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Abstract: - The permeability of reservoir plays an important
role in modeling gas production form reservoir. The transport
mechanism in shale gas reservoirs is significantly different
from conventional reservoirs. As the gas is mostly stored in
the organic matter, the transport mechanism of this gas
mainly depends on the diffusivity and desorption of gas from
the source. To have better understanding of the flow
mechanism the concept of relative permeability is very
important, which has more impact on the well performance in
shale reservoirs.

In this paper, we have explained about importance
of relative permeability and the different techniques to
determine the relative permeability.

1.0 INTRODUCTION:
Shale gas is a natural gas, formed in shale formations.
These formations behave as both the zone of production
(source) and zone of accumulation (reservoir). Shale
formations are self-sourcing rock where organic matter is
stored. They referred as the unconventional reservoirs due
to their low permeability .Permeability refers to capacity of
porous media to transmit the fluid, which shows contrastive
with the conventional gas reservoirs. The very low
permeability of rock causes the gas to trap and prevent it
from migration. The gas trapped in such formations in the
form of absorbed organic material or trapped in tiny pores
of rock. While considering gas potential, apart from
permeability other properties of shale are total organic
content (TOC) and thermal maturity. All through the shale
gas is clean, because of its low hydrodynamic conductivity
of shale and structural complexity it is hard to extract from
the pay zone. With the increase in interest to extract the
shale gas many special techniques from drilling have been
implemented in many shale gas basins. The techniques to
explore and produce the shale gas vary with conventional
gas techniques. Various shale gas basins in the world and
comparative analysis of estimated technically recoverable
shale gas from various countries are provided in the below
figures.
Over View of U.S. Shale Gas
The shale gas E&P operations in US has become a boon
and altered the natural gas production and supply. The US
had gained the significant momentum from the year 2008-9
in production of gas. The production in Marcellus, Barnett,
Haynesville and Fayetteville gas plays has most actively
produced basins.
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2.0 Shale Gas Storage:
In contrast, with sandstone and limestone formations in the
shale gas formations the gas forms and remains in the
formation itself. The porosity values of shale gas systems
range from 2-15%, in typical depth of Barnet shale’s. The
gas may be stored in the four different types of porous
media in productive gas shale reservoirs. They are

e Non organic matrix

e Organic matter

e Tiny pores and natural fractures.

e Hydraulic fractures

Gas stored in shale formations is of three different types

e Free gas is the gas, which is attached with organic
(kerogen) matter or clay minerals. This gas trapped in
the pores, fractures and rock matrix. The amount of
free gas increases with the increase in organic content
or surface area of kerogen material.

e Absorbed gas is the gas, which trapped in the tiny
pores in the rock. This gas also traps in the fractures,
which are natural or hydraulically fractured.

e Solution gas is the gas, which is attached with the
liquids.

The figure shown below types of storage areas of shale
gas.

Figure 1:- Gas storage areas in shale gas reservoir.
Higher free gas in shale wells leads to higher initial rates

of production due to trapped in the fractures and pores
which is easier to flow towards the well bore than
compared relatively with absorbed and solution gas. Once
all free gas is released for a period of time showing the
rapid decline flow rate, then absorbed gas is slowly
released from shale.
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“Shale gas differs in possessing the characteristics of gas
absorption on the surface area associated with organic
matter

and clay. The relative importance of free gas Versus
absorbed gas is a function of pore type, network and
mineralogy, the amount of organic matter present, rock
structure, diagnosis, reservoir pressure and temperature”.
(Bustin, et al., 2008)

Pore type, network and mineralogy: Shale matrix is
composed of clay minerals, quartz, pirate and organic
matter. In the shale matrix, two types of matrix pores exists
“micro scale pores” and “nano scale pores”. Nano- scale
pores are situated throughout the kerogen material and
clay-rich mud rock. Micro scale pores are seen mostly in
silica-rich mud rock. Most shalesin Barnett, Fortwarth are
composed of pyrites and kerogen material in pores. Shale
gas flows through a pore network from nano scale to micro
scale pores. Flow from micro scale pores, generally follow
“Darcy equation” and are referred as “Slip flow”. Whereas
flow from nano scale pores are generally dominated by
both “Slip flow” and “Surface interactive pores”.

Organic Matter:-

The organic matter in shale acts as the separate porous
media. Pore spaces in organic matter are created due to
hydrocarbon generation, these pore spaces can in turn
absorb and store free gas. The free gas stored in matrix
directly increases with total organic content (TOC). When
TOC is zero, it is considered as the free gas stored is in the
non-organic matrix. Mechanism of free gas flow from
organic content are speculative, but oil wet organic matters
resembles that flow hydrocarbons through the organic
matter. The existence of non-organic matrix along with free
gas stored in organic content medium can’t be separated.
The role of organic matter can be important in terms of
petro physical properties as well as migration and
production.

Pore space in organic matter can be five times higher than
that in the nonorganic matrix. If Organic matter is oil wet,
and associated pores acts as nanofilters for the flow of
hydrocarbon, by modeling that fluid flow in organic matter
is mostly single phase.” (Javadpour.F, 2007)

“Due to high porosity, predominantly single-phase flow
and the gas slippage effect, permeability of gas in organic
matter is significantly higher than that in the nonorganic
matrix and tends to increase gas permeability in gas-shale.
The pore network in organic matter (porous media), can be
larger than compared with the fractures, this could be the
hidden pathway to high gas production for shale gas when
contacted or connected with natural and hydraulically
created fractures.”

3.0 Gas Transport Mechanism:

Fluids move through a porous media by various transport
processes. In general, the transport of gas is done by
considering three elements of transport phenomena like
momentum transport, energy transport, and mass transport.
The transport of gas in shale reservoirs is described by
mass transfer with diffusion under isothermal conditions
i.e. under constant temperature. Adsorption effects occur
mainly in the organic porosity.Gas solubility in water is
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considered when water is present, which is introduced into
the shale during the hydraulic fracturing. When water is
present, transport of water with in the rock has to be
considered. The effects of capillary pressure play a great
role in the fluid transport due to the nanometer-scale Pore
throat radius. Gravity effect on flow is concerned when
water is present in the transporting fluid.

Schepers (2009) initially didn’t indicate the diffusion of
adsorption gas into the fracture system as well when it
diffuses into the matrix pore system. Secondly, the fluid
flow within the matrix micro-pore system and the flow
from matrix micro-pore system to fracture system are given
by darcy-flow, which means the flow of gas within the
porous media is due to pressure gradient.

Matrix micro-pore system
Gas adsorption

“ - T

Fracture system

— F E

—(w) ) T
A A A

o

Rarcy Elow, Diffusion.

F Fracture A Adsorption

Figure:-2 Gas Transport Mechanism in shale gas reservoir .

Wang and Reed (2009) included two types of porous media
in gas shale’s, pores and fractures. Pores are subdivided
into two types as organic pores and non-organic pores, the
fractures are subdivided into two types as natural fractures
and hydraulically induced fractures. The organic pore
inside the matrix is believed to act as a porous medium for
the gas to flow through the matrix.

Schepers, stated that the release and transport mechanisms
are characterized by desorption, diffusion and Darcy-flow.
Moreover, the flow in the porous medium is the dominant
flow mechanism than the flow by diffusion mechanism.
The entire transport mechanism can be described as
follows.

1) Free gas will flow through matrix pores (primary
porosity) into the fracture system (secondary porosity) due
to pressure difference occurred due to fluid flow in porous
media.

2) Now, the free gas will flow to the wellbore
through fractures.
3) For adsorbed gas, desorption will occur when the

pore pressure decreases, and adsorbed gas molecules have
the potential to move and diffuse to the pore space from
particle surfaces.
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4) Now, the adsorbed gas becomes free gas and the
further transport of this free gas will follow the same way
with the original free gas, and the flow mechanism through
the matrix pore system and fracture system is also the
same.

Pure free gas transport mechanism

Free gas flow in matrix pore system Free gas flow in fracture system

Adsorhed gas & free gas transport mechanism

(s desorption n matrix pores and ractures  psorbed gas & fee gas low Inmalrxpores  Adsorbed gas & e gas low n fract

O Adsorbedgas O Freeqas O DESODEAQAS et DESONON e HoW I POTOLS MEIA

Figure :-3 Gas Transport Mechanism(Adsorbed Gas and Free Gas) in
shale gas reservoirs.

4.0 Modeling of Shale Gas:
Robert (Loucks et al. 2009) found that shale gas strata
constitute of micro and nano pores, with the majority being
nano pores. These fact states that importance of studying
how gas flow is associated in nano pores (nano tubes) is
critical for production and stimulation of shale gas
reservoirs.
Several modeling techniques are developed and adopted to
stimulate flow of gas in nano pores. Some of those
techniques include
1. Lattice Boltzman method to study gas flow
(Hornyak ., 2008)
2. Molecular-dynamics-method. (Bhattacharya and
Bird., 1994).
3. Direct stimulation Monte Carlo to study characters
of gas flow. (Karniadakis and Beskok, 2002)
All these methods showed impractical when moving to the
systems, which are larger than few microns. Still research
is going on to derive an equation for volumetric gas flow
law. For volumetric gas flow through a single-pipe were
derived by Beskok and Karniadakis (1999) by Hagen-
Poiseuille-type equation.
By considering the Knudsen diffusion and advection flow,
Javadpour in 2009 proposed the concept of apparent
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4.1 Apparent-Permeability: (Javadpour)

According to Folk, who developed classification of mud
rocks on basis of fissility. The fissility refers to paper like
parting. Javadpour detected the nano pores and nano
grooves in mud rocks by AFM (atomic force microscopy).
After detection, there work was concentrated on
developing governing equations to describe the gas flow in
nano pores. The equations for flow of gas in small pores
were distinguished from Darcy equations.

When equilibrium, gas molecules are distributed
throughout the formation. In a way such that fee gas
occupied in pores spaces, absorbed gas covered the surface
of kerogen and also dissolved into kerogen as solution gas.
During the drilling operations, the equilibrium disturbs as a
result the free gas escapes into well bore or fractures first
followed by gas desorption from kerogen, which changes
the concentration equilibrium between kerogen and its
surface. Finally, gas diffuses out from the kerogen.
Javadpour work suggested that there would overlap
between the above process and rate of diffusion from
kerogen contrasts from Knudsen diffusion.

The advective - diffusive - desorptive equation:
ZHUVC-D:VPc—Kke=0...... (1)

The above equation is the mass balance equation gas in an
element of producing mud rocks. In which, first term
indicates the temporal changes of concentration, second
term denotes the advection, third and fourth term refers to
Knudsen diffusion and desorption.

The Darcy law could be applicable for nano pores because
of difference between fluid mechanics of nanopores
(unconventional) and micro pores (conventional).A
theoretical approach to determine the gas flow in shale by
deriving the formula for “apparent permeability” which
distinguishes with Darcy equation. The derived formula is
compactable with Darcy equation for commercial
reservoir stimulators. (Javadpour.F 2007)

Gas Flow in Nano Pores:

The combination of Knudsen diffusion and pressure forces
are presented in the below equation which would result to
total mass flux of gas in a nano pore.

J=J. + b e (2)

Where, J represents total mass influx and the first term on
right hand side refers to

advective flow due to pressure forces, second term refers to
Knudsen diffusion.
For shale gas:

J.=U.Vc

Jp =—Dg :VVc
Where U refers to advective velocity and Dy refers to
Knudsen diffusion.
Gas Flow Due To Knudsen Diffusion In A Nano Pore:
Mass of gas flux by only diffusion by diffusion with
negligible viscous effect can determine as:

permeability, V\_/hich would be applied for pore scale and J= fo VP 3)
gas flow modeling for shale gas. 10°RT
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Knudsen diffusion constant can described as:
2r (8RT\05
D=2 (20" 3.1

M
Gas Flow in Nano Pore Due To Pressure Forces:

Hagen-Poiseuille’s equation is

Jo= -2y @
u g VP e

From above equation, the mass influx J, refers for ideal in
a laminar flow in circular tube with neglecting length of
entrance effect.

Apply ideal law gas law to Hagen-Poiseuille’ s equation

2
J. = _;—#Z—;sz ........ 4.1)

To determine slip velocity in nano pores, F theoretical
dimensionless coefficient.
8mRT\"® uo (2
F=1+(5-)  +——(5-1)
M Pavg? \&
The total mass flux through a nano pore by the
combination of Knudsen diffusion and slip flow described
as:
2rM__ (8RT\™ Py | (P2 = 1)
/= [3><103RT(7TM) R ] L
Apparent Permeability:

Volumetric flux based on Darcy equation for compressible
gas

a__ (KDpavg) (2 —p1)
A 7 L

K= Darcy permeability
Volumetric gas flux for a nano pore from total mass flux of
a nano pore by a combination of Knudsen diffusion and
slip flow.
q 2rM 8RT\"° 21 (p, — p1)
A [3 X 103RT payg (nM) * Fsu] L
The above equation implies Darcy equation by increasing
pore size or pore pressure.
On comparing the above equations of volumetric flux, a
new term called as apparent permeability, k,,, , for flow of
gas in shale gas or mud rock system is described as:
2ruM 8RT\"® r?
ke = 33 103RT 2 ( ) +F
pavg ™ 8pavg
The above is equation of permeability is not only the
property of rock or shale gas system, but also depends on
the flowing gas at particular pressure and temperature.
kapp 2uM 8RT\"° 8
kp ~ 3 x103RTpZ,, (nM)

8nRT\*® u /2 1
+ 1+ ( ) (— - 1)
M pavgr a pavg

The equation represents smaller the pore size, larger the
difference between apparent permeability and Darcy
permeability

Apparent permeability is divided with Darcy permeability
to tackle with field problems like gas producing from the
mud rock strata is higher than excepted gas production
from these reservoirs.

T
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4.2 Gas Flow in Nano Pore:_

To understand, gas flow in shale gas reservoir in view of
“kerogen” as a source of gas. Depending on, Knudsen
diffusion and slippage were considered to model flow of
shale gas in nano pores.

With increase in scientific achievements, we are
able to look in the nano scale of shale gas reservoir. Figure
4 & 5 show the scanning electron microscope (SEM)
images of shale samples by Ambrose et I., and Loucks et
al., respectively. From the below figures the red circle
sections indicate the reservoir matrix which composed
mainly of kerogen/organic matter, silica/clay and some
minerals like quartz and feldspar.

HV  HFW det mode WD

1.00 kV 6.40 pm TLD None 4.1 mm

Figure 5- SEM of shale gas reservoir showing location of pores and
kerogen (Loucks et al., 2009)
From figure 6, the free gas present in pore space, absorbed
along the pore walls and some gas is releasing or diffusing
out from the kerogen. Javadpour 2009 statistically proved
the significant quantity of gas diffusing out from kerogen.
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Whereas, conventionally many authors considered very
low quantity of gas diffuses out of kerogen.

Macro-scale
. ‘ (Reservoir)
I+ -

1 Micro-scale
= ‘ (Nano-pores network)

Nano-scale
- (Gas desorption from nano-pore walls)

Molecular-scale

Figure 6- from macro to nano scale (Javadpour et al., 2007)

We are considering kerogen as source of gas. The basic
consideration of this model is the kerogen saturated with
gas at a particular pressure before it could liberate into
pore.

For this modeling technique, we have considered the
saturation and  diffusivity  constant  values in
correspondence to bitumen. It may be practically
impossible for determination of gas solubility in kerogen at
a particular pressure and temperature. Whereas, bitumen is
a product of kerogen digenesis (chemically).

Approach:

Here, Single nano pore is represented by a cylindrical tube
surrounded by kerogen. The figure 4, shown below
indicates gas present in nano pores is free or compressed
gas which is also observed at the pore walls and dissolved
in kerogen considering the left boundary of the pore open
to well bore or fracture(constant pressure) and right
boundary is a no flow boundary.

At first the free gas flows out, when well is open to flow
with pressure drops gas desorbs from the pore walls and

| ‘ (Mass transfer from kerogen/clay bulk to pore ¢

gas starts diffusing out from the kerogen.

e ¢
Kerogen
0" o

L I e Gas dissolvedin
kerogen

Figure 7- Model to illustrate flow in nano pore.
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The below flow gas equation in nano pore was formulated
taking in account Knudsen diffusion, gas desorption,
slippage effect and gas diffusion from kerogen.

ﬂa_y kapp aprzl _pntp ) i b aﬂ
RT dx\ zu Ox sy P Lr (1 + bpy)?) ox
4 ac M oph
+—Dy— = —,
[ ar (r=rp) RT, Jat

First term refersto  second term refers to third term refers
to

4.3 Flow Characteristics Of Shale Gas: Knusden Number
Many shale gas formations have pore scale values vary in
the range of one to hundreds of nanometer. The flow
associated across these nano-scales pores deviates from
Darcy’s law. Gas slippage effects were modeled to
character the non-darcy flow mechanism, which are based
on different pore scale. Many research studies have proved
that it was very important to study non-darcy flow
mechanisms and governing equations for gas flow in nano
pores of organic media (porous media) in shale gas
reservoirs. The complicated pores in gas shale systems
could be categorized on basis of pore spaces. Experiment
conducted on Barnett shale by mercury intrusion showed
that the range of pores are around 2-50nm, especially main
pore size is about 2-20nm. Depending on the Knudsen
number, relationship between flow characteristics and pore
size can be built.

Knudsen number=

pore

A = free mean path of gas molecule

dpore = charcteristic length of channel

The flow characteristics vary with Knudsen number, and
the flow regime can  categorized as slip flow, continuous
flow, transition flow and molecular free movement because
of Knudsen number.
Slip Flow:
When the Knudsen number is ranging from 10°t010then
flow can be predominant with slip flow. The effects of
collisions between molecular layers are according to the
boundary conditions in slippage effect presented by
Karniadas et al (2005)

To stimulate the slippage velocity in nano pores, Javadpour
F et al(2009) introduced the dimensional co-efficient F:

8mRT\"® uo 2
Fe1+(5-) +——(2-1)
M PavgT \&
Javadpour.F et al, obtained mass flow slip flow regime

7"2
Juip = F g p
Continuous Flow Regime:
The continuous flow exists when Knudsen number >10
whose momentum transfer is controlled by gas viscosity.
The typical continuous gas model can be considered as
described, as below equation on basis of raise in Knudsen
number, with reduction in collisions among the molecules
and as molecular mass is intensified.

_ pVpkp

¢ T
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Transition Flow Regime:

In Transition flow regime is a gas flows with Knudsen
number of 10 to 10" The gas transport model for this
regime is done by weighted slip flow model and Knudsen
diffusion mode. (Zhang, et al. 2013).

The mass flow of unit area is weighted with slip flow
model and Knudsen diffusion modal.

Jr=f xXF Vp+@-f)
2rM
X mVP,/SRT/T[M
Molecular Free Flow Regime:
Gas flow in this molecular free flow regime when,
Knudsen flow range is over 10
Ja = =Dy, Vn

] __MDgn
d= 10000RTVP

d
Dy, = ”;” /8RT /M

Dy, = Knudsen dif fusion coef ficient

2
T Pavg

The mass flow of unit area of molecular free flow regime
is:
kdfree pr
Jo=—"T"
u

Ja = 55i000mT Vp(8RT /mM)"®

Nano Pore Multi Scale Model:

Nanopore multi scale model is the flow model the
including slip flow, transition flow, Knudsen diffusion and
continuous flow in nano pore. The flow characteristics for
different pore scales vary on basis of Knudsen number such
as the smaller scales in molecular diffusion, larger scales in
case of transition flow, some larger scales in case of slip
flow and continual flow with largest scale. These flows
could exist at same time in shale gas reservoirs.

All stages of flow should be taken in consideration and
finally the mass flow equation by considering continuous
flow, slip flow, transition flow and transition flow is:

‘]:]a + ]slip + ]T + ]d

rxr o 2+ ()

rzpavg T+ 1+ (:%)4
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The apparent permeability derived by considering
transition flow, slip flow, the molecular diffusion and
continuous flow. The equation of apparent permeability
based on Knudsen number.

Kn4' K_n4
1+ (5 ) 1+ (5 )
2urM 8RT

3 X 103RT Py, | TM

The Darcy law can account for continuous flow and its
permeablllty such that

KD—
The ratlo of apparent permeability and Darcy permeability
is

Koy, 2+( )4 s 1+2(’<—")4
o= Py ey

2urM 8

==~ [8RT/aM
X 3 X 10°RTpgy, 8RT/m

CONCLUSION:
By reviewing many papers, we have studied the importance
of relative permeability in production of gas form shale
reservoirs. In future we are going to incorporate this
relative

Permeability term in our model, where we are developing a
set of PDE equations which represents the flow behavior of
gas in shale reservoirs i.e from matrix to hydraulic fracture
and from hydraulic fracture to well bore.

NOMENCLATURE:

A = cross-sectional area, m2

c = concentration, mol

cg = gas compressibility.

D = Knudsen diffusion, m2/s

F = theoretical dimensionless coefficient
J = mass flux, kg/s/m2;

k = permeability, m2

Kp = Darcy permeability.
K.pp = apparent permeability.

= v F
J 8u P 14 (K_n)4 8u 1+ (K_n)“ L = porelength, m
4.5 4.5
2rM 8RT M = molar mass, kg/kmol
+ V(=)
3 x 103RT P\ 7M p = pressure, kPa
[ 4 K g = flow rate, m3/s
2+ (= 2 1+2(= .
J= | (4.5)4 o | Pavg + (4.5) r = pore radius,
1+ (K_“) 8u G, = Langumair’'s volume, NTP.
| 45 45 R = gas constant, JJmol/K
Z = gas compressibility factor
x ZTMg 8RT] P1-p, t = times
3 x10°RT ”MJ L T = temperature, K
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u = velocity, m/s 7.
U = advective velocity, m/s
SV = surface area to volume 8
Greek letters:
a = tangential momentum accommodation 9.
coefficient, fraction
k = desorption constant, 1/s
M = viscosity, Pa.s
r = density, kg/m3 0.
11.
Subscript:
a = advective
app = apparent
avg= average 12.
D = diffusive
K = Knudsen
13.
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