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Abstract
As ultra-tight porous media that include organic contents, shale gas resources are technically
known as complex systems having various mechanisms that impact storage and flow. The
slippage, Knudsen diffusion, the process of desorption, an adsorbed layer that affects apparent
permeability, and solute gas in kerogen are recognized to be the most important ones. However,
simultaneous effects of multi-mechanism flow and storage, and influences of scattered organic
contents on shale gas flow behaviour are not well-understood yet.
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According to the mass conservation law, a basic mathematical model has been developed to
investigate, step-by-step, the effects of different changes that are introduced, and examine
whether patterns of how kerogen is distributed affect the production plateaus. The discretization
of the second-order nonlinear Partial Differential Equation (PDE) that is evolved results in a
certain number of nonlinear simultaneous algebraic equations, which are conventionally solved
with the application of Newton’s method. To overcome the inherent difficulties of the initial
guess, the derivations, and the inversion of the Jacobian matrix, a new application of Particle
Swarm Optimization (PSO) as a nonlinear solver was applied to extract the anticipated pressure
profile for each step in time outside the bounds of the reference equations.

The results show that not only can the PSO effectively meet the required criteria, but also it
performed faster than conventional techniques, especially in cases with a larger number of grids
that encompass more phenomena. It was further revealed that insertion of a multi-mechanism
apparent permeability model in which the pore radius is also a pressure-dependent parameter
causes the lower rate of production. A higher level of production has been recorded after
including storage terms of adsorption and solute gas in kerogens. Although different patterns of
kerogen distribution have finally overlapped, different taken trend of each production profile
underlines the impact of kerogen distribution as an important parameter within the procedure of
history matching.
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method; Particle Swarm Optimization
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Nomenclature
∆x

Length of Each Grid; ft

A

Surface Area; ft2

AK

Kerogen Surface Area; ft2

C

Net Heat of Adsorption; Dimensionless

c

Concentration; lbm / ft3

Cg

Gas Compressibility; psi-1

d

Pore Diameter; ft

D

Kerogen Diffusivity Coefficient; ft2/Day

Df

Surface Roughness; Dimensionless

dm

Normalized Molecular Size; ft

E1

Heat of Adsorption for the First Layer; Dimensionless

EL

Heat of Higher Layers; Dimensionless

k

Absolute Permeability; md

Ka

Differential Equilibrium Partitioning Coefficient; Dimensionless

kapp

Apparent Permeability; md

kH

Henry’s Constant; lb/(psi-ft3)

Kn

Knudsen Number; Dimensionless

M

Molecular Weight; lbm

n

Number of Gas Moles; lb mol

P

Pressure; psi

Pcte

Constant Pressure; psi

Pin

Initial Pressure; psi

PL

Langmuir Pressure; psi

Po

Saturation Pressure of the Gas; psi

PST

Standard Pressure; psi
Mass Flux from kerogen to Matrix (Kerogen Mass Flux); lbm / day
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R

Gas Constant; (psi.ft3)/(lb mol .˚R)

r

Pore Radius; ft

reff

Effective Pore Radius; ft

rmol

Radius of Gas Molecules; ft

T

Temperature; ˚F

t

Time; day

tads

Thickness of the Adsorbed Layer; ft

TST

Standard Temperature;˚F

V

Gas Volume of Adsorption; ft3 / lbm

Vb

Bulk Volume; ft3

VL

Langmuir Volume; ft3 / lbm

Vm

Maximum Volume of Adsorbed Gas for a Single Molecular Layer; ft3 / lbm

Z

Compressibility Factor; Dimensionless

z

Height; ft

Greek Letters
α

Adsorbed Layer Fitting Slope; ft / psi

δ'

Size Ratio; Dimensionless

ζ

Tangential Momentum Accommodation Coefficient; Dimensionless

λ

Mean Free Path; ft

μ

Viscosity; cp

ρa

Density of Adsorbed Gas; lbm / ft3

ρavg

Averaged Density; lbm / ft3

ρb

Bulk Density; lbm / ft3

ρf

Density of Free or compressed Gas; lbm / ft3

ρs

Density of Solute Gas; lbm / ft3

τ

Tortuosity; Dimensionless

υ

Darcy’s Velocity; (ft / day)

ϕ

Porosity; Dimensionless
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1. Introduction
Shale gas resources, which are discussed on a daily basis, have drawn many researchers’
attentions towards the new wonder of “The Shale Gas Revolution”. This slowly growing
movement started the century by compromising just less than 2 percent of domestic outputs.
Surprisingly, today it accounts for nearly one-third, and the projection is that by 2030s is a half
of the gas produced in the USA and China will be from shale gas resources [1]. Recent industrial
and scientific advances have caused experts conclude that organic-rich shales have the potential
to be regarded not only as sources containing of typical oil and gas, but also as reservoirs to be
produced [2].
Applying modern methods like high pressure mercury injection (up to 60000 psi) and novel
photo techniques have proved the existences of nano scale pores and throats in organic-rich shale
gas resources [3, 4]. Nano scale pores have strong effects on the storage and flow in shale gas
resources. First, they provide large exposed surface areas known to hold the potential for a
considerable amount of adsorbed gas. Also, Darcy’s law is not applicable to shale gas resources
because it has originally been developed for micro scale pores [3-10]. Moreover, the trapped
organic content, kerogen, is also one of the other most special and unique characteristics of shale
gas resources that has an impact on the storage and flow of gas [4, 11, 12].
Last relevant research has discovered that the organic constituents cover part of the bulk rock,
and are irregularly distributed in the shale gas media. Dispersed organic materials within the
shales can affect flow and storage mechanisms [5, 12-15]. Specifically, gas is typically stored in
pores, and adsorbed on the oil-wet surface of nano scale pores on organic contents that can also
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have noticeable effects on the non-Darcy’s flow [16-19]. On the contrary, the water-wet nature
of clays caused the provided empty sites to be filled with water. Therefore, it has been concluded
that a notable fraction of the adsorbed gas is stored in the kerogen pores [12, 20, 21]. Besides
that, more research has indicated that a portion of gas molecules remain in the solid part of the
organic matter in the form of solute gas. Indeed, scattering of the kerogen is the substantial
parameter that has a great impact on modelling and simulation of storage and flow in the shale
gas resources [5, 12-15].
To describe the fluid flow of gas as a compressible fluid in conventional porous media, the
benefits of Darcy’s equation have been combined with the continuity equation. The strong
functionality of gas parameters such as density, viscosity, and Z-factor on the pressure is the
main reason why the supposed governing equation is presumed to be a nonlinear partial
differential equation (PDE). In addition, the inclusion of other pressure-dependent phenomena
with shale gas resources like apparent permeability, adsorption, and the release of gas from
kerogen bodies lead the supposed second-order PDE towards a higher level of nonlinearity [24].
Undoubtedly, handling the nonlinear equations is one of the most challenging problems in
numerical computations. Although there are possibilities of applying linearization techniques, the
generation of results which are not satisfyingly accurate enough is the main reason to use
methods which can directly solve the supposed nonlinearity. Among the different conventional
techniques that have ever been proposed to solve the equations referred to, Newton’s method is
undoubtedly the one that is the most extensively used [25].
However, performance and convergence for Newton’s algorithm is strongly dependent on the
proper initial guess. Also, the heavily derivation-dependent, high computational cost of Jacobian
matrix, and lack of ability to deal with ill-conditioned matrixes, are known to be other
6

disadvantages [25, 26]. Therefore, researchers’ attentions have been drawn towards proposing
more advanced methods that meet the required level of accuracy, and with less computational
cost for solving the nonlinear problems [27, 29]. Particle swarm optimization (PSO) as an
evolutionary and modern optimizer, which can find the optimal solution in the space that is being
searched, has recently been proposed to deal with the nonlinearity of different engineering
problems [30, 31]. Although there are some couple of research in which the PSO has been
applied to solve nonlinear equations, the current research has taken advantages of PSO to solve a
certain number of nonlinear simultaneous algebraic equations generated after the discretization
of the supposed PDE.
In more details, a basic conventional Darcy’s law has been modified to account for the effect of
slippage, Knudsen diffusion, and impacts of adsorbed layer on the apparent permeability.
Moreover, gas desorption from the pore walls and effects of solute gas in bulks of kerogens are
considered to correct the accumulation term. While the generated nonlinear simultaneous
algebraic equations generated have been conventionally solved, the applicability of PSO as a
free-derivation solver has also been investigated. At the final step, the positions of organic
matters and their distribution effects on the fluid flow behaviour was investigated numerically.

2. Relevant Phenomena to Shale Gas
The considerable dissimilarities among shale gas reservoirs with conventional oil and gas
resources due to the existence of organic contents and natural nano scale pores, have been
analysed in brief.
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2.1 Multi-Mechanism Flow and Apparent Permeability
Generally, using conventional continuum flow equations and Darcy’s law underestimate the flow
rate when used for the ultra-tight porous media of shale gas resources. That is due to the
assumption of zero-velocity boundary condition [8, 32-36]. To figure out the concept of multimechanism flow in ultra-tight porous media, the Knudsen number (Kn) is normally considered to
be a clarifying index [3]. The various flow regimes can be identified as:

(1)

where λ in shale gas reservoirs is physically defined as the average distance travelled by a gas
molecule before colliding with another molecule that changes its energy, track, or other
properties [37]. Classifications of flow regimes based on Kn, and the relevant information and
highlights have been reported in Table 1.
Insert Table 1
Detailed studies about the morphology and pore size distribution of shale gas reservoirs show
that the pore sizes in the shales under study ranges from 1 to 200 nm, resulting in the generation
of Kn relaying between 0.0002 and 6, respectively [41-43]. Altogether, it can be deduced that
flow in shale gas reservoirs is a multi-mechanism phenomena including continuum flow, slip
flow, and transition flow [34, 40]. The topic under discussion about flow in shale gas reservoirs,
and relevant complexities, has been graphically depicted in Figure 1.
Insert Figure 1
There is an enlarged thin section of shale gas matrixes that includes different ranges of pore sizes
leading to the generation of various Kn, and their corresponding flow regimes as well.
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According to previous studies on characterizing of flow in ultra-tight porous materials, the first
classic apparent permeability model specific for shale gas resources was proposed by Javadpour
[4]. This model describes the multi-mechanism flow in the bundle of nano tubes based on
pressure forces and Knudsen diffusion. More details are described in Table 2. The opportunity
for advancements in order to make the former model more suitable for porous media was taken
by Darabi et al. [8]. Porosity, permeability and tortuosity as the main characteristic of a typical
porous media was incorporated into the previous model. The new model accounts for some
complexities in gas flow through ultra-tight natural porous media. For example, local heterogeneity is
one of the main factors which is routinely ignored in previous models, but it was inserted into the
new model, with satisfying results.

Insert Table 2

2.2 Adsorbed Gas
Calculations of gas-in-place in shale gas reservoirs have repeatedly been reported as a
challenging issue. That is due to the fact that the final volume is not only a function of
compacted free gas, but is also intensively influenced by what is adsorbed on the surface of
kerogens [5, 16], Figure 2.
Insert Figure 2
In other words, disregarding the adsorbed gas having a semi-liquid physical state with greater
density than the free compressed gas leads to some remarkable underestimation. The effects of
the adsorbed gas can become more pronounced when they accompany with the noticeable
amount of surface area in shale gas reservoirs that is exponentially larger than what it is in
conventional reservoirs [5, 7, 44, 45]. Specifically, the pore structure and TOC are the most
important parameters affecting adsorption, although other factors like depth, temperature,
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moisture, and pressure can have their own importance [45-47]. Through consideration of a
dynamic instantaneous equilibrium at a constant pressure and temperature between non-adsorbed
and adsorbed gas, the classic Langmuir isotherm is the most common adsorption isotherm that is
routinely used [44-46]. More details can be found in Table 3. Some challenges such as the
simplicity of the monolayer adsorption assumption of gas molecules at high pressures have also
been taken as excuses to apply other models like BET [48].
Insert Table 3
Also, the gas molecules which stick to pore surfaces, known as adsorbed layer, limit the
available conductance for the flow of free and already desorbed gas. Subsequently, the adsorbed
gas has a negative effect on permeability, since the methane molecule radius is comparable to the
pore sizes.
On the other hand, below a certain critical pressure the adsorbed molecules begin to be desorbed.
In fact, gas molecule desorption occurring due to the pressure reduction decreases the thickness
of adsorbed layer, which results in an improvement for permeability. The significance of the
adsorbed layer on the flow path properties has led recent research to predict the thickness of
adsorbed gas molecule according to alteration in pressure [9, 49-51]. Some couple of relevant
research is shown brief in Table 4.
Insert Table 4

2.3 Kerogen
Kerogen is the organic material analogous to the bitumen that has the capability of storing
hydrocarbons in a dissolved state. Recent researches have theoretically and experimentally been
reported that a noticeable part of the gas-in-place in shale reservoirs is in the form of a solute
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stored in the kerogen [4, 18, 20, 52]. It also states that the solute gas could contribute to the total
gas production when an imbalance in concentration is created between the gas on the surface and
within the kerogen bulk owing to the gas desorption [4]. Even so, few studies have been
conducted on the gas transport mechanism in kerogen medium. Most of the scientists believe that
gas production from kerogen is a slow process and Fickian flow is the predominant transport
mechanism. The second law of Fick in the Cartesian coordinate and z-direction is represented as
[22, 53-56]:
(2)

where c is concentration, D is the diffusion coefficient, and z and t represent the space and time,
respectively.

3. Methodology
The current study considers a comprehensive model in which a variety of flow and storage
mechanisms occur in a mathematical model of the organic-rich shale. Pressure reduction due to
the production of free gas molecules causes desorption of molecules stuck on the surface of
kerogen. The latter causes a disturbance in the system, leading to the creation of a concentration
gradient between the pore walls and bodies of kerogens. This will be the main reason for the
transmission of solute gas from the bulk of a kerogen to its surfaces. The arrangement is
schematically presented in Figure 3.
Insert Figure 3
In particular, the block under study includes a non-organic part known as clay which has no
effects on the main flow of gas molecules. The green sign indicates the direction of the main
non-Darcy flow of free molecules (red) and those which have already been desorbed (blue) due
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to the pressure reduction. The gas molecules flow from a no-flow boundary towards a constant
pressure mode. Of course, there is an organic part known as kerogen containing solute gas
(yellow). Black signs show the diffusion of solute gas molecules towards the interface between
kerogen and pore space. The procedure has been symbolized with bicoloured circles. The multimechanism process that is pictured was developed in gradual steps from a basic model towards
an advanced one representing a shale gas system.
3.1 Model Description
Through taking advantages of the conservation mass equation for a single grid, a onedimensional (1D) model of a conventional porous media can be developed as [24]:
(3)

It can be rearranged as:
(4)

where υ is Darcy’s velocity and defined as:

(5)

Combining Equation 5 and Equation 4 yields [24, 57]:

(6)

where k is absolute permeability, A is the cross-section area,
viscosity, P is pressure,

is the length of each grid, t is time,

is free gas density,

is gas

is the bulk volume and

is the

porosity. Specifying an initial and two boundary conditions is necessary to find a solution for
Equation 6. For the initial condition, it is assumed that the pressure is uniform and stable all
over the model before production begins. One side of the 1D sample is faced with a constant
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pressure boundary, which is mathematically recalls the Dirichlet situation, in which the flow rate
is dynamic and the constant pressure plays the role of a chock. On the other hand, the sample is
controlled by a Neumann state with a no-flow boundary or isolation condition. These conditions
can be mathematically translated as [22, 50]:

3.2 Fluid Flow Equation
In order to obtain the proper model for unconventional shale gas reservoirs, the basic model has
been combined with flow and storage characteristics of shale gas resources that have already
been discussed. To simulate and consider the effect of slippage and diffusion in nano pores, the
absolute permeability has been replaced with apparent permeability, Equation 7 [4, 8].

(7)

where

is the apparent permeability. It is calculated based on the model proposed by Darabi

et al. [8]. Besides compressed gas in the pore voids, adsorbed gas on pore walls is considered to
be another type of storage (accumulation). Therefore, Equation 7 is turned into [8, 48, 58]:

(8)

where

is the density of the adsorbed gas (the mass of adsorbed gas per volume of solid).

Chain rule and compressibility definition are employed to find a simple expression for the right
side. Mathematically, it can be stated as [24, 58]:
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(9)

(10)

where

is the gas compressibility. For the second term, it can be presented mathematically as

[48, 58]:

(11)

Based on Equations 10 and 11, Equation 8 can be reformed as [8, 41, 60]:

(12)

Moreover, Patzek et al. [59] defined the differential equilibrium partitioning coefficient of gas at
a given temperature as:

(13)

Taking the advantages of Equation 13 causes Equation 12 to be formed as [48, 58]:
(14)

In order to obtain a mathematical expression for

and its derivative, the mass balance of

adsorbed gas is formed as [48]:
(15)

where

represents gas density in standard conditions, and

is volume of adsorbed

gas per bulk volume of the rock. Rearrangement of the latter equation results in:
(16)
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Since the adsorbed molecules occupy a portion of the flow path, it is necessary to modify the
pore diameter during the procedure of desorption. The alteration within the thickness of the
adsorbed layer, and the subsequent effects on the apparent permeability, has been modelled
based on the following:
(17)

where

is the effective pore radius, r is the pore radius, and

is the thickness of the

adsorbed layer. The thickness of the adsorbed layer responds according to what has been
represented by Sakhaeepour and Braynt [49] in Table 4.
Besides that, it is assumed that the solute gas obeys Equation 2, and diffuses linearly in the z
direction within the kerogen body. The quantity of the gas that is solute in the kerogen can be
calculated according to Henry’s law, in which the solute gas is proportional to the pressure of the
gas in the pore, which is represented as [22, 54, 60]:
(18)

where

is Henry’s constant, and P is pressure. To solve Equation 2, the initial and boundary

conditions have been set. The supposed initial condition is given as below:

The interface between the kerogen and pore wall is considered to be the inner boundary at z = 0
where the gas concentration in the element under study would be:

The outer body of kerogen is surrounded by clay minerals which cannot feed gas molecules.
Accordingly, the no-flow boundary is set for the outer boundary of the kerogen at z = h which
can mathematically be presented as [22, 53, 54, 56]:
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Eventually, rate of mass transfer between kerogen and pore space can be calculated by [22, 54]:
(19)

where

is kerogen mass flux,

is kerogen diffusion coefficient, and

area. To consider the effect of kerogen

is kerogen surface

, it is inserted as a source term to the left side of the

equation. Furthermore, it has notably been discussed that the dimensions of kerogens are 10
times greater than pore sizes [22, 54, 55]. It must be remembered that the introduced term has
originally been inspired from fractured reservoirs, technically known as double-porosity media.
Accordingly, after the insertion of Equation 19 into the main Equation 14, the final form of the
governing partial differential equation is [22, 54, 60]:
(20)

Equation 20 is the mathematical expression of what is happening in Figure 3.
3.3 Solver
To numerically solve the resulted governing equation, the application of discretization based on
the finite difference method generates standard simultaneous equations. It can mathematically be
stated as:
(21)

where [Coeff.] represents the matrix of coefficients and [P] is the matrix of unknown pressures.
By regarding the thermodynamical nature of gases, the produced simultaneous equations that are
produced are nonlinear. Usually, the Newton’s method which takes advantages of the Jacobian
matrix is employed to solve simultaneous nonlinear equations [24]. It is technically performed as
[25]:
(22)
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in which J-1 is the inversion of the Jacobian matrix, f(Pold) represents the responses of nonlinear
simultaneous algebraic equations, Pold is the pressure within the last iteration and the Pnew
symbolizes adjusted pressures. In the Jacobian matrix, each row represents one block and the
columns stand for corresponding derivations based on existing variables. Technically, the
Jacobian matrix is the matrix of all first-order partial derivatives of a vector-valued function. It is
mathematically defined as [25]:

(23)

It must be considered that the quality of the initial guess has a significant impact on the
convergence of Newton’s method. However, there are some situations in which that arrangement
of the Jacobian matrix is somehow unmanageable [25]. For instance, it is understood that
forming the Jacobian matrix needs to have the derivations for pressure-dependent parameters.
Some of parameters like apparent permeability can be subjected into both classical and
numerical derivations. Choosing between one of these two is challenging because developing
these classical methods are time-consuming, and the numerical ones have inherent errors. On the
other hand, for parameters like the Z-factor, which is supposed to undergo numerical derivation
while choosing one of the methods of backward, central, or forward causes that generate of
different results again [24, 25]. Moreover, the computational cost of Newton’s method is also
considerable because the inversion of the Jacobian matrix must be calculated for a certain
number of iterations in each time step.
To overcome the addressed challenges of the initial guess and the relevant difficulties with the
Jacobian Matrix, the PSO as a free derivation technique which does not need to have an initial
17

guess can conclude the group of pressures, which their product with the matrix of coefficients in
each time step generate a relative zeros matrix [30, 31, 61].
In short, PSO is a stochastic optimization technique inspired by social systems among organisms
such as birds flocking and fish schooling. This robust technique which has recently drawn many
petroleum researchers’ attentions, can effectively be employed to solve multidimensional
optimization problems [62-67]. Starting with a set of random particles or potential solutions
including the numbers of pressures, the algorithm makes attempts to improve solutions based on
their corresponding qualities, which ideally generates a certain number of zeros. To iteratively
reach the supposed goal, each particle changes its values by using velocity vectors that are
altered with the effects of random factors. The procedure can mathematically be stated as [68]:
(24)

where
(25)

r1 and r2 are uniformly distributed random numbers within the range of 0 to 1. In the kth
iteration,

and

are the jth component of the ith particle’s velocity and position vector,

respectively. Also, xlbest and xgbest reflect the best positions experienced so far by the ith particle
and the whole population as well. Moreover, c1 and c2, show each particle’s confidence in itself
and in the population, correspondingly [68]. The applied values for the relevant parameters of
PSO have been laid out in Table 5.
Insert Table 5
Graphically, the proposed procedure has been indicated in Figure 4, where the functionality of
the PSO has been performed step by step.
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Insert Figure 4

4. Results and Discussions
Based on the initial values of the parameters stated in Table 6, the basic homogenous model
which has mathematically been introduced with Equation 6 was solved by applying Newton’s
and PSO methods.
Insert Table 6
The generated production results have been presented in Figure 5, where they have been
compared against outputs from the analytical solution of the pictured model addressed in wellknown references [69]. According to the statistical parameters of R-square (R2) and Minimum
Square Error (MSE), the developed model applied with the both numerical methods satisfyingly
performed in keeping with the analytical outputs. In terms of computational time, it can also be
inferred that there is not a very broad difference between both applied solvers, and they perform
nearly the same.
Insert Figure 5
By regarding the model for apparent permeability proposed by Darabi et al. [8], and what has
been described about the phenomena of adsorption under the title of the Langmuir isotherm, it is
possible to analyse Equation 14 based on applying the solvers being referred to. The effects of
inserting the apparent permeability, which symbolizes the slippage and Knudsen diffusion, and
the desorption process on the production profile, are shown in Figure 6.
Insert Figure 6
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To examine the effects of the adsorbed layer on the trend of apparent permeability, the model
proposed by Darabi et al. [8] has been coupled with what was suggested by Sakhaee-pour and
Bryant [49]. Specifically, the radius referred to in the presumed apparent permeability model
turns into a function of pressure based on a linear relationship. The results are vividly apparent in
the first part of Figure 7. The thickness of the adsorbed layer has been assumed as what was
mentioned in Table 4. Below the 4061 psi, the effective flow path gradually becomes enhanced
until the gas molecules on the pore walls are entirely desorbed. Ultimately, if lower than the 500
psi pressure, the adsorbed layer has a negligible effect, and causes the effective flow path and
intrinsic pore diameter to become identical.
The second part represents the importance of adsorbed layer effects on the production profile in
comparison with the exclusion of the considering effect and apparent permeability model solely
without any second storage mechanism. At the early time of production, the trend of inclusion
has lower production rather than both cases. It can be labelled so that the lower amounts of
desorption process at the beginning of the production leads to a thicker adsorbed layer. It means
that the flow path at the beginning has a smaller size than what it really is. As production
continues, the desorption process accelerates, and the adsorbed layer starts to diminish.
Eventually, at a later time, since the total gas in place is identical, both trends are going to meet
each other and reach a peak of cumulative production, although they followed different paths.
Adding the adsorbed layer to the previously discussed phenomena, apparent permeability and
desorption, amplifies the level of complexities which can noticeably, effectively, and robustly be
overcome by applying the PSO method shown in the third part. While implementing Newton’s
method as a conventional technique takes as long as 151 seconds in the highest number of grids,
this proposed solver only needs 112 seconds.
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Insert Figure 7
The process of evolution for the basic model approaches towards the final step by including the
effects of solute gas stored in kerogens. Impacts of the solute gas stored in organic contents on
production profiles are illustrated in Figure 8 (a). It can clearly be observed that inserting solute
gas effects causes a significant jump in the level of stabilization, or the amount of gas produced,
which follows previous expectations about gas-in-place assumptions. With this in mind, it can be
concluded that solute gas effects play a leading role in the reserve estimations, and discounting it
leads to be faced up with significant errors. Moreover, including the effects of solute gas results
in a dramatic shift in stabilization. While the developed model without solute gas effects stabilize
after 4 days, the fully developed model levels off after 14 days which shows the slow process of
diffusion within kerogen bodies. There is also another trend that includes the solute gas effects
but disregards the importance of the adsorbed layer. Without the adsorbed layer, the surface of
kerogen is affected more readily due to the higher permeability that has already been shown in
Figure 7. The faster process for depletion within the kerogen starts, and less time is required to
reach the peak of the cumulative production. In the second part of Figure 8, the fully developed
model has been subjected to two different solvers. As can be understood, less time is required to
solve the presumed nonlinear equations, even in a small number of grids, when the PSO
technique is applied.
Insert Figure 8
The overall results of applying the PSO algorithm as a solver in comparison with the
conventional method, in terms of computational time, are illustrated in Table 7. The time spent
with the PSO and Newton’s to solve the required simultaneous equations are represented in red
and blue, respectively. Based on the fact that both techniques nearly require equal time for a
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basic model including different numbers of girds, it can be inferred that applying the PSO for
normal cases can be a noticeable plus. It is clear that adding different items into the basic model
for the lowest number of grids causes the recording of various computational time with the
difference of 60%. However, the robustness of PSO can be vividly highlighted when a complex
model includes grids as large as 500, in which the PSO has recorded 124 seconds, which is 31%
less than what has already been spent by implementing Newton’s method. Interestingly, it is also
possible to conclude that complexity and heterogeneity of the model under study does not have
the highest level of impact on the amount of computational time. In fact, the tabulated
performances of both implemented solvers show that having 400 grids in the most complex case,
last row, requires shorter time than having 500 grids, excluding solute gas effects. In other
words, increasing in the number of nonlinear simultaneous algebraic equations takes shorter
computational time than making the supposed system more complex by inclusion of more
phenomena.
Insert Table 7
Furthermore, it was decided to investigate whether the trend showing cumulative production is a
function of kerogen distribution. During four different scenarios, with an equal amount of total
gas in place, one segment included the kerogen with the relevant phenomena of desorption, gas
diffusion, and effects of an adsorbed layer, while the other three segments are only an ultra-tight
porous media with the related special effects of apparent permeability. In other words, the length
of the physical model (Figure 3) was divided equally into 4 main segments, and under each
scenario only one segment contains kerogen. The results are illustrated in Figure 9.
Insert Figure 9
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Within each pattern, the considered segment is assigned with the kerogen, and the remaining
ones have a clay matrix. Technically, the higher production in the first segment during the earlier
time period can be excused due the fact that the first segment has the kerogen source. It means
that the signal of pressure reduction reaches the adsorbed layer more quickly, which causes the
beginning of desorption and an improvement in apparent permeability. This is due to the reason
that the desorption process causes the adsorbed layer to become thinner, which directly causes
the effective pore radius to become larger in size and has a positive influence in terms of
approaching towards a larger value for apparent permeability. After that, the signal being
referred to starts triggering the kerogen body to initiate the depletion process. After a certain
amount of time passes so that the pressure of the last grid in the physical model has become
equal to the presumed Dirichlet boundary condition, and there is no more solute gas in the
kerogen body, the corresponding production profile starts to stabilize. The position of kerogen
with more distance from the outlet causes receiving the signal to be received at a later time, even
though the same described chain reactions are going to happen. Although the final value of
cumulative production is the same for all scenarios, it can be concluded that kerogen distribution
has an important effect on the production profile, and it could generally be determined as an
effective parameter in a history matching procedure.

5. Conclusion
In this study, a multi-mechanism conceptual model was developed to investigate the effects of
non-Darcy’s flow, desorption, adsorbed layer impact, gas diffusion from kerogen bodies and
kerogen distribution on the production of shale gas reservoirs. A smart optimization approach
has also been introduced to solve the supposed nonlinear simultaneous algebraic equations.
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The adsorption phenomena, which mainly occur on the pore walls of organic media, increases
the cumulative gas production, although it has also a negative side effect on permeability for the
ultra-tight porous media. In other words, the reduction in permeability, due to the existence of
adsorbed layer, hinders bringing up total production to the maximum value. Furthermore, it is
assumed that the monolayer of adsorbed gas covers the pore surfaces.
Solute gas in kerogen bodies contributes to the total gas production. Kerogen has substantial
effects on transportation and storage phenomena of shale gas reservoirs. Desorption and gas
diffusion from a kerogen body to its surfaces are the mainly relevant phenomena with organic
materials. Various distribution of kerogen creates different production profiles, which makes it
an important parameter in history matching for shale gas reservoirs.
PSO as a modern optimizer is a smart and robust technique to solve nonlinear simultaneous
algebraic equations. In comparison to Newton’s method, PSO is a free derivation solver with a
lower computational cost which is also independent to initial guess. Furthermore, it converges
faster to the solution, and it is more striking when smaller steps of discretization are chosen and
complex phenomena are inserted into the governing equation that increase the nonlinearity of the
system.
The developed model can be taken to study multi-dimensional systems with effects of multiphase flow. Also, its advantages can be taken to do detailed and deep research about the
behaviour of compositional systems in ultra-tight porous media. The effect of gravity is another
aspect that can easily be introduced into the extended model. Several of addressed issues that
have been addressed can be considered for future studies.
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Tables - Corrected

Tables

Table 1: Different flow regimes as a function of Knudsen number (Kn) [8, 37-40]

Knudsen Number (Kn)

Flow Regimes
Continuum
Flow (C)

Remarks
 Surface velocity of gas molecule at pore
wall is zero
 Darcy’s law is applicable
 The λ of gas molecules has a negligible
value in comparison with the pore radius

Slip Flow (S)

 The theory of continuum flow breaks
down
 The frequency of molecules’ collisions
with pore wall is not insignificant
anymore

Transition Flow (T)

 Molecules strike against the pore walls
and lean towards slipping on pore walls
instead of having zero velocity
 λ is in the comparable magnitude of order
with pore sizes

Free-Molecular Flow  Molecules travel more autonomously from
(F)

each other
 Collisions of gas molecules with flow
boundaries occur more repeatedly in
comparison
collisions

with

the

inter-molecule

Table 2: Analytical reviews of multi-mechanism apparent permeability models
Model

Correlation

Remarks

Javadpour [4]

- F is known as the slip coefficient
- ζ is a function of pressure, temperature, gas
type and wall surface smoothness
- ζ is an experimental parameter
- ζ is in the range of 0 to 1

- Suitable for a network of interconnected
tortuous micro pores and nano pores
- F is the same as before
Darabi et al. [8]

-

has been introduced to model Knudsen flow
through porous media

- Df considers effects of pore surface roughness
as one of the local heterogeneity on the
Knudsen diffusion
- Df varies between 2 and 3
- δ' is the ratio size and defined as
-

Table 3: Adsorption isotherms routinely used in petroleum industries

Langmuir [44-47]

Model

Correlation

Remarks
- It follows a stabilized trend at high pressures
- The model is applicable for all types of surfaces
- The model describes a mono-layer of adsorbed gas
- It works based on 2 fitting parameters
- Generally known as isotherm of Type I
- It is the general from of Langmuir isotherm

BET [48]

- It follows an ascending trend at higher pressures
- It is specified for homogeneous surfaces
- The model describes multilayer of adsorbed gas
- It works based on a couple of fitting parameters
- Generally known as isotherm of Type II

Table 4: Effects of adsorbed layer thickness on shale permeability

Model

Correlation

Remarks

Sakhaee-pour and Bryant [49]

- Useful for pores less than 50 nm and organic contents
- Thickness of the adsorbed layer is 0.7 nm in pressures above
4061 psi.
- α is a fitting slope
- Easy to be applied in permeability models
- Low computational efforts are required
- It is supported with experimental results
- The thickness reduces linearly with pressure reduction
- Not reflecting the actual thickness of the adsorbed layer
Singh et al. [50]

- Considering molecules are in the sphere shape
- It is based on thermodynamical concepts
- Huge computational efforts are required

Table 5: PSO parameters [68]
Parameter

Value

c1

2

c2

2

Number of particles

30

Number of parameters (pressures) in each particle

Number of grids

Table 6: Initial values of parameters [8, 22, 48]
Parameter

Value

Temperature (˚F)

200

Initial Pressure (psi)

5000

C1 %

100

k (md)

0.0008

ϕ

0.14

X (ft)

4

Pwf (psi)

400

α

0.8

τ

4

Df

2.5

PL (psi)

1240

3

VL (ft /lb)
3

0.08015

(lb/ft )

164.185

(lb/ft3)

0.04236

D (ft2/day)
kH (lb/psi-ft3)
Duration (day)

4

Table 7: Effects of complexity versus volume of calculations for both applied solvers ( is about
the computational time of Newton's Method and

is about the PSO)
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Figure 3: Schematic of the supposed physical model
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Figure 4: The schematic of the proposed hybrid of PSO and conventional techniques
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Figure 5: (a) Validation of the applied numerical methods for 300 grids (b) Performance of the
PSO versus Newton’s method to solve corresponding simultaneous equations
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Figure 6: (a) The production profile as a function of the apparent permeability and desorption
phenomenon for 300 grids (b) Effectiveness of PSO technique to solve a large number of nonlinear simultaneous equations with higher levels of complexities
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Figure 7: (a) Effects of the adsorbed layer on the values of apparent permeability in different
pressures (b) Profiles of cumulative production as a function of the adsorbed layer for 300 grids
(c) PSO method vs. Newton’s method in case of including the adsorbed layer effects
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Figure 8: (a) Effects of kerogen inclusion on the trend and value of the cumulative production
for 300 grids (b) How the PSO can reduce the Computational Time in the most complicated case
based on the number of grids
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