and 3 in (a) and (b), respectively.

To elaborate the effect of coordination number (z) lendonnected network of
the pores, we review three hypothetical cases her¢, Wegsassume that the coordination
number of the pores, except the inlet and outlet, is équalin this case, the bundle-of-
tubes model (Purcell, 1949) is representative of the voidesfsee Figure 6.4). We
elaborated this model in the literature review in chaptérh2. second case is when the
coordination number of the pore is equal to 1. This shbaitsgach pore connects to only

one neighboring pore which is relevant to the treeflikee model. We will face this in
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many pores of the shale. The last clarifying exampiehisn the coordination number is
equal to zero. This indicates that the pore is not cdaedeio any other place and thus,

this coordination number denotes isolated pores.

Pore throat  pore pody

N/ :
-_-\._/ Eaaessss—— @
\—\/_‘ simplification o
| o
.

—"

PLAN VIEW SIDE VIEW

(a) (b)
Figure 6.4: The bundle-of-tubes model (Purcell, 1949) shawb)iis representative of
the void space model shown in (a). This is becausedelination number
(2) of the pores is equal to 2 except for the inlet ancebptres.

6.3.1. Tree-like model

We observe that no percolation takes place during theumeintrusion capillary
pressure measurements (Figure 6.1); more importantly, tisengot even a slight
percolation unlike tight gas sandstone (Mousavi, 2010). Teamthat the conventional
pore model with high pore connectivity, such as the ndtwlefined by a grain packing
(Bryant et al., 1993) or any regular lattice, is not repngative of the void space.

We learned from the study of tight gas sandstonetkieatree-like pore model is

capable of capturing non-percolating trend of capillary quees vs. wetting phase
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saturation. Thus, we suppose here that the void spasteatsf mostly includes the tree-

like pores as shown in Figure 6.5.

PLAN VIEW SIDE VIEW

BV

O
O
O

Flow direction

Figure 6.5: The plan and side views of the pore model we pedpo the matrix of the
shale. No percolation takes place in the mercury intnugst (Figure 6.1)
and thus, we conclude that the void space mainly includedike pores.
The tree-like pore model allows us to capture the non-{amg trend of
capillary pressure with wetting phase saturation asamnéd from the
study of tight gas sandstone.

We briefly elaborate the tree-like pore model heretli@r sake of completeness.
This model was thoroughly clarified in the tight gas samae part of this dissertation
(see chapter 3). In the tree-like pore model, theremaréiplying branches with ever
smaller throats and volume and this means that thewarrthroats are accessible only
from the wider throats (Figure 6.6). Further, by definititvere is no cycle in this model.

That is, for any two pores, there is one and only onle pkathroats that connect those
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pores. These features prevent percolation from occudumgg mercury intrusion. Any

increase in the capillary pressure during intrusion will devéhe pore throats that are
accessible only from the pore throats that are langan fthem. Figure 6.6 shows a
schematic of the tree-like pore model at three capilmessures in which mercury is

indicated with red color.

(a) (b) (c)

Figure 6.6: Schematic illustration of the mercuryusion into tree-like pore model in
which line thickness represents the pore throat diamBbernon-
percolating increase in the capillary pressure is tod@vtbe narrower
throats that are accessible from wider throats (@g€b), and (c)). Mercury
is shown with red color.

We also assume that each pore throat is circularass section in tree-like pore
model. This is for computational convenience, though we tlo&¢ the nanopores
observed in kerogen within gas shales commonly exhibit a airsektion (Ambrose et

al., 2010).

6.3.2. Nooks and crannies (NC) model

An alternative pore model that yields non-percolating dggneurves during

MICP can be built from large-aspect-ratio throats.sTleads us to the proposition of
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another pore model (see Figure 6.7). This approach asshatethé pore throats are
mostly connected through the rock similar to the bunéikedzes model (Purcell, 1949)

but the pore throat geometry is microcrack-like. We tdrist model nooks and crannies
(NC) because of the existing similarity between theegbroat geometry and nooks and

crannies (see plan view in Figure 6.7).

PLAN VIEW SIDE VIEW
/\ <>
—//\—

e ———
/\/
_
/\
—
e

Flow direction

Figure 6.7: Nooks and crannies (NC) model for the matrikethale which contains
large-aspect-ratio throats. This model is similar ®ltndle-of-tubes
model (Purcell, 1949) in terms of pore connectivity acrbesample as
demonstrated in the plan view. However, the pore tigeainetry of this
model is microcrack-like unlike the bundle-of-tubes modaiciv takes
circular tubes as the representative throat geometry.

Figure 6.8 shows how large-aspect-ratio throat behavesgdomercury intrusion.
The central portion of the throat is widest and hetieemercury meniscus will enter that
part first. Once invaded, as indicated in Figure 6.8(a), subseduereases in the
capillary pressure steadily move the meniscus intaoheers of the throat, Figure 6.8(b).

This yields an ever increasing, non-percolating capillaggsure curve. This reveals that,
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unlike the tree-like pores model, the increase in the laapipressure is not to invade a
previously unoccupied, smaller pore body but to occupy gelafraction of the void
space in an already invaded pore, which is at the coffieese large-aspect-ratio throats
must be connected in series to form bundles, and theatportion of each bundle must
have nearly constant cross section; otherwise thenady@a curve would exhibit

percolation.

— T e

(a) (b)

Figure 6.8: Mercury intrusion into a large-aspect-rdtioat which is adopted in the
nooks and crannies (NC) model. The non-percolating incieasercury
saturation after an increase in the capillary presisureoccupy the corners.
Compare (a) and (b) in which the mercury is shown vethcolor.

6.3.3. Evidence of the modelsin SEM images

We take a look at the SEM images of shales to exam@prdsence of the throat
geometries we proposed. We observe both the circuthmacrocrack-like throats that
are shown with dashed and solid lines in Figure 6.9, respsctirhis suggests that both
models could be adopted. We will, however, evaluate batkdels further. For this
purpose, we will study the effect of confining stress lenfeatures evident in the SEM
images, and upon MICP data available in the literaturat &halysis suggests that the
microcrack-like throats are probably closed under insfiteiss conditions (see 6.6. Image

analysis of shale). Thus, the tree-like pore modedpsasentative of in-situ condition.
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Figure 6.9: Scanning electron microscope (SEM) imagesbéke sample shows that
both the circular- and microcrack-like throats arespne (courtesy of Heath
et al., 2011). The circular- and microcrack-like throaés sespectively,
indicated by dashed and solid curves.

6.4. Characterigtic throat length of the nooks and crannies (NC) model

We are to show the characteristic lengths of the N@atkrfrom MICP data
shown in Figure 6.1. We first suppose that the microcr&ekilroats are mono-size.
This is a limiting case. In reality, pore throats incladdistribution of sizes which we

will discuss later.
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Here, we analyze the NC model with mono-size throEte main objective is to
predict the characteristic length of the throats #tlatvs us to capture MICP data shown
in Figure 6.1. We model the large-aspect-ratio throat (EiguiO(a)) by a telescopic
geometry (Figure 6.10(b)) and predict its corresponding leridten, we check if the
microcrack-like throat with the predicted length is aafali¢ in the SEM images. If such a
throat does not exist, we conclude that the NC modabisrepresentative of the void

space.
b

— — |=:::= I
(@) (b)

Figure 6.10: Microcrack-like throat shown in (a) is sirfkdl to a telescopic rectangular
geometry (b). We will use the telescopic throat getoynto analyze the
flow properties.

Figure 6.10 shows telescopic rectangular throat geomseryeé of rectangular
sections of increasing aspect ratio transverse to &tlg@at) that we take to assess the
plausibility of the NC model. The smaller dimensiortiwdi™ rectangle is denoted lay,
and the larger bf. To determine the widtha() of each rectangle (one of the rectangles

forming the telescopic shape) invaded at a given capileggsure, we use the Young-
20 cosf

Laplace equationR, = ). We then determine a lower limit of the lengthtioé

rectangle If)) by assuminglf = a). We know that the length of each rectangle is not
smaller than the width and that is why the assuleegth @ = &) provides a lower limit.
We presume that the mono-size pore throats (mdegcpic throats similar to
Figure 6.10(b)) that are extended through the ek capture the MICP data. We also
presume that the total pore volume is proportidoahe total cross section area of the
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rectangles because the microcrack-like throats arenédet through the rocks. This
means that the incremental increase in the wettingepbasuration at each capillary
pressure{S,) is proportional to the total cross section areath@fpore throats invaded
at that capillary pressure. Meanwhile, we are awartethieatotal cross section area of the
throats is proportional to the cross section areaneftbroat because we adopt a mono-
size model here. Hence, the incremental increase wwetieng phase saturation is related
to the cross section area of one rectangular theofatlaws:
AS, ~ab (6.1)
We first determine the characteristic widths of the pitweats invaded at the
entry pressureaf) and larger capillary pressures)(using the Young-Laplace equation.
We then employ Equation (6.1) to compute the charadtelesigths of the pore throats
at larger capillary pressurds)(based on the characteristic length of the pore tlatohe
entry pressurebg). Knowing the incremental increase in the wetting pheegeration
from MICP data at the entry pressufxS(;) and at larger capillary pressuréss(;), we
express the characteristic dimensions of each thedative to those invaded at entry

pressure as follows:
b _aAs,
b aA§,

This relationship expresses the ratio of the throajtkeat larger capillary pressura)(to

(6.2)

the throat length at entry pressui®)( This tells us that the determination pfalso
entailsb; to be known which we take it to be equal to the widtthe throat invaded at
the entry pressurea{). This gives us a lower limit for the length since theoat is
rectangular.

Here, we obtain the entire length of the telescdmiodat which is to represent the

microcrack-like throat (Figure 6.10). The entire lengthheftelescopic throat is equal to
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the summation of the lengths of rectangles. We heevliCP data shown in Figure 6.1
for which the entry pressure is equal to 4836 psi. Thistaysthe characteristic width of
the widest throatg;) equals to 22 nm. The narrowest parts of the throats weaded
about 60 kpsia, correspondinggo= 2 nm.

Using the above approach, we estimate the entireHesfgihe telescopic throat.
The capillary pressurd®(), change in the wetting phase saturation at that pee@s8y),
characteristic height of each rectanglg, (@nd the characteristic length of each rectangle
(bi/a) are listed in Table 6.1. We determine the entire lenftihe telescopic rectangle
by calculating the summation of lengths of the redendi). The entire length of the

telescopic rectangle is found to be 29.5 micrometers.

Table 6.2: Characteristic sizes of the rectanglasifg the telescopic pore throat
geometry are determined from the MICP data shown in Figdré&, refers
to capillary pressure during mercury intrusid, change in the wetting
phase saturation at the measured capillary presgugiearacteristic width of
the rectangle, andl characteristic length of the rectangle. The enéingth
of the telescopic throat is found to be equal to 29.5 mieters which is the
summation of the lengths of the rectanglgslisted.

a; bi
i Pc(psi) | AS, | (micrometers) (micrometers
1 4837 0.005 0.022 0.022
2 5367 0.005 0.020 0.024
3 5832 0.005 0.018 0.027
4 6339 0.005 0.017 0.029
5 6891 0.005 0.016 0.031
6 7490 0.005 0.014 0.034
7 8139 0.005 0.013 0.037
8 8845 0.011 0.012 0.081
9 9614 0.011 0.011 0.088
10 10449 | 0.005 0.010 0.048
11 11355| 0.011 0.009 0.103
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Table 6.2

12 12340 0.011 0.009 0.112
13 13408| 0.011 0.008 0.122
14 14575| 0.011 0.007 0.133
15 15838| 0.016 0.007 0.216
16 17215| 0.016 0.006 0.235
17 18710| 0.016 0.006 0.256
18 20331| 0.016 0.005 0.278
19 22099| 0.027 0.005 0.501
20 24017| 0.032 0.004 0.656
21 26102| 0.043 0.004 0.949
22 28369 | 0.048 0.004 1.167
23 30831| 0.059 0.003 1.550
24 33505| 0.106 0.003 3.039
25 36413| 0.122 0.003 3.791
26 39573| 0.090 0.003 3.061
27 43009| 0.074 0.003 2.723
28 46742 0.069 0.002 2.748
29 50797| 0.059 0.002 2.547
30 55207 | 0.053 0.002 2.493
31 59991| 0.048 0.002 2.431

Now, we turn to the SEM images of the shales avalablthe literature to see
whether a 30-micrometer microcrack-like throat existe (Sigure 6.11). We observe that
the images do not show such a long microcrack. Hencé&N@hmodel with a mono-size

pore size distribution is not realistic.
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Figure 6.11: Scanning electron microscope (SEM) images Ess{@urtesy of Heath et
al., 2011). We do not observe a 30-micrometer microcrackhausd MICP
curves typical of such shales, such as Figure 6.1, do nabr$uip@ notion
of the NC model with mono-size throats.

It might be possible to capture the MICP data by impletation of a distribution
of throat sizes but yet keeping the notion of large-ds@io throat geometry. This
scenario is very unlikely to occur at in-situ conditiith confinement as we indicate

subsequently from analysis of the shale images.

6.5. Effects of confining stress on the throat size

We investigate the effect of confining stress on the M&Periment to better
understand the pore structure of the shale. For confineduiacmhfined samples, we
compare the capillary pressures at the same wetting paagation. This is to determine

whether the size of the pore throat depends on thenesnéint and also which pore
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throat geometries are more probable to be closed aituineondition. The in-situ
condition here refers to the confined boundary condition.

Figure 6.12 shows mercury intrusion capillary pressures Yli&f Kirtland and
Tuscaloosa shale samples with and without confinemeatob¥erve that the invasion is
delayed to larger capillary pressures in the presencerdindng stress. This is more
obvious at low capillary pressures which correspond tcaterwith large characteristic
sizes. This tells us that some throats with largeatitaristic sizes are closed at in-situ
stress condition. With this observation in mind, we aitblyze the SEM images of the
shales (Figures 6.13-14) to decide whether the microcrackircalas-like throats are

more probable to be closed at in-situ condition.

Lower Kirtland 2692.9B ft Marine Tuscaloosa 7931.9
100 — 100
-« After closure | - flar clos
i i / 80 After closure
|+ Before closure § 1 « Before closure
W 40 — { 40 —
P _‘”/'J - —
D ] "'H IIIII1 unﬂ |'|*|11TI'I'I 0 — 11' II'|I1 ||m1 IIIITr“
102107 10" 10' 10° 10° 107" 10" 10° 107
Hg Injection Prassure (Mpa) Hg Injection Pressura (Mpa)
(a) (b)

Figure 6.12: Mercury intrusion capillary pressures (MICPRgpKirtland and (b)
Tuscaloosa shales (courtesy of Heath et al., 2011).€Euéts show that the
invasion of the void space occurs at a large capillargspre if the in-situ
stress condition is enforced. This imparts that somuath are closed at in-
situ stress condition. The in-situ condition is repnés@ by the confined test
which is indicated by “After closure”.
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6.6. Image analysis of shale

We are to explore SEM images of shales to see whétiee microcrack-like
throats have any orientation preference. This is tmm@xe whether they are created
because of unloading during the extraction.

Figure 6.13 shows the SEM images of the Eagle Ford aneBaiales in which
the up direction is not clear. Therefore, we are nole d@o indicate whether the
microcrack-like throats are created because of unloatiogiever, we observe that the
large-aspect-ratio throats have preferential orieotatMost of them are oriented from
SW to NE direction in Figure 6.13(a) and from west to easFigure 6.13(b). We
conclude that these throats are not randomly orientdchave a preferential alignment.
Our prediction is that they are created in the directibmaximum unloading. To assess
this conclusion, we subsequently analyze the SEM imageahalés for which the up

direction is known.
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Figure 6.13: Scanning election microscope (SEM) images &d@gle Ford and (b)
Barnett shale samples. The Eagle Ford image is @artis et al., (2010)
and the Barnett image from Sondergeld et al., (2010). Theegtidn of
the reservoir is not clear here and thus, we are tgtsiure if the
microcrack-like throats are a result of unloading.
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Now, we turn to the analysis of the shale imagesvtuch the up direction of the
reservoirs is known. Figure 6.14 shows the SEM imageatfHet al., 2011) for which
the up direction of the reservoirs is either top ordtof the images. This means that
we lower the confining stress in the up direction of thages the most. We observe that
most of the microcrack-throats, which are highlightethwiue color, are perpendicular
to that direction. The extension of the microcra&lk-lihroats being perpendicular to the
up direction of the reservoirs leads us to the conalugiat they are induced because of

unloading and thus, they are closed at in-situ stresstandi

Kirtland shale Marine Tuscaloosa shale Kirtland shale

16 microns

Gothic shale Tuscaloosa shale Tuscaloosa shale

Figure 6.14: Scanning electron microscope (SEM) images tEfssfoa which the up
direction of the reservoirs is either top or bottonthef images (courtesy of
Heath et al., 2011). This means that we have maximuns steesease in
the up direction of the images. We observe that matteomicrocrack-like
throats, indicated with blue color, are perpendiculahéoup direction of
the reservoirs. This shows that the unloading is the neaison for the
creation of these large-aspect-ratio throats and theg,are most probably
closed at in-situ condition.
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Our interpretation of the microcrack-like throats beipgrpendicular to the
maximum load decrease is that they are induced becailsslaemoval. Hence, they are
more likely to be closed at in-situ boundary conditidhis indicates that the tree-like
pore model is more representative of the void spad¢keapore throats are circular and

not microcrack-like.

6.6.1. Coordination number (2) of the shale

Both of our models suppose that the coordination nunaper (he pore is 3, 2, or
1. While this is clear for the NC model, it may notreesgpparent for the tree-like pores.
In the tree-like model, the characteristic lengthstled throats should be defined
appropriately so that the coordination number remaindemtban or equal to 3. We will
explain this in detail later. The coordination numbeeaéh pore shows the number of
neighboring pores that are directly connected to that. ppreight be argued that the
pores might have a larger coordination number and thusmodel has no advantage
over a conventional pore model such as sphere padRmygrit et al., 1993) in terms of
representing the pore connectivity. The coordinationbermof the pore could be as large
as 4 or 5 in a conventional pore model such as sphere padkingvestigate the pore
connectivity of the shale, we analyze the image amahgsults available in the literature

(Dewers et al., 2012).
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Figure 6.15: The relative frequency of the coordination nur@ef a Haynesville shale
sample shows that the coordination number is mostlylentabn or equal
to 3 (courtesy of Dewers et al., 2012). This corrobormatesnodels by
indicating that most pores have small coordination nusn@e

Dewers et al., (2012) showed that the coordination numbeHzynesville shale
sample is usually smaller than or equal to 3 (Figure 6.1%3. imdicates that our models
provide a realistic representation of the void spaderims of pore connectivity. In the
tree-like pore model, the coordination number is smatian or equal to 3 under certain
circumstances and in the NC model it is smaller thaggaal to 2. We will elaborate the
circumstances required for the tree-like model to hawedination number smaller than
or equal to 3 later in the permeability estimation frohCKl data.

We should emphasize here that the image analysitsese obtained without
confinement and thus, we expect some pore throats vanistsigu condition. This says
that the coordination number of the pores tend to bélemthan the results provided in

Figure 6.15.

6.7. Permeability estimation from MICP
We estimate the single-phase permeability of the dhae MICP data. For this

purpose, we first use the bundle-of-tubes model (Purt@9) from the conventional
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modeling approaches. Then, we employ the NC and tregegbke models. This is to
determine whether the predicted permeability is on therartid0-100 nD, which is

accepted for the matrix of the un-fractured shale (Sa&kRaeir and Bryant, 2012).

6.7.1. Purcell method

We adopt the Purcell (1949) model here in which the void sjgaassumed to
behave similar to the bundle-of-tubes. This meansttigtubes can be taken to model
the macroscopic transport properties of the porous mediuwsh as permeability. We
elaborated this model in chapter 2.

The bundle-of-tubes model assumes that the charsi@tesize of the pore throat
invaded at the measured mercury pressure controls the ébavior. The characteristic
size the pore throat is determined assuming that the parat tgeometry is circular. We
determine the permeability for the shale sample wMISH° is shown in Figure 6.1 after
assuming that Purcell’'s lithology factor (F) is unity.

Table 6.2 shows the permeability estimation from thedlaiof-tubes model.
Table 6.2 shows the permeability estimation in widghepresents the capillary pressure,
AS,i the incremental change in the wetting phase saturatiche given pressurel
characteristic size of the throat, amtiS(d%32) the conductance of the throat. The
sample permeability is obtained after determining thmrsation of the last column
which is equal to 3.44 microD and implementing porositthe sample which is equal to
4.64%. The single-phase permeability of the shale is fowndet 160 nD. This
calculation ignores the effects of non-continuunwflat high Knudsen number&rg >
103 and of adsorbed layer of methane molecules on whfisres in kerogen (Sakhaee-

Pour and Bryant, 2012). The adapted network modeling approa&chctsr that the
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permeability decreases by a factor of about 4 if we acclourthoth effects (Sakhaee-

Pour and Bryant, 2012).

Table 6.3:  Permeability estimation using the bundiesoés model is indicated here.
Here,P; denotes the capillary pressure during mercury intrugigg,
change in the wetting phase at the measured capillasguyyed;
characteristic diameter of the tube. The estimatech@aipility is obtained
after obtaining the summation of the last column andithol the porosity

effect (:(pz i—'; AS, ).

d;
i P. (psi) | AS. | (micrometers) AS, d%/32
1 4837 0.005 0.044 323.27294
2 5367 0.005 0.040 261.98305
3 5832 0.005 0.037 222.66622
4 6339 0.005 0.034 188.77826
5 6891 0.005 0.031 159.74069
6 7490 0.005 0.029 135.01496
7 8139 0.005 0.026 114.10239
8 8845 0.011 0.024 193.08843
9 9614 0.011 0.022 163.84309
10 10449 | 0.005 0.020 69.17558
11 11355 0.011 0.019 117.50000
12 12340 0.011 0.017 99.4980(L
13 13408 | 0.011 0.016 84.0458B
14 14575 0.011 0.015 70.8643p
15 15838 | 0.016 0.014 90.8826p
16 17215 0.016 0.012 76.67553
17 18710 0.016 0.011 64.80718
18 20331| 0.016 0.011 54.9783P
19 22099 | 0.027 0.010 78.1998pD
20 24017 | 0.032 0.009 78.99934
21 26102 0.043 0.008 89.4148pP
22 28369 | 0.048 0.008 84.1506pD
23 30831| 0.059 0.007 87.0528p
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Table 6.3

24 33505| 0.106 0.006 136.17021
25 36413| 0.122 0.006 133.08344
26 39573| 0.090 0.005 82.40027
27 43009| 0.074 0.005 58.1781P
28 46742 | 0.069 0.005 45.724783
29 50797 | 0.059 0.004 32.2539P
30 55207 | 0.053 0.004 25.28258
31 59991 | 0.048 0.004 19.38830D

6.7.2. Nooks and crannies (NC) model

We adopt the NC model here to predict the single-phaseeadility. This
method supposes that the void space includes microcra&ckhlikats extended through
the rock. This is similar to the bundle-of-tubes moateterms of connectivity, because it
assumes that the parallel tubes can model the trangpuperties of the void space.
However, unlike the bundle-of-tubes model, this model rassuthat the pore throat
geometry is rectangular. The single-phase permeabitgguthe NC model can be

expressed as follows:

2 6.3)
k= FwZ%ASW

whereag; is the characteristic height of the pore throat aheéroparameters are similar to

bundle-of-tubes model we elaborated in the literatevesw.
We assume that the lithology factd¥) (is equal to unity here similar to our

analysis in the bundle-of-tubes model for the sakeofmarison. The NC model predicts
that the permeability is equal to 106 nD for the shale Eampose MICP data are shown
in Figure 6.1.
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6.7.3. Tree-like model

By definition, the tree-like pore model cannot sustaiadyestate flow. However,
we can analyze transient pattern flow relatively $ymp this model. A transient flow
pattern can be induced in the void space by transient geitsey (TPD) method which is
often used to measure the gas permeability of the shathisimethod, gas is injected
into a sample to elevate the pore pressure to a knouue.vdhen, the sample is
connected to a reservoir with constant volume whicatia lower pressure. Therefore,
there is a pressure difference between the sampléhan@servoir which decays as gas
leaves the sample. The rate of decay with time isl tseletermine the permeability in
this approach.

Figure 6.16 shows the pressure distribution in the void space the tree-like
pore model perspective. The pore pressure is a maximum VRl initially
everywhere (see Figure 6.16(a)) and it decreases alonthibats when we start to
evacuate the sample (Figure 6.16(b)) from the pore & tiielock position (one of the
largest throats). Using the pressure distribution shiomfigure 6.16(c) which is based
on the flow path from a larger pressure to a lower pressve estimate the permeability

subsequently.
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Figure 6.16: (a) illustrates the tree-like pore model astag of transient pulse decay
method { = tp) in which the pore pressure is uniform and equ&ig. (b)
The pore pressure distributioBn(ax= P1 = P> = P3 = Poyge) and flow
pattern are shown after we start to evacuate thelsgihp to). The flow
direction is indicated by arrows.
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Following the flow path from a larger pressure to a smnafiressure, we
determine the permeability. The conductance of pore thitsaporosity, and spatial
distribution of the throats control the permeabilitiere, the permeability is calculated
using an equi-pressure plot. The equi-pressure plot égawalent demonstration of the
pressure distribution in the network model in which pordts with an identical
characteristic size between equal pressures are lungexh tequivalent tube. The
permeability of the equivalent tube is estimated aevial

a? (6.4)

Kiube= ?

wherekype IS the permeability of the equivalent tulge porosity of the shale sample, and

r the characteristic size of the pore throats foctvive estimate from the MICP data.

For the permeability estimation, we also need tec#p the length and cross
section area of the equivalent tube. We suppogehibdength of the equivalent tube is
equal to the length of the pore throats accessdteatmeasured capillary pressure in
MICP. The pore throats with similar characterisize have the same length in the tree-
like pore model and thus, we assign a single letmtime equivalent tubes. In addition,
we assume that the length of the widest throaggusl to the length of the samplel(3.
The subscript refers to the measured capillaryspires soP.; is the entry pressure.
Further, the pore throats invaded at larger capilaessures have smaller lengths. The
throat lengths are assumed to decrease by a facfbat each measured capillaty €
2L,= 2Ls=..).

We show a schematic of the tree-like pore modetkvbontains pore throats with
three characteristic sizes. We clarify the permgglagistimation for this model. The equi-
potential plot shows that the equivalent tubesaranged in a mixture of series and
parallel pattern. The equivalent tubes 3 and 2 \gigths equal th1/4 are betweeRmax
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andPs. These tubes form a parallel pattern and thus, wedfitstin their outcome which

is effective tube 3 (seée; in Figure 6.17(b))Te; is in series with the rest of equivalent
tube 2 which is betwedr; andP,. Hence, we determine their outcome which is effective
tube 2 Te). Te; then forms a parallel structure to the remainder ofplbe and thus,
same procedure should be followed to determine the e#eparmeability of the model.
This is a loop-like procedure which should be adopted basdtie number equivalent

tubes. We will use this approach to estimate the pernitgefaim the actual MICP data.

e —

\ Pmax

Pmax P3 P2 Poutet

Pressure line

(b)

Figure 6.17: (a) Tree-like pore model with three charatietlsroat sizes. Flow pattern
indicates the pressure distribution during transient mdsay (TPD). (b) is
the equi-potential plot of the tree-like pore model itfee equivalent
tubes. In the equi-potential plot, the equivalent tulbesiaed to represent
the pore throats with similar lengths, cross sectiea,aand pressure drop as
they are numbered.
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The conductance of the equivalent tube is proportionalstpermeability and
total cross section area (kubexAwbdi). We calculate the permeability from the
characteristic size of the throats. However, theisection area of the tub®yd;) is a
strong function of the incremental pore volume invadedeath capillary pressure
(AwbexLubdi = VpxASy). This indicates that the cross section area of tthee is
dependent on its length because the incremental pdusm&as known from the MICP
data. Thus, the predicted permeability of the tree-like pnodel is a function of tube
lengths and hence, it depends on the branching dati@li(Lwbdi+1). The tree-like pore

models with branching ratios equal to 2 and 1.1 are showigume=6.18 for clarity.

(b)

Figure 6.18: Tree-like pore models with branching ratios egu2land 1.1 are shown in
(a) and (b), respectively. The branching ratio is the Htthe lengths of the
throats accessed at two subsequent capillary presSinetee-like pore
model assumes that a wider throat is longer.
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To fully specify the tree-like pore model that mimice 8hale pore structure, we
calculate the number of pore throats accessed atcapdlary pressure. This is to capture
the MICP data shown in Figure 6.1. The number of the wittesats ¢; = 44 nm)
required could be determined from knowing the cross@eetiea of the core sample, the
sample porosity (4.64%), and increase in the wetting pbkasération at the entry
pressure AS,; = 0.005). The characteristic length of the widest thiwst also to be
known, which we supposed earlier that it is equal to thgtleof the core samples. We
present the number of throats)(required at each capillary in a ratio form. {/m), in
which the subscript refers to the steps of capillary pressures as @drgee Table 6.2.
The results are presented with respect to the weptinagge saturation, which is taken
from Figure 6.1, and for different branching ratios. Thikuwation indicates that our

tree-like pore model is capable of capturing non-percgaifCP the shale.
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Figure 6.19: The number of throats of the tree-like pordahis determined to capture
the MICP data shown in Figure 6.1. The number of poreatin@quired at
each capillary pressure in the tree-like pore magglq presented in a ratio
form (=ni+1/n;). The subscript is clarified in Table 6.1.
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Now, we analyze the coordination numbardf the tree-like pore model. This is
to determine whether the tree-like pore model yields @samable range of the
coordination numberz[ if the branching ratio is defined appropriately. The image
analysis shows that the average of the coordinationbeu is smaller than or equal to 3
(cf, Figure 6.15). To examine this, we average the coordinatiombers obtained from
the preceding analysis. Figure 6.20 indicates that thegeef the coordination numbers
value is close to 3 for small branching ratios. This methat the tree-like pore model
with small branching ratio is representative of thed\gpace and it is consistent with the

image analysis results (cf. Figure 6.15).
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Figure 6.20: The average of the coordination numlzpisf the tree-like pore model vs.

branching ratio.
We implement the permeability determination approachribestin Figure 6.17
for the MICP data shown in Figure 6.1. The estimated pdoititgass. branching ratio is
shown in Figure 6.21. The results indicate that the paoitiy of the model is between

15-27 nD which is in the acceptable range (~ 10-100 nD) for tffieaatured shale in the

laboratory condition (Sakhaee-Pour and Bryant, 2012k gé&imeability is smaller at the
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in-situ condition even by a factor of 4 because of thelwoed effects of the adsorbed

layer of gas and gas slippage on the pore walls (SakhaeexsfbBrryant, 2012).
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Figure 6.21: Variation of the permeability with branchingorabtained from the tree-
like pore model. The predicted permeability is between 15-2&midh is
in acceptable range for the matrix of the un-fracturedesttakhaee-Pour
and Bryant, 2012). The branching ratio is clarified in FighfeS.

6.8. Conclusions

It is of great interest to have a better understandiniipe pore structure of the
shale in contrast to the conventional rocks such asngnéidated sandstones that can be
modeled by the sphere packing. With that in mind, we aedlyhe mercury intrusion
capillary pressure (MICP) data of the shale and propteegore structure models, i.e.
tree-like model and nooks and crannies (NC). The proposel@lsnadopt different pore
throat geometries and connectivities. The void spacéheftree-like structure takes
circular tubes to model the pore throats that are@ced in an acyclic pattern. In the

tree-like model, there are multiplying branches withresmaller throats. On the other
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hand, the NC model assumes that the void space comprisexrack-like (large-aspect-
ratio) throats that are connected through the rocKairtm the bundle-of-tubes model.
We took both models to predict the single-phase gas peritealithout
slippage and without adsorbed layer of gas from the MIC®. ddite NC model predicts
that the permeability is 106 nD whereas for the treegiee model it is between 15-27
nD. These are both in the acceptable range of perniggkill00 nD, Sakhaee-Pour and
Bryant, 2012). We, however, judged that the NC model isemesentative of the shale
void space because the microcrack-like throats are moobably closed at in-situ
condition in the presence of a confining stress. Henae, deduce that the pore

connectivity of the shale is more similar to the {iike structure.
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Chapter 7: Effects of adsorbed layer and slippage on the gas
per meability of shale

7.1. Introduction

This chapter analyzes the dependency of the in-situ shetiex permeability on
the reservoir pressure. In this regard, we implementfteetef adsorbed layer in simple
conduit geometries as a function of gas pressure. Subsbguenadopt non-continuum
flow models to account for non-zero slip velocity retconduits. The presence of an
adsorbed layer of gas molecules has a geometric irtiphcét reduces the cross section
available for transport) and an influence on microscale d@yncondition (slippage of
gas being transported through the pore). Here, we exammaer@scopic consequence of
these phenomena, namely the effect on the permealoifityhe rock to gas, by
implementing these phenomena in a network model olvti@ space. The effects of
adsorption and slippage depend on the size of the conddithaugh a network is not a
literal model of shale pore space, it does serve asmeeaient vehicle for examining the
effect of a distribution of pore sizes. The resultsséh implications for interpreting
measurements of shale permeability to gas at laboratoyitions and for interpreting
flow rates from production wells over time.

We refer to lab and field conditions extensively in hemd for the sake of clarity,
we define them here. The temperature is equal to 300 K and 26ah¢ lab and field
conditions, respectively. The pressure at the labitionds presumed to be 5 MPa which
is a common pressure for permeability measurement usingiént pulse decay (TPD)
(Billiotte et al., 2008). The gas permeability of shaléna condition is on the order of 10
nD (Billiotte et al., 2008). We assume the thicknesadsorbed layer is negligible at lab
condition. This is a plausible assumption as the ratioo-slip hydraulic conductance
without adsorbed layer to no-slip hydraulic conductandb adsorbed layer at 5 MPa is
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close to unity regardless of throat size, as we Wwadlslater in Figure 7.4. For estimating
the gas conductance and permeability, we further supposgmses at the lab and in-situ
conditions are, respectively,,Nind CH. For convenience, we use the terms “liquid
conductance” and “liquid permeability” to refer to hydraulmductance computed with
a continuum model and no-slip boundary condition at pakswWe use the terms “gas
conductance” and “gas permeability” to refer to the cotahce when slippage is taken
into account. Both “gas” and “liquid” conductance can bmmated when an adsorbed
layer is present. We denote the gas and liquid permeedilitithe lab condition & ian
andk; ap, respectively. The pressure varies at the field camditontrolling the thickness
of the adsorbed layer. The pressure also affects theldem numberKn) and the
slippage. For the field condition, the gas and liquid pabiliges are represented kyin-

situ @NdKk in_siwu, respectively.

7.2. Gasflow regimes
Knudsen numberKn) (Knudsen, 1909) is used to differentiate flow regimes in
conduits at micro- and nanoscale. This non-dimensjoaiameter is defined as:

A

where A denotes the mean free-path length of gas moleculeMatite characteristic
length of the channel. The flow regime changes fromticoum model to discrete
particles aKn increases. Substituting the mean free path yields tf@viab relation
(Roy et al., 2003):

7.2
kn= | 7T 3 M (7.2)
2RT oA

where i is the gas viscosityp the density,T the prevailing temperature, arfd the

specific gas constant. The specific gas constant isatieeof universal gas constaR®, to

the molar massn. On the other hand, the length scdlequals the diameter and aperture
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height in circular tube and slit, respectively. Foradd CH at the range of temperatures
(300 K to 360 K) and pressures (5 MPa to 28 MPa) of interest tie range of values of
Ais 0.3 t0 2.2 nm. For pore sizddn the range 3 nm to 30 nm, we thus encounter values

of Knin the range 01072 to 10°.

7.2.1. Continuum regime

The flow regime is categorized basedKmas summarized in Table 7.4 (Roy et
al., 2003). This table indicates the Navier-Stokes equatiotls mo-slip boundary
condition are appropriate only for sm#&h (Kn < 10°). In other words, the classical
continuum model assumptions (momentum transfer via bhlkse viscosity, fluid

velocity matches solid velocity at walls) cannot ale/@rovide accurate results.

Table 7.4: Fluid flow regimes defined by ranges of KnudserbeurfXn).

Kn 0-10° 10°-101 10110 >10"

Flow regime Continuum Slip Transition Free-molecular

Here, we indicate how Knudsen (1909) classified the flegimes as listed in
Table 7.4. We elaborate how the ratio of the meandegk-length of gas molecule (a) to
the characteristic size of the condulj ¢hanges. For this purpose, we show the number
of gas molecules inside a constant-size conduit atreliffegas pressureBiy(< P, < P;<
P4). The number of gas molecules inside a conduit de@€kss dense population of the
gas molecules) as we lower the gas pressure. Loweengahpressure also increases the
mean free-path of the gas moleculas Compare the number of gas molecules in Figure
7.1(i). The increase in the mean free-path resultshiglzerKn as the characteristic size
of the conduit ) is assumed to be constant. It is more appropriatddpta continuum

model for a more dense population of the gas moleculeth Wt in mind, Knudsen
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definedKn as a distinguishing parameter for selecting flow modé¢s.stated that the
continuum flow models are legitimate for low Knudsember flows, corresponding to a
more dense population of the gas molecules, and othecamdmuum models should be

taken at higheKn.

> 0
d [ ) ® P4 Continuum
10
' o @ ébo..o
d .'o: :?:'.oo:. Ps Slip flow
) —22%" 08° i
_ _ 10"
a
d ® \ ® P2 Transition
4 . ® ]
10
[ a Discrete
d .\ P particles
(i) (i)

Figure 7.1: (i) shows the mean free-path of the gas miele@) at different gas
pressuresi; < P,< P3< P4) . The gas molecules are shown by red dots. The
mean free-path of the gas molecules increases at fmessures and this
leads to a highafn for a constant size condud)( (ii) indicates the
corresponding flow regimes for the assumed gas pressures.

7.2.2. Slip-flow regime

The ratio of molecule-wall to molecule-molecule lisadns increases akn
increases However, the molecule-molecule interadsostill dominant in the slip-flow
regime. Therefore, Navier-Stokes equations were suggesaedigdakis et al., 2005) to
remain valid for this domainl(0< Kn < 10™). A first-order slip boundary condition
was applied to include the effect of molecule-wall is@hs (Roy et al., 2003). After
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implementing the tangential momentum coefficient hews in Appendix, the gas

permeability can be estimated as:
Kk, =k @+a,Kn) (7.3)

wherek; is the permeability of the conduit to liquid (when tleeghp boundary condition
applies),ky the gas permeability of the conduit, andthe permeability enhancement.
The liquid permeability is assumed constant (i.e. indéeeinof pressure) and estimated
based on the characteristic length size of throat ftonventional theory. The coefficient
a1 depends on the geometry of conduit. It is about 5 fauleir cross sections (see
Equation A.9).

The slip flow regime can also be simulated using dustyngage! (DGM) (Mason
and Malinauskas, 1983). This model adopts a linear combinatioga®ftransport
mechanisms to predict the overall flow rate. It waainty based on the empirical
observation (Graham, 1876) and the theoretical exptanatas proposed later (Mason
and Malinauskas, 1983). The total mass flux of single<dneluit is calculated as:

Jiotar = Juice T iy = —% ndp-D,,0n= —(% p+ DKn)% (7-4)
wherellp is the pressure gradient amik, the Knudsen diffusivity coefficient. This

relation can also be written in terms of gas peltiaas shown in below:

O k,p O (7.5)
'Jtotal :_(ﬁ p+ DKn) P =-- P

M RT M RT
where kg is the single phase gas permeability. Substitutimg Knudsen diffusivity

coefficient and implementing ideal gas assumpti@idythe gas permeability relative to
the no-slip permeability in terms of Knudsen numagfollows:
Kk 7.6
S0 = g+ Dty —14 jkn (76

K k p

where A; is the permeability enhancement equal to 13.58cii@mular cross section as

clarified in Appendix. This relation indicates thae first-order models (Equation (7.3))
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and DGM (Equation (7.8)) suggest similar trend for the gasnpability, i.e. a linear

function of Knudsen number.

Equation (7.6) is the analog of Klinkenberg’'s correctiglinkenberg, 1941) for a
single conduit. In the Klinkenberg’s correction, the peability to gas is evaluated at
several pressures for a core sample instead of a simglduit. For steady flow

experiments, the pressure is replaced by the averagdebfind outlet pressures across
Dy

the core. The term is determined empirically as the slope of the measured ga

permeabilities plotted against reciprocal pressure.

While the first-order slip model and DGM indicate a qualiedy similar trend
for the gas permeability, the rate of change with Keadsumber is different. The high
Knudsen number is attained by decreasing the throatrstbe ifirst-order slip model. In
this case, molecule-molecule collisions are not sgar@y infrequent, rather, they are less
frequent than molecule-wall collisions. On the othand, the low density of the gas is
the reason for the slippage in DGM. Note that reductiorith the throat size and the
density increase the Knudsen number (see Equation (7.2)hseGaently, the
permeability enhancements are obtained by measuring Idle rates. The in situ
condition for gas shale corresponds to large gas defisity00 kg/mi). The Knudsen
number in this situation is large because shale condrgtvexy small. Thus, in this

study, we use the first-order slip model in the rat@é< Kn <107

7.2.3. Trangtion regime

The physics of the transition flow regime is comghkchand most models are to
predict the computational results of the Monte Cantoutations (Karniadakis et al.,
2005). The proposed models implement different shear sawssin the Navier-Stokes
equations. The higher order gradients of the velocity mpmeimented in the proposed

131



models and the velocity profile is subject to higher obdemdary conditions. To capture
the flow rate, the corresponding mass flow rate fasiraular tube was proposed as

(Karniadakis et al., 2005):

4Kn , R

]

M =[1+1.358tan*(4Kn®) x Kn][1+
1+Kn" 8u

puP (7.7)

where M is the mass flux angothe average density. The coefficients are obtamed

fitting the equation to the Monte Carlo simulatioesults. We can express the gas
permeability by dividing the mass flow rate to dip-£ondition. Therefore, the ratio of
gas permeability to no-slip permeability can beregped as:

k 4Kn
—9 =1+1.358tan *(4Kn%*) x Kn][1+
k [ ( ) 1l 1+ Kn] (7.8)

This indicates the nonlinearity of permeability rease withKn. For the sake of
convenience, we develop a polynomial form for teengeability enhancement for 0.1 <
Kn < 0.8, which lies within the range of interest &hrale gas reservoirs. A second order
polynomial works well:

K
—% = 0.8453+ 5.4576Kn + 0.163XKn’ 7.9
" (7.9)

where the coefficients are calculated using thdinear regression model (Mendenhall
et al., 1989) and the coefficient of regressiofoisd 0.99. Note that the above equation
is valid only for transition flow regime. Also, tlgas permeability is no longer a linear
function of Kn. This reveals that the Klinkenberg’'s correctiommat be employed for
higher Knudsen number flow regimes.

We use gas permeability termg™ (Equations (7.3), (7.6), and (7.9)) to express
flow rate with respect to no-slip viscous Stokesdelathat is usually denoted by™
Thus, we adopt the gas permeability expression tinlgresent the results in a familiar

form for the petroleum industry an&™is only representative of the “continuum model”.

132



7.2.4. Free-molecular regime

For completeness, we include the free-molecular regihih is relevant for gas
phase transport at ambient conditions. The mass #b&af free-molecular regime was
modeled by Knudsen (1909). This model implements flux duedensity gradient of the

molecules as follows:
Ji, =-D,,On (7.10)

where Jk, is the mass flux of component Dy, the Knudsen diffusivity coefficient,
and ni the density gradient. Unlike ordinary diffusion, only oeenponent is considered
to predict the flow rate in this mechanism. This model reguKnudsen diffusivity
which is usually measured experimentally (Reinecke angpSR002). It was analytically

derived only for a long tube with a constant circularssrsection area (Roy et al., 2003)

as follows:

d [S8RT d_ (7.11)
Dkn oA T—=— =35V

3Vm 3

where d is the tube diametem the molar massT the ambient temperatur® the
universal gas constant which is equal to 8.314linrfgs, andv the average velocity of

molecules.

7.3. Adsorbed layer

The effect of adsorbed gas is neglected in moddlog through conventional
rock. This is reasonable because the occupied wlamegligible compared to the total
void space in conventional rocks. However, the dusib volume of Chlis crucial in
shale as the throats are often smaller than teameters and much of the void space is

in the organic material, for which GHhas a large affinity. While molecular adsorption
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can occur on any surface, the adsorbed layer of intkeestis on the organic material.
This layer diminishes in thickness as the pressure dagea

We analyze the effect of adsorbed layer on the asitigloat conductance. The
ratio of the throat conductance without adsorbed laydhat of in-situ condition (gas
adsorbed at in-sittemperature and pressure) is evaluated. The conductancaitititie
adsorbed layer is computed by assuming a liquid phase ism§jowhe purpose of this
calculation is simply to isolate the geometric efffetthe adsorbed layer. We assume the
thickness of adsorbed layer is 0.7 nm at 28 MPa (Ambrosé,e2010) and decreases
linearly with reducing pressure. We further suppose the cross sddai@aaof the throat
is circular considering the scanning electron microscoMjSmages (Cipolla et al.,
2010; Karniadakis et al., 2005). For the calculation of “tgui.e. no-slip) flow, we
assume the conductance of the circular tube depends @uthe power of characteristic
size, in agreement with Stokes flow of a Newtoniandfluihe influence of adsorbed
layer is important for the throat sizes smaller tB&nnm which constitute a significant
fraction of shale pores. For a typical shale santple characteristic throat size of 6 nm

corresponds to the largest fraction of conduits as shoWwigure 7.2.
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Figure 7.2: Pore size distribution of a Barnett shale &apigtained from mercury
intrusion capillary pressure (MICP).

The adsorbed layer of GHon pore walls significantly reduces cross-section in
pores smaller than 10 nm, as illustrated in the cros®seaf circular tubes in Figure 7.3.
The pore throat at lab condition is reduced by the addodeyeer that is indicated by
green color. The thickness of adsorbed layer is assutbebe 0.7 nm which is
representative of in-situ condition at 28 MPa here. Mserve that the change in the
cross-section area is significant and, thus, it hasetéaken into account if we want to

have a better understanding of in-situ condition.
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Figure 7.3: Change in the cross section area of thetipaa&s smaller than 10 nm is
shown here. The adsorbed layer is shown with greem eod assumed to
be 0.7 nm which is representative of 28 MPa. The decredke tross-
section area is notable because the pore throatsteeeneky narrow.

We build our pore space model based on the SEM imagehad¢ and the
drainage experiment. Some images of Barnett shaleabiaiin the literature are shown
in Figure 7.4. The high resolution images indicate margatlkrexist in organic materials.
The affinity of gas molecules for organic materials nsethat these throats constitute the
void space which is altered by desorption. It has beguoed that the fluid flow in
organic materials is mainly single gas phase (Wang and R&68). Therefore, we
propose a network model for gas permeability that includég voids within organic

matter.

7.4. Analysis of single cylindrical conduit

We analyze the conductance of a single-sized throatudy the effects of
adsorbed layer and slippage. Then, we build a network ntodetamine these effects
when the connected throats exhibit a distribution zé¢ssi Although the network does not
explicitly represent the arrangement of voids in aeshatloes yield a first-order estimate
of difference in the gas flow behavior through the shaldifferent conditions, e.g. high
pressure (early in life of a well) versus low presdafter substantial gas production) or

field condition versus lab condition. We take into act¢due effects of adsorbed layer
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and slippage on the conductance of each throat inetfeeork. Consequently, we develop
a characteristic plot mapping the measurements takigpiaal lab conditions to the in-
situ conductance of each throat.

Before considering the network, we investigate the efietctsisorbed layer and
flow slippage on the conductance of a single throathiswregard, we consider pore size
distribution (inferred from mercury porosimetry) and SB#Mthe Barnett shale sample
shown in Figures 7.2 and 4, respectively. We assume tlie spaice is a network of

cylindrical throats.
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Figure 7.4: Scanning electron microscope (SEM) images ofeBashale (Wang and
Reed, 2009; 2008; Ambrose et al., 2010).

13¢€



We begin by analyzing the effect of adsorbed layer omigh& conductance of a
single-sized throat. The goal is simply to quantify gemmetric effect of reducing the
throat size as the thickness of the adsorbed layeeases. Thus, slip is ignored; the
calculations assume no slip on the adsorbed layerrol@ef pressure in this analysis is
merely to change the thickness of the layer. Theltseate presented in terms of the ratio
of throat conductance without adsorbed layer to the coadoe with adsorbed layer (see
Figure 7.5). We observe that the adsorbed layer is crincedtimating the conductance
(with a no-slip boundary condition), especially agr pressures and in smaller pore
throats in the ranges of interest. The ratio of igoonductances is larger at smaller
throat sizes because the layer thickness, which igamttreat a given pressure, occupies a
greater fraction of the cross-section in smalleodls.
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Figure 7.5: Effect of adsorbed Gldyer(s) on hydraulic conductance of a single
cylindrical conduit. The ratio of “liquid” conductance hatut adsorbed
layer k(Kn=0))to “liquid” conductance with adsorbed lay&s) increases
as pressure increases and as conduit diameter dectaga@sconductance
refers to single phase laminar flow with no-slip bougd&hickness of
adsorbed layer is proportional to pressure.

13¢



Next, we explore the importance of slippage on the gadumance. To this aim,
we calculate the ratio of gas to liquid conductance® d¢tnductances are computed
assuming that no adsorbed layer exists. The only effqmtessure is thus to changa
and hence the degree of slip. The temperature is fixed aK38@ before, the liquid
conductance is computed with no-slip boundary conditiosetoe as a reference value.
The ratio of gas to liquid conductances is shown in FigweThe calculation reveals the
slippage plays an important role in smaller throat saed at lower pressures. For
instance, the gas conductance of a 6 nm throat, whichhkaargest fraction of throat
sizes in Figure 7.2, is larger than the liquid conductaneefhgtor of 1.5 aP = 20 MPa.
This ratio increases nonlinearly with decrease of pressevealing that the slippage

becomes more important at late production.
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Figure 7.6: Effect of slip at pore walls on hydraulic castduce of a single cylindrical
conduit. The ratio of gas conductance with slippagedvaluated at 300 K
and at pressure as per legend) to liquid conductance wglhopage,
k(Kn=0). Both conductances assume no adsorbed layer is présentalue
of Knudsen number changes with pressure.
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Now, we consider the combination of the competing effetthe adsorbed layer
and slippage on the gas conductance. The adsorbed laymesethe conductance by
reducing the cross sectional area. Slippage enhances tthectammce by facilitating the
molecule movements at the throat surface. Both affdepend on pressure. To analyze
this competition, we calculate the ratio of gas condwuetamth adsorbed layer to liquid
conductance without adsorbed layer. As above, the liqanductance is calculated with
no-slip boundary condition to serve as a referenagevdlhe gas conductance is obtained
by computing slip flow within the open cross-section of theoat remaining after
implementing the adsorbed layer at the specified pres3ure temperature is held
constant at 360 K. Figure 7.7 shows qualitatively diffetearids, depending on pressure.
At large pressures, the ratio of gas conductance aturcaitditions to the corresponding
no-slip conductance increases as the pore size increstsemall pressures, the ratio

decreases as the pore size increases.
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Figure 7.7: Combined effects of adsorbed layer and slip on Hidcamductance of a
single cylindrical conduit. The ratio of gas conductakggw, with
adsorbed layer and slippage (in-situ condition of 360 KRaad per legend)
to liquid conductance(Kn=0), without adsorbed layer and without
slippage. This behavior is relevant to evolution of pebiteaduring
production.

This calculation helps us understand which effect govéne flow behavior at
different stages of production. The comparison betweemmgasiquid conductances is to
analyze the gas conductance variation versus a reéeneadoe. It compares the gas
conductance (360 K, variol® which is representative of reservoir condition itpid
conductance, the reference value evaluated in the absdérae adsorbed layer and
ignoring slip. The analysis shows the adsorbed layeirddas the flow behavior at high
pressure B = 28 MPa in Figure 7.7) regardless of the throat size. T™hathe gas
conductance is smaller than the reference conductancal throat sizes because the

adsorbed layer significantly reduces the cross-secbongés flow. The influence is
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greater for smaller throats. However, the slippage thas primary effect at small
pressuresR = 10 MPa orP = 5 MPa). That is, the gas conductance is greaterttiean
reference conductance for all throats, with the éffesng greater in narrower throats.
The implication of Figure 7.7 is that the adsorbed lajeuld be taken into account for
modeling gas transport during early production while the inflaenf slippage is
dominant during later production.

Finally, we compare the gas conductances at lab anduircenditions for the
single tube study. This is useful for estimating gasneability in field from laboratory
measurement. The adsorbed layer is presumed negligilab eondition as the pressure
(5 MPa) is low; the curve for the corresponding pressurgigure 7.5 shows that the
correction is less than 25% for all throat sizes. ffiekness of adsorbed layer varies at
in-situ condition depending on the pressure. Note thatstippage occurs in both
conditions. We calculate the gas conductance at lathtéon (T = 300 K) from the liquid
conductance accounting for slippage at lab pressure ieldeant flow regime (Knudsen
number criterion evaluated at 300 K and 5 MPa) by meangjagétion (7.2), (7.3) or
(7.9). For the in-situ condition, we compute the crosstisnal area open to flow
depending on the thickness of adsorbed layer. The gas ¢andegs computed from the
liquid conductance at the field pressure after implemegrthia slippage. Figure 7.8 shows
that the gas conductance at laboratory condition isbiyp higher than the in-situ
condition at larger pressures. This is because of ttle d& adsorbed layer and the
enhancement of slippage at laboratory condition vs.tun-sondition. Clearly, the
laboratory measurements should be corrected for any floavdeling at the field
condition. Considering the importance of this issuégvbeve will analyze the laboratory

measurements using network modeling and propose a correction
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Figure 7.8: The ratio of gas conductarigg, without adsorbed layer and with slippage
(lab condition 300 K and 5 MPa) to gas conductakges, with adsorbed
layer and slippage (field condition 360 K and pressure aegend)
increases as pressure increases and as cylindrical sir@akecreases.
These curves are relevant to estimating field permeabititn laboratory
measurements.

Liquid permeability is also of interest in shale, eitfier the problem of water
production or for the challenge of “tight oil” productioho estimate liquid permeability
at field condition from the gas permeability measuredaabratory condition, we
calculate the ratio of gas to liquid conductances afi@escylindrical conduit. As above,
the adsorbed layer at lab condition is negligible bseaof the low pressure. Therefore,
the gas conductance at the laboratory condition is caddudm the liquid conductance
by implementing the slippage at the laboratory pressudetemperature (5 MPa, 300 K).
For the liquid conductance at the in-situ condition, vaécuwate the throat area not

obstructed by the thickness of adsorbed layer. The thsskof adsorbed layer depends
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on pressure. We ignore the swelling effect for thetim-sdondition which may reduce the
hydraulic conductance. This may occur because of the pees#Enthe water in the
formation which is not available to the same amouthetaboratory condition. The ratio
of gas to liquid conductances at lab and field conditisnshown in Figure 7.9. The
results reveal the gas permeability obtained at lalliton is significantly larger than
the liquid permeability at in-situ condition. The ratib permeabilities estimated here is
larger than the preceding analysis (Figure 7.8) since thadlidoes not slip at lab
condition. In reality, the ratio of gas to liquid conduates may be even greater than in
Figure7.9 since the hydraulic conductance of throat decrdssemuse of possible

swelling clays present in the formation.
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Figure 7.9: For a single cylindrical tube, a lab measureofegds permeability greatly
overestimates the permeability to liquid in the resenas shown by the
ratio of gas conductanck,y,, with slippage and without adsorbed layer (lab
condition of 300 K, 5 MPa) to liquid conductankg,s without slippage and
with adsorbed layer (field condition 360 R,as in legend). Pressure
determines thickness of the adsorbed layer.
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7.5. Analysis of network of cylindrical conduits of distributed sizes

We employ a regular square lattice network (Bennetl. etl862) to model the
gas flow through organic materials in shale. We adoppdine size distribution from the
drainage experiment shown in Figure 7.2. We also assumewitith of network
(transverse to the direction of flow) and throat lérate, respectively, 17 nm and 50 nm.
The model width is chosen so that the network model yeeldssired porosity. Here, 17
nm is the value which results in the desired porositi08b. The small width means that
the network corresponds to a thin 2D slice through the orgaatierial oriented along the
axes of the circular holes. That is, we considew flgerpendicular to the plane of the
images in Figure 7.4. The objective is not to representattiual connectivity of the
voids, but to capture the influence of adsorbed layerslgnoh& connected collection of
throat sizes. When the throat sizes are distribusadlamly on the network, the gas
permeability of the network is 93 nD at lab conditioe.(without adsorbed layer; the
calculation accounts only for slip in each throat, udtggiations (7.9) and (7.3) (high
Knudsen flow models) to relate flow in each throgptessure gradient along that throat).
The network permeability is a plausible overestimatethef measured value as the
network represents only the organic portion of the sfdle.organic matter accounts for
10% of the core volume, so prorating the network coution accordingly would yield
an estimate of 9 nD which is typical for the shaldlifBte et al., 2008).

A schematic of the network model is shown in Figure 7.1C $thematic
indicates that the overall interactions of the ttspa@onnected to each other in the
network, control the flow properties. In the networkdal we account for both the
effects of adsorbed layer and gas slippage of the parattto predict the dependency of

the flow properties on the pressure.
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Figure 7.10: A schematic of the network model built basechercury intrusion capillary
pressure. This indicates we take into account both thetefbf adsorbed
layer (shown by green color) and slippage (shown by redvarrelative to
blue arrows) for each pore throat.

7.5.1. Effect of laboratory conditionsvs. field conditions on gas permeability

First, we evaluate the gas permeability at in-situ d¢@mm$ by considering the
influence of adsorbed layer on flow through each coriduhe network. To compute the
gas conductance at in-situ condition, we calculatelithed conductance with no-slip
boundary condition based on the cross sectional areandiageon the thickness of
adsorbed layer. The gas conductance of each throagnsctbmputed from the liquid
conductance.

The ratio of network permeabilities at lab to in-sienditions is presented in
Figure 7.11. The results show that the measurements mabe kb condition would
overestimate the permeability by a factor of 4Pat= 28 MPa, i.e. at the start of
production. This factor is almost equal to the ratio bftla in-situ permeabilities for a
single tube of 6 nm (cf. Figure 7.8), which has the larfyastion of pore throat sizes as
deduced from mercury intrusion data shown in Figure 7.2. Thasnthat the throats

whose characteristic sizes constitute the largest pagnuldominate the flow behavior.
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The overestimation would be even larger if the predictivsere based on lab
measurements at ambient pressure and temperature. Hasalsse of enhancement in
slippage occurring at low pressures. The ratio reachéyg atna slightly larger pressure
than 5 MPa because the field temperature (360 K) is gréatetiie lab temperature (300
K) and because the gas for the lab measurement antll not CH The difference in
temperatures makesn slightly larger at the lab condition, but for a givpressure,
temperature, and throat size, the properties oyiBld smallerkKn than for CH. Thus,
smaller slippage occurs for,Nhan CH because of smalldfn, resulting in a smaller
permeability. Thus, the gas permeability of the network rmedposed to Chl at a
slightly larger pressure than 5 MPa at field conditiqunads the N permeability at the lab
condition.

The ratio of lab to in-situ permeabilities decreasethagressure decreases. This
is because of the opposing effects of adsorbed layer gpégt at different pressures.
To provide a quick tool for estimating the in-situ perhity from the lab measurement,
we fit a curve to the results in Figure 7.11. The nonlinegression model indicates the
coefficient of regression is 0.99. Therefore, the in-gas permeability can be estimated
from lab measurement using the following equation:

kg lab 2
9k —0.00P? +0.089% +0.783 (7.12)

g,in—situ
whereky,in-situiS the gas permeability at in-situ conditidg,anthe gas permeability at lab
condition (300 K, 5 MPa), arfd gas pressure in MPa.
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Figure 7.11: The ratio of gas permeability with slippage atldoart adsorbed layer (lab
condition:T = 300 K,P = 5 MPa) to gas permeability with adsorbed layer
and slippage (field conditio: = 360 K P from x-axis) obtained from
network of cylindrical throats having size distributioarfr Figure 7.2.

We should be aware of the differences between the Klinkgisbeorrection and
what we proposed here in Figure 7.11. In the Klinkenberg, tirecatimn only accounts
for the slip flow regime. However, we adopt both slij dransition models as they are
appropriate flow regimes arise in nanoscale throatgh&r, we have taken into account
the effect of the adsorbed layer of gas on the gas péilig which was not included in
the Klinkenberg’s correction.

7.5.2. Effect of field conditions during production on gas permeability

Finally, we investigate the effect of declining field preges on the gas
permeability using the network model. In this regard, we catieuthe ratio of the field
permeability at low pressurekgy{in-siy) to its value at the start of productioky(in-sit)-
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The initial field pressure is presumed to be 28 MPa. We iato account the effect of
adsorbed layer depending on the pressure. In addition, esurdcfor the effect of

pressure on slippage. The ratio of the gas permeabiliegsrasented in Figure 7.12. The
network modeling suggests that the shale permeability attdme of production is

significantly smaller than during late production. The aldesd layer is the reason for this
effect. Furthermore, the dependency of the permeabifityhe pressure is nonlinear.
Hence, the gas permeability of shale is highly dependenthe pressure unlike the
conventional reservoir. This has major implicatiomseservoir simulations and ultimate

recovery estimation models.
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Figure 7.12: The ratio of gas permeability at pressisdxlow initial reservoir pressure,
..., to gas permeability at initial pressufe 28MPa),.. .. ..,
increases as production continues and pressure declinediagborThe
ratio is calculated from network of cylindrical thredtaving size
distribution shown in Figure 7.2.
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The significant permeability increase over the productida provides an
explanation for the “long tail” behavior which is udyalbserved in shale gas reservoirs
(Baihly et al., 2010). The long-tail production refers te field data in which the
production rate drops significantly at early times arudislat low rate for a long period.
An alternative explanation for the long tail behavitamiliar from conventional
reservoirs is that the reservoir is heterogeneougered formations can give sustained
lower rates late in the life of a well (Walsh andkea2003). Determining whether such

heterogeneity exists in shale gas reservoirs is bety@nsicope of this work.

7.6. Validation against laboratory data

Figures 7.11 and 7.12 summarize the main implications ahtwy. Figure 7.11
estimates gas permeability at the in-situ condition ftbenlaboratory measurement and
Figure 7.12 predicts the enhancement of the gas permeabhilitggproduction. Two sets
of experiments are required to validate these impdinat The first set needs comparison
of the measurements withy Idt laboratory condition and GHt reservoir condition. For
the second set, we have to analyze the dependencglofasistance against gas flow on
the pore pressure when the moving fluid is methane. Thevitdstethane should be run
at the reservoir temperature and pressures to représeim-s$itu conditions. Our model
predicts that the effect of the adsorbed layer becamm® important as the organic
content of shale increases. The organic-rich region rare tendencies to adsorb
methane to its pore wall and this has to be considered aioosing the core samples.

Data across the range of conditions of Figures 7.11-12oftks with different
organic content are not currently available. Howeverasueements of CHtransport
reported on a particular shale at pressures below 7 M&tagin, 2011) let us partially

test the effect of slippage. The experimental data wezasured with methane for a
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sample whose permeability at 5 MPa and 300 K is 390 nD. fidxetiee stress was kept
constant in the laboratory measurements (Letham, 20tt)is, the confining stress was
lowered to yield the same effective stress at a Iqyeee pressure. The porosity of the
laboratory sample was reported to be 13%. The porosibuobriginal sample is 10%,
which is slightly different from the laboratory samplTo compensate for these

differences, we increase the pore throat sizes of ogmal network model, whose
permeability is 9 nD at 5MPa and 300 K, by a factor of 6.@(2 es8). We also
9

increase the width of the network by a factor of 43@5%&) to keep the porosity of the
network model unaffected by the change in the pore s&tghiition. Using the modified
model, we compute gas permeabilities for a range of gmedisures (between 1 and 6
MPa) and 300 K. Since the effective stress was kept adnsharing laboratory
measurements, we do not change the modified pore thmeadistribution with pore
pressure. (In the field effective stress increases nggervoir depletion, and the effect on
pore throat size distribution, which is not includedhe model presented here, would
diminish the slippage effect in Figure 7.13). Figure 7.13 gdla¢se gas permeabilities
normalized by the nominal liquid permeability at laboratooypdition. Similar to every
calculation done for the laboratory condition throtigis study, the gas flow here is with
slippage and without adsorbed layer and the liquid flowitkowt slippage and without
adsorbed layer. However, unlike the laboratory condierdefined in which pressure is
5 MPa, we change the pressure to investigate its influengapermeability, which is
because of slippage. The liquid permeability for the laboyadata is 390 nD estimated
by extrapolating the measured gas permeability to largeuypeesgigure 7.13 shows that
the model slightly underestimates the normalized gasngedoility, the maximum

difference with laboratory measurement being only 6%s Trdicates that the slippage
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model provides a good estimate for the effect of pressugas permeability at moderate

pressures.
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Figure 7.13: The ratio of gas permeability without adsorbed &ye with slippagek¢
lab(P, T=300 K)) to the liquid permeability without adsorbed layest an
without slippagek(Kn=0)) is obtained from a network of conduits and
compared with the laboratory measurements (Letham, 20&é )effective
stress is constant and hence, the pore pressure chaegeaaffect pore
throat size distribution. Gas permeability increaseh lowering pressure
because of slippage unlike the liquid permeability which mstant. The
flowing gas is methane.

7.7. Conclusions

Pore throats of shale are mostly narrower than 10 nmaamdnside organic
material on which Cll adsorbs. As a result, the gas permeability of thesksras
significantly affected by adsorbed gas and by slip of figngas on the pore walls (or on

layers of molecules adsorbed on the walls). The &dsolayer does not play an
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important role in conventional rocks as the pore thrasesmuch wider, nor is the gas
volume desorbed from the organic material significantonventional reservoirs. To
better understand gas flow behavior through shale, we esdlufiese effects in

individual conduits of cylindrical cross-section and in denpetworks of such conduits.
The effect of adsorbed layer was treated as purely geontéke cross-section open to
flow was reduced by the thickness of the adsorbed layechwhas assumed to vary
linearly with pressure. The effect of slip was accourftedby applying the model

appropriate to the flow regime, according to Knudsanlver Kn). The latter depends on
pressure, temperature, and conduit diameter. For th8skiegime, the first-order slip

model was judged more suitable than the dusty-gas modéief@htle gas application.

At large pressures such as typical initial shale gasves pressures, the effect of
the adsorbed layer dominates the effect of slip on gaseppermeability. Slip dominates
at smaller pressures typical of those after longeog@siof production. Consequently, the
reservoir matrix permeability is predicted to incresigmificantly over the life of a well,
by a factor of 4.5, as production continues and pressuraéeclihe models predict that
the typical conditions for laboratory measurementpestneability cause those values to
overestimate field permeability by as much as a factod.oThe model results are
captured in simple analytical expressions that allow coew estimation of these
effects.

For complete validation of the proposed model, laboratogasurements at
elevated pressures, in the order of 28 MPa, and reséevgirerature made with Ghre
needed. Experimental data at such conditions, for vthieladsorbed layer is expected to
have the dominant effect, are not available. Compariogleipredictions with the
laboratory data at lower pressures (< 7MPa) and constfhettive stress permits

evaluating the importance of slippage. When normalized hey rtominal absolute
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permeability of the network (i.e. the value when botlp sind adsorbed layers are
negligible), the predicted trend agrees well with theasurements. The maximum
difference between the predicted normalized gas pdaifitgaand measured value is 6%.
This means that our adapted network model provides a reasobable for

understanding the effect of gas pressure on matrix perntgalbithale gas reservoir.
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Chapter 8: Concluding remar ks and futur e wor ks recommendations

8.1. Concluding remarks
8.1.1. Tight gas sandstone

The objective of this study in tight gas sandstone wadetegelop a new pore
structure model to capture the two-phase displacementstably mercury
invasion/withdrawal (as obtained in conventional mercutyusion capillary pressure
measurement in evacuated samples, followed by mercungnaival), and gas drainage
of brine (as obtained in conventional porous plate exgmatisnof initially brine-saturated
samples).

We have analyzed the laboratory measurements of merungion (drainage),
withdrawal (imbibition), porous plate on a set of 15 sampulf tight gas sandstones from
the Western US. For this purpose, we have developed a caldtismodel to analyze
macroporosity (intergranular void space) and micropordgittragranular void space)
and their interactions. The multiscale model embracesentional network model and
tree-like pore structure to mimic the intergranulard antragranular void spaces,
respectively. The tree-like pore structure is proposeldisnstudy for the first time.

The porous plate data of the drainage experiment provexhdbit a strong
signature of the amount of intergranular voids in a $am@pplying the multiscale
model to such data enables a classification of the gpa@ce of rocks into macro-
dominant (large macroporosity fraction), intermediatenibination of macro and
microporosity), and micro-dominant (large microporosit@cfion). Each class has
different imbibition behavior and hence different expecgas recoveries. Similarly, the
mercury withdrawal test shows different results forhepore type identified by the

porous plate test, and hence, it independently confirmse#igtence of different
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connectivities of void spaces. Using mercury withdrawahb daibng with our pore
structure classification allows estimating the chamastic residual saturation for each
structure. For a set of 35 samples of tight gas sandstemeshe Western US and 9 from
other places (Cluff and Webb, 2009), the ultimate regoigestimated to be between
14% to 83% of the initial hydrocarbon saturation dependinth@matio of microporosity
to total porosity and initial gas saturation. The recpwecreases as the fraction of tree-
like microporosity increases and also improves withr@nease in initial hydrocarbon
saturation. The classification also predicts differgattrical resistivity responses for the
classified pore structures that are consistent withmbasured results. For the set of 15
samples from Western US, the averages (arithmetionwahe cementation exponents
of the macro-dominant, intermediate, and micro-dominare 1.8, 1.79, and 1.48,
respectively. For these samples, the averages (arithmetan) of the saturation
exponents of the macro-dominant, intermediate, andortiominant are 1.58, 1.50, and
1.32, respectively.

We have used field data (repeat PLT logs on a singlé we& tight gas
sandstone) to test our multiscale model. For this, lassified the pore structure using
laboratory measurements like permeability and mercurydnatval. We observe that the
production rate per unit thickness of the macro-dominatetrval is the largest initially
but it becomes the smallest at a later time duringtbduction because it has the fastest
reduction rate in the production. The largest initial prodactate is because of the
largest permeability typical of macro-dominant rock, tastest reduction in the
production rate (largest decline ratio) is a consequencefefior recovery (largest
residual saturation) from macro-dominant rock. This red@at the available field data
are consistent with the model prediction, and this oetbf classifying tight gas

sandstones by pore type should be tested as larger sets diecome available.
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We extrapolated the production rates of the layersheftight gas reservoir
obtained from PLT using the tank model and integrated dwes to compare the
cumulative production of each layer. The projected cativd production per unit
thickness indicates that the hydrocarbon recovery efticro-dominant interval is the
largest, and this agrees with our hypothesis of having h@tiducibility with in increase
in the microporosity fraction. Knowing that micro-dommgore space typically has
smallest permeability of the three pore types and thera@hat micro-dominant intervals
tend to have the lowest initial production (IP) rates withwell, we conclude that initial
production (IP) alone is not an appropriate tool fomesting EUR. This highlights the
importance of having a better understanding from pore ateicf unconventional rocks

which could be true for shale gas reservoirs as well.

8.1.2. Shalegas

The main goal of this dissertation with regard to theertes of gas shale was to
analyze the pore connectivity. We also sought to evaliesffects of the adsorbed
layer of gas and of gas slippage on the single-phase gasadality.

To analyze the pore connectivity, we studied the meraotrpsion capillary
pressure (MICP) data of the shale and proposed two paoictst models, i.e. tree-like
model and nooks and crannies (NC). The proposed models affepérdi pore throat
geometries and connectivities. The void space of thelikeestructure takes circular
tubes to model the pore throats that are connected acyclic pattern. In the tree-like
model, there are multiplying branches with ever smalievats. On the other hand, the
NC model assumes that the void space comprises nmacietke (large-aspect-ratio)

throats that are connected through the rock simildredotindle-of-tubes model.
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We used both connectivity models to predict the singkesp gas permeability
without slippage and without adsorbed layer of gas fronMi@P data. The NC model
predicts that the permeability is 106 nD whereas fotréelike pore model it is between
15-27 nD. These are both in the acceptable range of petityeébil00 nD, Sakhaee-
Pour and Bryant, 2012).

The NC model requires extremely large-aspect-ratioatisrto capture the MICP
data. The throat length is approximately 30 micron for ar®22wide microcrack-like
throat if we assume that the throat size is mome-dHowever, it is very unlikely that
such a large-aspect ratio throat remains open at iresitdition in the presence of a
confining stress. Thus, we judged that the NC model isremmesentative of the shale
void space and the pore connectivity of the shale i€ miomilar to the tree-like structure.

To better understand the effects of adsorbed layer ofigd of gas slippage on
the shale permeability, we first evaluated these effent individual conduits of
cylindrical cross-section and in simple networks of suctdaoite. The effect of adsorbed
layer was treated as purely geometric: the cross-seafien to flow was reduced by the
thickness of the adsorbed layer, which was assumedrydlinaarly with pressure. The

effect of slip was accounted for by applying the model appatgpto the flow regime,

according to Knudsen numbeKr(). The latter depends on pressure, temperature, and

conduit diameter. For the slip flow regime, the fostler slip model was judged more
suitable than the dusty-gas model for the shale gas appiic

At large pressures such as typical initial shale gasves pressures, the effect of
the adsorbed layer dominates the effect of slip on gaseppermeability. Slip dominates
at smaller pressures typical of those after longemdsrof production. Adsorbed layer
reduces the conductance of the shale pore throat bytar fat (1.1-7.2) while its

slippage enhances the conductance by a factor of (1.2—2®enhenting both effects,
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our adapted network model predicts that the matrix pernitgaipitreases significantly
over the life of a well, by a factor of 4.5 for a Bettnshale sample, as production
continues and pressure declines. The adapted network mduelk isased on the pore
size distribution obtained from MICP data of the Bdtrshale sample. The model also
predicts that the typical conditions for laboratomgasurements of permeability cause
those values to overestimate field permeability by ashnasca factor of 4. The model
results are captured in simple analytical expressicatsalfow convenient estimation of
these effects.

For complete validation of the proposed model, laboratogasurements at
elevated pressures, in the order of 28 MPa, and res¢evgirerature made with Ghre
needed. Experimental data at such conditions, for vthieladsorbed layer is expected to
have the dominant effect, are not available. Comparimdetpredictions with laboratory
data reported in literature at lower pressures (< 7MIAd) @nstant effective stress
permits evaluating the importance of slippage. When nazedhby the nominal absolute
permeability of the network (i.e. the value when botlp sind adsorbed layers are
negligible), the predicted trend agrees well with theasurements. The maximum
difference between the predicted normalized gas pdaifitgaand measured value is 6%.
This means that our adapted network model provides a reasobable for

understanding the effect of gas pressure on matrix perntgalbithale gas reservoir.

8.2. Futurework recommendations

8.2.1. Tight gas sandstone

The gas production data of a Western US reservoir weeslable from
production logging tool (PLT) logs at two different timds further test the notion of
pore structure classification and its implication onulignate recovery, we propose that
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the operators consider acquiring more production dataeattlates of productions. This
allows further assessments of the performance dighegas reservoir.

We assigned the pore structure of the producing intervhisndissertation from
the core measurements. In practice, these measurearermst always available. Thus,
the next step is to assign the pore structure of théupnoeg interval from other logging

tools like resistivity logs. The measurements are obthimore often in practice.

8.2.2. Shalegas

We learned a lot regarding the pore structure of thet tigls sandstone by
analyzing the porous plate results. However, such expetsnusing samples of gas shale
are not available in the literature. Thus, we proposerdsearchers obtain those data for
further investigations of the shale pore structure.

We proposed the adapted network modeling approach to predieffféduts of
adsorbed layer of gas and gas slippage at the pore waltheosingle-phase gas
permeability. Those effects are highly dependent on thegssure. However, the gas
permeability measurements at elevated pore pressures (~ 400aresiot currently
available. Hence, the next step would be to acquire thmgability measurements at
those elevated pore pressures and compare the resultsviaaththe adapted network
modeling approach predicts.

We analyzed the gas flow behavior assuming that the Mowingle-phase.
However, in reality, shale reservoirs produce a sigmficalume of water. Therefore,
the subsequent step is to study the two-phase flow prepeitshale gas reservoirs. This

entails both theoretical and experimental studies.
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We interpreted the topology of the shale void spacs fMICP measurements.
The capillary pressure increases up to 60000 psi in these me@sus to invade the pore
throats that are smaller than 10 nm, which is a typaade for the shale (Sakhaee-Pour
and Bryant, 2012). This large capillary pressure could digepore structure and hence,
the interpreted topology might not be representativeamfintact rock. Hence, we
recommend that the researchers analyze other pordistzution measurements such
as adsorption/desorption and contrast the resultsMiIi@iP data.

We observed many microcrack-like pore throats in th®l $fages of the shale.
These throats are more probably closed at in-situ tondn the presence of a confining
stress. Hence, it would be valuable to measure andzanéhe mercury intrusion and
withdrawal capillary pressures of confined shale samfles analysis will help us to
know pore throats with which characteristic sizes genaunder the confined boundary
condition and hence, we will interpret the existing Sihdges more intelligibly. The
SEM images are obtained without confining stress amgl likely show some throats that
are probably closed at in-situ condition. The studyhefdonfined shale samples will also
allow us to gain a better understanding of the connectisebrie of the pores at the in-

situ condition.
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Appendix A: Non-continuum flow models for slip flow regime

A.l. First order slip model

The velocity profile in the slip flow regime for a ayrical conduit is obtained by
adding a correction term to the solution of the Naviek&s equation after applying

Newtonian fluid assumption with no-slip boundary condi{iBoy et al., 2003):

U =u (A1)

no-slip + ucorrection

whereus is the velocity profile in the slip flow regime,,-sip the no-slip velocity of the
Newtonian fluid, anducorreciion the correction term to implement the effect opséige.
The correction term is constant independent of locafibe slip velocity profile can also
be expressed in a non-dimensional form as:

U s = U no-slip + U correction (AZ)

where the non-dimensional no-slip velocity is defiasdollows:

(A.3)

r
U =1-(=)?=1-%°
(R)

no-slip
whereR is the radius of tube, distance from the center tube, antdhe normalized radial
distance from the center of tube which is equal to unithe@wall. To include the effect

of molecule-wall collisions, the first order slip boungdarondition is imposed as

(Karniadakis et al., 2003):
S| — 2_0-\, 6US Kn
Y g, onj,

\

(A.4)

wheren is outward (unit) vector which is normal to thdé¢uwall andg; the tangential
momentum accommodation coefficient. The tangentiaimentum accommodation is
calculated by measuring the gas flow rate at the fldw regime and is close to 0.9

(Karniadakis et al., 2003).
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The first order slip boundary condition is applied to dettike non-dimensional

velocity profile (see Equation (A.2)) (Karniadakis et 2003):

| A5
ou s| ( no—Sllp aUcorrecnon) no—sl|p| - _(_2X)|X:l =2 ( )

on |W on on

w |W

The minus sign is because of the direction of the nokmetior. The correction term is

constant and thus its gradient vanishes. Therefore, BQu#ti4) simplifies to:

- - A.6
2-0,0Y, Kn:2(2 9vyKn (A.6)
g, on

\% w \%

Thus, we can express the non-dimensional velocayilp based on Equations (A.2) and

(A.3) as written in below (Karniadakis et al., 2003

- A7
U, =1-x +2(2~%)kn (A7)
O-V
To cast this profile in terms of permeability, wietain the flow rate as:
Q=u, (r)2ndr—aj(1 % +2(2"%5)Kn) xdx
I (A.8)
_ Ql
Q:Ej - x2 +2(2"%vykn) dx——+( Ivykn
0 v v

whereQ is the flow rate,o,a characteristic flow rate, ang the non-dimensional flow

rate. The first term in the RHS represents thelipoflsw rate and the second term is the

enhancement because of slippage. Therefore, teetedf slip on permeability can be

readily measured by dividin@ (Kn) by Q (Kn=0):
i+(2_0 Y)Kn
= . =1+ 4( —Z4)Kn (A.9)

V

ks
K

NR[Q
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Here, kg is the permeability of the conduit to gas phase,kamlthe permeability of the
same conduit when the no-slip boundary condition applige latter condition usually
holds when a liquid fills the conduit, hence the chomle subscript I. After
implementinga, = 0.9, we obtain the enhancement of apparent permeabditgdc, in

chapter 7 text (cf. Equation (7.3)), to be equal to 5.

A.2. Dusty gasmodel (DGM) in terms of K nudsen number
The apparent permeability of the conduit based on dustyngae! (DGM) is

calculated as:

k b

_9 — (1+M) =1+—
5 kP P (A.10)

The second term on the RHS can be simplified aftertisutnsg the Knudsen diffusivity
coefficient in terms of pertinent parameter using EqQ1{A We also use the Hagen-
Poiseuillemodel for permeability term as follows:

g EX’LJ @Xﬂ Exﬂ
D 3V m " _321V/m " _641V /m " (A.11)

kp djxp 3d p 3d p
32

b
p

Here, we implement the ideal gas assumpti@Q;{BT = oRT ) to express the pressure in
m

terms of density which yields the results in teoh&n:

2RT
b_641Vm " _64p |2m 1284 | T _aconn (A.12)
p 3d pET 3 pd\V/RT 3mod\2RT
m
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