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Abstract  Using an upscaling approach based on small perturbation theory, the authors
have previously investigated the influence of local heterogeneities in matrix porosity on Darcy
flow and Fickian-type pore diffusion in the presence of linear non-equilibrium gas adsorption
Fathi and Akkutlu, J. Transp. Porous Med. 80, 281-3044 (2009). They identified non-triv-
ial macro-transport and -kinetics effects of the heterogeneity which significantly retard gas
release from the matrix and influence the ultimate gas recovery adversely. The work was a
unique fundamental approach for our understanding of gas production and sequestration in
unconventional reservoirs; however, it was simplified and did not consider (i) the presence
of nonlinear sorption kinetics and (ii) a transport mechanism for the adsorbed phase. In this
article, we incorporate the nonlinearity and surface diffusion effects of the adsorbed-phase
into their formulation and apply the same upscaling approach to further study the heteroge-
neity effects. Gas sorption involves the so-called Langmuir kinetics, which is reduced to the
well-known Langmuir isotherm in the equilibrium limit. It is found that the nonlinearity par-
ticipates into both macro-transport and -kinetics, promoting primarily the surface diffusion
effects. Whereas surface diffusion, although commonly ignored during modeling subsurface
phenomena, brings an intricate nature to the gas release dynamics. Through macro-transport
effect of the heterogeneity, it increases ultimate gas recovery and, through the macro-kinetics
effect of the heterogeneity, it significantly decreases the time needed to reach the ultimate
recovery. As the consequence of these effects, it is shown that the gas—matrix system prac-
tically does not reach the equilibrium adsorption limit during any stage of the matrix gas
release.
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List of Symbols
By  Absolute matrix permeability (cm?)

C Free gas amount (mol/cc pore)

C,,  Adsorbed gas amount (mol/cc solid)

C,s Maximum adsorbed gas amount (mol/cc solid)
D Molecular diffusion coefficient (cm?/s)

D Apparent diffusion coefficient (cm?/s)

Ds  Surface diffusion coefficient (cm?/s)

E Potential energy (J)

g Average molar density of free gas (mol/cc)
K Partition (distribution) coefficient

ky  Gas adsorption rate coefficient (1/s)

ky Gas desorption rate coefficient (1/s)

R,  Universal gas constant (J K~ mol™")

t Time coordinate(s)

T Temperature(K)

X Space coordinate (cm)

Z Gas compressibility factor

Greek Letters

o Effective drift velocity (m/s)

¢  Porosity

®  Solid-to-bulk volume ratio

oy Variance of porosity fluctuations
n Gas viscosity (kg/cms)

A Porosity correlation length (cm)
v vibration frequency factor (1/s)

1 Introduction

Physical adsorption of gaseous phase fluid components in porous materials is commonly
associated with separation processes (McCabe et al. 1993). In physical sciences and modern
engineering fields, however, a large number of cases and applications exist where gas adsorp-
tion and its related phenomena find other important roles. In the energy sector, in particular,
they are often closely related to storage of natural gases and hydrogen. In addition, adsorption
is more frequently at the center of discussions involving natural gas in-place estimation and
production from thermally mature coal seams and organic-rich gas shale reservoirs (Ambrose
et al. 2010; Kang et al. 2010). These same natural gas resources are in parallel being con-
sidered as the places of CO, sequestration, in this case using adsorption as the means of
trapping the greenhouse gases.

Separation, storage and entrapment are the consequences of certain gas molecules (with a
certain molecular weight, geometry, or polarity) being transferred to and held more strongly
on the porous surfaces than others. Hence, these processes involve intricate mass transfer
phenomena in porous media in addition to—often nonlinear—adsorption kinetics. Due to
short lengths of the characteristic pore size and low permeability, mass transport mecha-
nisms of the adsorbed and free gas could be considered mainly diffusive in these porous
materials.
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A vast literature exists on transport of free gas in porous media. It is well-recognized that
the free gas transport is due to viscous —Darcian—flow and molecular diffusion and that the
overall movement of the gas could be significantly retarded in the presence of adsorption.
If large enough voids are available, diffusive transport of free gas could take place in pores
and throats due to random movement and collisions of molecules from high- to low-concen-
tration regions, i.e., bulk (or pore) diffusion. With the decreasing pore sizes, however, and
depending on the pore pressure and temperature, molecular streaming (or Knudsen diffu-
sion) could develop as an additional transport mechanism indicating the dominant effect of
collisions between the gas and pore wall molecules. Surface and solid (or interstitial) dif-
fusion, on the other hand, are often associated with mass transport of the sorbed (adsorbed
and dissolved, respectively) phase. The latter transport mechanisms have been the subjects
of research for several decades, see Tiselius (1934, 1935) for the earliest discussion. Carman
and Raal (1951), Ash et al. (1963), Aylmore and Barrer (1966), Do and Wang (1998), and
Siemons et al. (2007) independently performed experiments using different gases to inves-
tigate the magnitude of gas transport mechanisms in microporous materials such as carbon
and coal. They found that the sorption rate in porous media cannot be accounted for only by
free gas diffusion and there must be an additional transport of the adsorbed-phase. In several
experiments, although a slow mechanism of transport, surface diffusion is quantified as the
dominant one, in some cases with a significantly larger contribution than viscous gas flow.

A simple approach to describe surface diffusion of the adsorbed-phase is to consider a net
adsorbed-phase mass flux as molecules hopping from one adsorption site to another adjacent
site due to thermal motion of the molecules under the influence of pore walls. Accordingly, the
adsorbed-phase transport is an activated diffusion that could be described as Fickian where
the flux is proportional to the adsorbed-phase concentration gradient with a diffusivity in
Arrhenius form: Dy = v exp(—E/RT). Hence, only the activated adsorbed molecules with
a desorption energy beyond the activation energy threshold could participate in the transport
process. This may be an appropriate approach to model the adsorbed-phase transport in geo-
logical formations such as coal and shale, since the local reservoir conditions are typically
below the capillary condensation threshold. When loading exceeds monolayer adsorption
limit, one needs to consider a hydrodynamic model such as the one earlier proposed by
Gilliland et al. (1958).

Solid diffusion represents the movement of small gas molecules inside the macromolecu-
lar openings of the solid phase that make up the matrix. As a transport mechanism, it has been
proposed to consider transient solid dissolution of the gases. It may be distinguished from
the surface diffusion by investigating changes in the rate of mass transport due to changes in
gas type. Solid diffusion rate decreases (while surface diffusion increases) as molecular size
of the gas becomes larger and heavier (Do 1998). Depending on the porous material, these
diffusive transport mechanisms could act individually or simultaneously (Sevenster 1959;
Thimons and Kissell 1973).

In this article, using a continuum approach, we consider the adsorbed-phase transport in
the presence of free gas in heterogeneous porous materials and show that the adsorbed-phase
transport could be significantly enhanced by local fluctuations in porosity. The enhancement
is beyond the levels that can be explained using the adsorbed-phase concentration gradient
arguments. Hence, the work brings new insight to previous experimental observations on
how a slow transport process such as surface diffusion can dominate the overall gas mass
transfer across porous materials.

In our formulation, the adsorbed-phase behavior is due to a mass balance equation that
includes non-linear adsorption kinetics. We consider that surface diffusion is the only mech-
anism of transporting the adsorbed phase and that its mass flux is proportional to the gradient
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of the adsorbed-phase concentration. The assumption of having monolayer gas adsorption is
held and the amount of gas as condensate and at a dissolved state is assumed to be negligible
in the solid. In addition, for clarity during the analysis, we consider the effects of bulk and
Knudsen diffusion combined in one effective pore diffusion which accounts for the overall
free gas transport.

Natural or synthetic porous materials involving adsorption-related phenomena are often
characterized by a network of relatively small pores. The common characteristics are large
internal surface area, providing enough adsorption sites to store significant amounts of fluid,
and very low matrix porosity and permeability. In some of these studies, the porous materials
have adjustable characteristics that could be a symmetry in pore sizes and homogeneity in
porosity, while in the others (such as natural gas resources and for CO; sequestration) the
porous material is fairly large and heterogeneous in its petrophysical qualities. Particularly in
the latter case, the porous material shows complexity in pore structure and material content.
In this study, we consider such case in which the porosity of the material is considered hetero-
geneous with spatially-correlated random fluctuations. Complexity in structure and material
content of the porous material is due to a random porosity field that holds the assumption of
first and second-order stationarity.

The effect of locally fluctuating porosity field on the free and the adsorbed gas is analyzed
using small perturbations theory, a proven approach widely used in various other disciplines
where analysis of flow and multi-physics is necessary. A similar approach has been con-
sidered by the same authors recently to investigate the effects of fluctuations in porosity
and material content on the free gas phase transport in heterogeneous porous media (Fathi
and Akkutlu 2009). This recent work was inspired by Forster (1977), Gelhar (1993), and
L’Heureux (2004).

2 Local Governing Equations Describing Gas Behavior in Homogeneous Matrix
2.1 Kinetics of Gas Sorption in Porous Media

In this study, we introduce surface diffusion as the mechanism of transport for the adsorbed
phase under isothermal conditions. Previously, linear approaches for the adsorption kinetics
of fluids in porous media have been used by several authors, see for example, Brusseau et al.
(1991), Hu et al. (1995), Alvarado et al. (1998), and Fathi and Akkutlu (2009), assuming
that the adsorption rate is independent of the adsorbed gas concentration. However, when
single-component sorption rates are considered, it is more realistic to consider that adsorption
follows the so-called Langmuir kinetics. Koss et al. (1986) showed that the gas behavior in car-
bons may not be diffusion-limited, therefore it can be accurately modeled using rate expres-
sions. The nonlinear sorption kinetics behavior of gas has previously been studied by several
authors, see, for example, Srinivasan et al. (1995) and Schlebaum et al. (1999). These studies
have shown that the nonlinearity can influence diffusive processes. In essence, the nonlin-
earity could also be considered as the concentration-dependency of the diffusion coefficients
(Farooq and Ruthven 1991). In this study, we introduce the nonlinear sorption kinetics as the
rate of interchange between the adsorbed-phase and free gas using the following mass balance:

% =k(Cus — C)C —k:Cy, (1)
C is the molar density of the free gas in moles per unit pore volume, whereas C,, the molar
density of the adsorbed-phase in moles per unit solid volume. k y and k, are the adsorption
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and desorption rate coefficients, respectively. C,; is maximum monolayer gas adsorption
of the matrix solid surface. If thermodynamic equilibrium is reached, Eq. 1 simplifies to the
well-known Langmuir equation:

o _ CuskKC @
K71+ KC

Here, K = ky/k, is often referred to as the equilibrium partition (or, distribution) coefficient.

2.2 Conservation of Gas Mass in Porous Media

Both bulk diffusion and viscous flow are considered for the free gas transport in the matrix.
Consequently, local equations describing gas transport become:

ra—p =2 (502 )+ 2 (pc 0 +3[( )Dac]
¢ —¢ at 8x(¢ Bx) 8x(¢ ,uax) 0x ~ 9 Dy
3)
aC
a—l":k,[K(cM—cu)C—cM] 4)

Here, x—t are the space—time coordinates, ¢ the interconnected porosity, D(¢) the tortuos-
ity-corrected coefficient of molecular diffusion, By the absolute permeability of the porous
medium, p the pore pressure, and pu the dynamic gas viscosity. Note that the formulation
contains a diffusive transport term which is Fickian in nature. This roughly corresponds to
bulk (pore) diffusion as the mechanism of transport. The existence of other mechanisms (e.g.,
Knudsen diffusion) will not be considered in this work. The pressure is obtained converting
the molar density of the gas using lower order virial equation of state p = R;TC+ R, T XC 2
with the parameter X representing the second virial coefficient. Previous sensitivity analysis
on ultimate gas recovery and concentration profiles (Fathi and Akkutlu 2009) showed that
the ideal gas assumption is safe in our case, so p = R T C is used to convert the gas molar
density to pore pressure.

According to this new formulation the resistance controlling adsorption dynamics is only
due to adsorbed-phase diffusion, i.e., surface diffusion, with the adsorbed-phase diffusivity
Dy. This indicates that, although the adsorbed gas molecules are always under the restric-
tive influence of the solid walls, the concentration gradient 9C,,/0x may be high such that
significant surface fluxes are possible in the matrix (Yi et al. 2008, 2009). Next Eqs. 3—4 are
re-organized and written in the following form:

8C+¢8Cu BC_i_DBC_H3 8C+'BC8C+ aC, ko op Xl 82C )
i TR g — b oy —2
ot ar - lax T ax2 dx ' ox?

0C,

- =k [K(Cus — C)C — Cy] (6)
Here, we introduce o1 = ag%?) as an effective drift velocity, reflecting changes in free gas
concentration due to a non-constant diffusivity with a gradient and oy = W as

an effective drift velocity of adsorbed phase due to non-constant surface diffusion coefficient
with a gradient. In addition, we define o’ = %, B = BoR,T/u as the gas mobility, and
® = (1 — ¢)/¢ as the solid-to-bulk volume ratio.
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3 Gas Behavior in Heterogeneous Matrix

Consider a porous medium where medium heterogeneity is defined by a time-independent,
spatially fluctuating porosity field. The porous medium still maintains an average porosity
and absolute permeability. Application of the random porosity field, instead of random per-
meability, is more appropriate because the transport is mainly diffusive. Next the classical
perturbation theory was employed where porosity ¢ is defined in terms of its mean ¢ and its
small fluctuation qb suchthat¢ = ¢ —|—¢ The latter is assumed to be Gaussian random number
of zero average around the mean porosity. Further, the assumption of first- and second-order
stationarity, i.e., mean and variance of porosity kept constant, is held with a well-defined
spatial covariance function. The dependent variables, transport and rate coefficients will be
affected by the random porosity field; therefore, they should also be considered as random
variables. We thus have

o] =a) +ay o) =+ an o =a' +a
c=C+C C,=C,+C, D=D+D
D,=D,+D, ®=®0+® K=K+K

where a bar and a tilde over a quantity denote its average value and its fluctuations about
the mean, respectively. Note that all the random variables are dependent and cross-correlated
using cross correlations defined in Appendix B, Table 2. This means the porosity fluctua-
tions have the potential to generate variations in gas adsorption and desorption rates. This
is not only a reasonable but also an important consideration since porous media are often
mixtures of various materials exhibiting an intricate pore-network. Variations in the material
properties add to structurally complex nature of a porous medium, influencing gas retention
(adsorption) capacity. Substituting these expressions into the governing equations (5-6) and
taking the expectations of the equations, the mean equations for the free and adsorbed gas
are obtained as follows:

=R @)

0 - - == == =
5 =k [KC(CW —C) = Cy+(Cps — C,)KC —CRC,, — KC,C| (8

where we introduce R as

P ac+ﬂ 8C+ dC, P 32C
=a1— a'— +oa— —
o ax 2 ox 9x2
gnomC  &@3C  ®3C, _ aC, - -3*C, -~ 3°Cy
- — , — 9
+m§2 + B TR 5 )

Here, for simplicity we defined & = &; and & = D in Eq. 9. First, second and third terms
on the right hand side of the equation are corrections to the drift velocities; the fourth term is
related to viscous transport, and the remaining terms indicate non-trivial cross-correlations
due to the fluctuating matrix porosity. Importantly, a series of auto- and cross-correlations
appear in the formulation, such as cross-correlations among the partition coefficient, free
gas and adsorbed-phase in Eq. 8, indicating the impact of local porosity fluctuations on the
adsorption kinetics and gas transport. Subtracting the obtained mean equations (7-8) from
the original ones (i.e., Egs. 5 and 6 after inserting the definition of perturbed quantities), the
mean-removed equations are derived:
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aC  .aC, _aC -9*C _,C -9°C

£ @y — -D— —Ba’'— - pC—

ot ot ax ax2 dx 2

- 9°C 3Cy - - 3°Cy
—BC— —am—= — —F =R 10
B o 27y P (10)
aCu |, - o = _ =\ A

= ThCutkKCCy =k K (Cus —Cu) C + ke M (11

where R and M are defined as follows:

. -9C, .9C, ®aC, _aC _dC @dC ~aé - 9°C
R=-0—F-d—F+ +ai— +a— - D— +D—

at ot ot ax ax ax x> ax?
D¥?C  _,3C o &€ 9°C  Co*C  _ aC,
— - —— _ g C—_p—— it
ax? +ha 0x + pa ﬂ P ax? P ax? e dx
16,2 G g PCu g5 Cu 55 7 g5 Pl
P
2 Tox dx T 9% 9% 9%x " 9%
—=03°C, - Dyd’°C, .- 9C, .~ 3*C, - D°C,
- ®D - +®D +®D -D (12)
P92k 3%x P92k 92 *oa%x
M = Cpis (RC+ RE = RC) ~ CCuR — RC,C — CuRE - CRC,
+ KCC,+C,CK 4+ C,KC (13)

As stated earher the ﬂuctuatlons are assumed to be Gaussian random numbers with zero

mean, (i.e., C= Cu =D= DS =K=0¢= a1 = az =a = = 0); however, their auto— and

cross—correlations (e.g., & omx 1 and D) are non-trivial.

The assumption of small-perturbations was implemented. Accordingly, the porosity fluc-
tuations are small such that the terms including fluctuation correlations higher than second
order are neglected. Also, C'(x,t =0 = 6# (x,t = 0) = 0 are taken. The upscaled gov-
erning equations describing gas behavior in the heterogeneous matrix can be obtained by
substituting explicit expressions for the auto— and cross—correlation terms in the mean equa-
tions (7-8). We approached the problem by first finding the general solutions for the free
and adsorbed gas fluctuations, C (k, s) and éu (k, s) in Fourier—Laplace domain. Next the
correlation terms, which appear in the mean equation (7), are obtained by multiplying the
proper spatial and temporal derivative of the concentration fluctuations (free or adsorbed)
with the fluctuating term and keeping only up to second-order terms. Further, the correlation
terms which appear in the mean equation (8) are obtained by multiplying the concentra-
tion fluctuations with the fluctuating term and keeping only up to second-order terms. The
auto- and cross-correlation terms include a set of convolution integral terms in Fourier—
Laplace domain. In order to evaluate these integrals, spatial correlation function is defined as

d;(x)é(y) = aé f(Jx —y]). We assume Gaussian model for the spatial covariance of porosity,
characterized by correlation length A: f, = exp (—x2 /2k2). The model can be written as

fo = V271 exp (— 0222/ 2) in the spectral domain. Complete details of the mathematical
procedure are presented in Appendix A. Details on the methodology and the correlation func-
tions can be found in Forster (1977), Gelhar (1993), L’Heureux (2004) and more recently in
Fathi and Akkutlu (2009).
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4 Upscaled Governing Equations for the Nonlinear Problem
with Surface Diffusion

The upscaled governing equations describing gas mass transport and nonlinear sorption kinet-
ics are given in Egs. 73-74 in the Appendix A. Using the definitions of &1, &, ®, o, and B,
in these upscaled equations and after simplifying and re-arranging, the following new form
of the upscaled equations are obtained:

_aC -.aC 9 (- aC 9 (--Bydp
b+ U—@)—F = (weff—) + = (¢c—°—”)

ax 0x ax n 0x
a aC,
[(1 —¢) Dy eﬁ7]+1} (14)
8 ad
aC, _ -
7 = k; [K(Cus - CM)C - (Cp. + Fkn)] (15)

Here, importantly, new quantities appear reflecting the macro-effects of local porosity heter-
ogeneities. These are defined as follows:

D
2D+ Be' + Eﬂg
Dot = D — D' D+2Bg Kui [1/¢(D; + Dy) + D] 16
¢ v ®Dy K D +2B8g +vi®D,K
D +28g
. D
2D'D,® + (®D, — (,3 " ;ﬂg)

o} D +2Bg +vi®DK
Ds,eff - Ds - g (17)

Kuj [(D + —) (®D, — Dy) + (®D] + [)S)Z]
n )

D+ 2Bg + v ®D,K

D+ _ - -
Bg' + ( 4_5’38) + Kvi [D} + (Ds — D})®]
Iy = _ —— (1= v201C) oy Cpo
D +2Bg + vi KD Dy

K'vi [Dy+ (Ds — Dy)] - -
+ Ul[ftz(‘ 3)]¢o§c (18)

Uldg)nzéuoK/ - 2&)[)5[221)16
Iy =\ = — 1 4+ wvuC+ = —— (19)
D +28g + v K®Dg D +2Bg+ v K®Dg

In the above equations, we defined D’ = dD/d¢ >0, D, = dD;/d$ >0 and K’ =
dK /d¢ <O0. In addition, assuming the free gas amount is replaced by its value averaged
over a large space domain L and time interval 7, we introduced g and g’ as follows:
C= I fo C(x,t)dxdt/Lt = g and 8C/8¢ = g'. C, is the average initially adsorbed gas
amount that can be found using Langmuir equilibrium condition at # = 0. Finally, v; and v,
are identified as new common parameters of our analysis:
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Cus — C
v = 2 R (20)
1+KC
1 —@)DK’
Uy = % 1)
Y &)

These appear in the upscaled formulation purely due to the introduction of adsorption non-
linearity and surface diffusion, respectively.

5 Discussion

Based on the analytical part of our investigation, the following fundamental observations can
be made in regards to structure of the upscaled differential equations :

(1) Upscaling introduces clearly defined new terms into the governing equations. These are
the diffusive terms (involving apparent pore diffusivity Degr and apparent surface diffu-
sivity D efr) and the source/sink terms I, and [k,. The latter may also be considered
as decay terms during the gas release from the matrix because they depend on the gas
amounts in porous medium.

(2) Upscaled equations show gas amount dependency of pore and surface diffusion in the
presence of nonlinear adsorption kinetics. It also shows that change in the adsorbed
gas amount in time is related to the average of initially adsorbed gas amount C_'Mo. This
effect is known as loading effect, as discussed earlier by Do (1998).

(3) In the homogeneous limit I" terms all disappear and the apparent diffusion coefficients
reduce to their homogeneous form due to the fact that the variance o2 of the porosity
field becomes nil. Hence, the upscaled equations (14—15) become identical with the
local equations (3—4), i.e., the homogeneous case.

(4) Nonlinearity in sorption kinetics and surface diffusion are represented in the upscaled
formulation by two new terms v; and v;. Interestingly, when both vy and v, go to zero,
the equations are reduced to the form earlier reported by Fathi and Akkutlu (2009), i.e.,
the linear case.

Second part of the work involves numerical analysis of the upscaled governing equations
describing gas adsorption and transport in heterogeneous porous medium using a time-
implicit finite difference approach based on Newton method and using gas/matrix system
parameters given in Table 1. The data set includes the local (or measured) values of viscous
flow and diffusive transport, and kinetics parameters for a symmetric matrix block (slab) with
a half-length of 10.0cm. In addition, the data set introduces a mildly heterogeneous matrix
porosity as a base-case for the sensitivity analysis. For the purpose, gas release from a matrix
is considered and presented as a one-dimensional initial/boundary value problem shown in
Fig. 1. Results reflecting the influence of porosity heterogeneity on gas release rates are
demonstrated using fractional gas recovery curves and comparing with the equivalent homo-
geneous case. Below, we take a closer look at the influence of local porosity fluctuations on
the system behavior in terms of macro-transport and -kinetics effects.

The sensitivity analysis on the ultimate gas recovery showed that the heterogeneity does
not have any significant impact on the effective pore and surface diffusivity values. Therefore
Dett and Dy cfr, can be safely reduced to their local mean values of D and Dy. We use the
local mean values for the latter quantities in our analysis.
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Table 1 Problem parameters for

the heterogeneous gas/matrix Parameter Unit Value
system _
¢ - 1.0E—2
a4 - 53E-7
Co mol/cc 2.0E-3
ky 1/s 1.0E—5
K - 0.1
Cps mol/cc 0.9
g mol/cc 2.028E—4
By cm? 4.934E—14
Mg kg/cms 2.0E-7
K’ = —5.0E2
D cm?/s 1.0E-3
D; cm?/s 2.5E-5
D’ cm?/s 3.3E-2
D; cm?/s 33E-5
g mol/cc —0.00835
A cm 1.0
L cm 10.0
R, kg cm?/ (s> K mol) 8.314E—4
T K 293.15
Core Plug

Inner Boundary condition 1

2

« =00
ax x=0,t

oC

— =0
Ox

=0t <
<

L=10cm (halflength)

v

QOuter Boundary condition

C(r=L)=00
C,(i=L)=00

Fig.1 A schematic showing the setup for numerical simulation. §x; = 10/500 cm and §7; = 1.4 minutes for
i=1,2,...,500,C(x,t =0) =2.0E-3,Cy(x,t =0) = 2.0E—4mol/cc

5.1 Macro-Kinetics Effects

Our numerical investigation based on the sensitivity of the upscaled quantities to gas release
dynamics showed that the expression of macro-kinetics, [;,, i.e., the right-hand-side of
Eq. 19 can be simplified. The last term in second parenthesis takes small values during the
simulation so that it can be ignored for the analysis. Furthermore, substituting definition of

B, we obtain:
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09} -
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0.7 __Fathi, Akkutlu 2009 B
(linear kinetics)
macro kinetics effect

— —wl/osurface diffusion
1“t r=0;1‘k nan;
macro kinetics effect

---------- w/ surface diffusion

1—‘tr= ;Fkn;é N

0.6

05

04

03t}

gas mole fraction desorbed

0.2

0.1 §

0 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

time, days

Fig. 2 The effect of macro-kinetics on matrix gas release

K'c222C Nrypo2C
~ @ 10 ~ ThOgp % puo =
I, Z2v | ———= | (l+uvunlC)=v | ————— | (1 + vy C
=1 [ 0 (o) = i | g | (1 o)
D+
1%
= v1 (1 + v1v2C) T linear (22)

Here, Ik linear has previously been introduced by Fathi and Akkutlu (2009) in their study
on convection—diffusion with linear adsorption in the absence of adsorbed-phase transport.
Also, in their study they have introduced N7, and Np, as Thiele modulus and Peclet number,
respectively,

kA2 dK
Nrp = ——=
D d¢
Bop
Npe = —=
uwD

Note that quantity p = RgTC' is average pore pressure across the matrix.

Iy, increases with the initially adsorbed gas amount and with the porosity variance.
Equation 22 includes the effects related to the sorption nonlinearity and the adsorbed-phase
transport through two new factors v; and v,. In Fig. 2, the contributions of these factors are
investigated. The new contributions improve the ultimate recovery up to 93.7% and decrease
the time it takes to reach this recovery from more than 20 days (for linear case) to about
6 days. This is a significant improvement in gas production rate specifically due to macro
kinetics effect.

If we were to include into our numerical analysis only the nonlinearity in sorption kinet-
ics in the absence of surface diffusion, i.e., vy = 0, the macro-kinetics equation (22) then
simplifies to
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I = V1w Jinear (23)

The dashed line in Fig. 2 shows this isolated effect. Clearly, the improvement in ultimate
recovery is primarily due to nonlinearity in sorption kinetics. In the presence of surface dif-
fusion, however, the gas release takes place at significantly higher rates. (e.g., 6 days for
93.7% recovery instead of 20 days in the absence of Dy), see the dotted line in the figure.
Note that, for the simulations, the input values of the diffusivities are D =1.0E-3 cmz/ S
for the pore diffusion and D; = 2.5E —5 cm? /s for the surface diffusion. Given the fact that
the adsorbed-phase diffusivity has two orders of magnitude smaller value, the enhancement
in the gas release rate due to heterogeneity effect is a somewhat unexpected behavior. To
find the source of this significant impact on the gas release, we revisited the mathematical

formulation and back-traced the derivation of I'y,. In Eq. 8, itis the (C5 — C ,L)I% C-CKC "
terms that cause the impact on gas release, i.e., the nonlinearity effect (first term) and the
cross-correlations between partition coefficient, K, and the molar densities. In essence, we
theoretically observe new transport effects of heterogeneity in the presence of adsorbed-
phase. This may explain the earlier experimental observations suggesting that the gas release
cannot be accounted for only by free gas diffusion and there must be an additional transport
associated with the adsorbed phase. Figure 3 further confirms this fundamental observation
numerically by showing sensitivity of gas recovery to the changes in surface diffusivity val-
ues, for both homogeneous and heterogeneous cases. Figure 3 (top) shows the sensitivity to
the surface diffusion in the homogeneous matrix. In this case, obviously the surface diffusion
does not play any important role on the gas release dynamics. However, Figure 3 (middle),
with the heterogeneous case, shows significant improvement on the gas release rate. Further-
more, the gas release rate is also sensitive to the changes in the surface diffusivity. Figure 3
(bottom) compares the times required to reach 90% gas recovery for both homogeneous
and heterogeneous cases. It clearly shows that the adsorbed-phase transport is significantly
important in the heterogeneous system. We also note that, unlike the linear case presented
by Fathi and Akkutlu (2009), the contributions of nonlinearity and surface diffusion to the
overall macro-kinetics effect are not constant. Therefore macro-kinetics effect of heteroge-
neity is now dependent on the free and adsorbed gas amounts and hence varies in time and
space.

5.2 Macro-Transport Effect

Based on the sensitivity analysis, we omit last term in Eq. 18. Furthermore, typically ¢ g’ < g
condition is satisfied across the matrix block. Substituting the definitions of 8 and g in Eq. 18,
re-arranging and using the definitions of v and vy, the macro-transport effect I3, is written
in the following simple form:

_ - Bg 7 25
Iy = (1 = vjna() (D—I—Z,Bg + b+ 2ps ¢G£Cu0

_ (1 _ UIUZé) ! : (];026 0

= = M Hn

1+ 2Bp + D ’
Du Bop
( ) T Npe 4 Npoy P70
= (1 — U1U2C) I Jinear 24
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Fig. 3 Effect of adsorbed-phase
transport in homogeneous (top)
and heterogeneous (middle)
porous media
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Fig. 4 Effect of macro-transport on matrix gas release

In this form, we can clearly identify the contribution of sorption nonlinearity and surface
diffusion as a correction term to the linear-case earlier obtained by Fathi and Akkutlu (2009).
Note that the bracket term in the last line of Eq.24 is larger than unity, because K’ < 0
taken; therefore Iy > I lincar- Also note that I3, is dependent on the Peclet number and,
hence, increases with the matrix permeability. It does not disappear in the zero permeability
limit, however; instead, it changes with the average initial adsorbed gas amount, with the
porosity and with the porosity variance. If we were to include in our numerical analysis only
the nonlinearity in sorption kinetics in the absence of surface diffusion then 7, in upscaled
equation (14) simplifies to

Ftr = Ftr,]inear (25)

suggesting that contribution of heterogeneity is a combined effect and by removing the sur-
face diffusion the sorption non-linearity effect in macro-transport diminishes too. Figure 4
shows the contribution of only the macro-transport term (i.e., [y # 0 and I}, = 0) on the
gas release by comparing the numerical results with respect to the linear case. Based on the
simulation, it is predicted that the ultimate gas recovery is increased slightly, to nearly 90%,
due to pure macro-transport effect. However, no significant improvement on the recovery
time is observed.

5.3 Sensitivity Analysis on Sorption Nonlinearity and Adsorbed-phase Transport

Auto- and cross— correlations in the mean equations (7-8) regarding the adsorbed-
phase transport and nonlinearity in sorption kinetics leads to common parameters v,
and vp in the upscaled equations (14-15). In this section, sensitivity to these parame-
ters will be studied numerically using the gas release problem. In Fig. 5 the solid line
is related to gas release according to Table 1 based on the results with linear sorp-
tion kinetics of Fathi and Akkutlu (2009). Note that in this case v; = 0. The dotted
line corresponds to the heterogeneous base-case. The dashed line, on the other hand,
presents the heterogeneous case where the nonlinearity effect has been reduced 90%.
Two distinct observations can be made based on Fig. 5. First, comparison of the solid
line with dotted line shows significant improvement on gas release rate and ultimate
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Fig. 6 Sensitivity analysis of vy

gas recovery due to presence of the adsorbed-phase transport and nonlinear sorption
kinetics.

Second, the nonlinearity in sorption kinetics, i.e., vy, has a significant effect on the gas
release rate, while its effect on the ultimate gas recovery is minimal. It is also important
to notice that v; has a dynamic effect on gas recovery as it changes with the average
free gas and adsorbed-phase amounts (Eq. 20). v, on the other hand, i.e., the adsorbed-
phase transport effect, is a constant and does not change during the gas release. Figure 6
illustrates the sensitivity analysis of the v,. As mentioned earlier v, appears in the up-
scaled formulation purely due to introduction of surface diffusion on gas release behavior
from the matrix. It is clear that both the rate of gas release and the ultimate gas recovery
decrease significantly as the adsorb-phase transport effect is decreased. These observations
also highlights the importance of the adsorbed-phase transport and its combined effects
with nonlinearity in sorption kinetics on the gas release dynamics in heterogeneous porous
medium.
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Fig. 7 Time evolution of matrix pressure versus adsorbed-phase molar densities at fixed locations of the
matrix block during the gas release. Free gas amount is shown in terms of matrix pore pressure at the fixed
points

5.4 Adsorption Equilibrium Limit

One can have a more insightful look at the importance of macro-kinetics effect in the equilib-
rium adsorption limit. Note that under the equilibrium conditions, we now have dC,, /0t = 0,
thus:

K(Cps = C)C — (Cpu+ Tin) =0 (26)

which gives the well-known expression for the Langmuir adsorption isotherm with an addi-
tional term purely related to the heterogeneity of the matrix block:

- KC s c T
C, = - — ——
1+ KC 1+4+KC

Accordingly, the macro-kinetics effect of heterogeneity appears in equation (27) as a gas
trapping mechanism that leads to residual adsorbed gas in the matrix.

Figure 7 shows the time evolution of the estimated free gas versus adsorbed-phase den-
sities at two fixed locations of the matrix block (points 1 and 2) during the gas release. The
x-coordinate represents the pore pressure associated with the free gas at a location in the
matrix. In Fig. 7, first, the nonlinear sorption kinetics case with and without surface diffusion
is compared. The dotted blue line is obtained using Eqs.3—4 for the homogeneous Lang-
muir kinetics, the solid black line corresponds to the heterogeneous case using the upscaled
equations (14-15), and the dashed red line is the heterogeneous case where adsorbed-phase
transport is ignored (i.e., Dy = 0). Clearly, the isotherm is more like the homogeneous case
in the absence of surface diffusion with the only exception that the heterogeneity acts as
trapping mechanism. Consequently, at significantly large times, when the pore pressure goes
to zero, some adsorbed gas is trapped in the matrix. In the presence of surface diffusion, on
the other hand, the heterogeneity leads to accelerated transport of the adsorbed phase at high
pressures although its trapping effect persists at large times.

Figure 7 shows a significant difference between the numerically predicted isotherms at
different locations in the porous medium. At the outer boundary the derivative of the adsorbed

27)
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The effect can be discussed easily, if one considers the pressure transient at the inner and

outer boundary conditions. Using the definition of 88% , based on the Langmuir kinetics, we

have:

& = &2 (28)
aC (1+KC)

Here, for clarity in the discussion we ignored the derivative of the macro-kinetic term in
Eq. 28. Figure 8 shows that the free gas amount drops much faster at the inner boundary. This
means that the gradient must be larger at that location.

Figure 7 shows that, once the system reaches the residual gas saturation, the difference
between homogeneous and heterogenous case is not a function of free gas amount and it
reduces to the constant, i.e., Fk/n‘ The residual adsorbed gas amount in nonlinear case is
much less than the linear case purely due to presence of surface diffusion. When the free gas
amount approaches to zero, i.e., C -0, Eq. 27 reduces to:

(Ci) oo = Tin = — Tk ¢—o = (—V1 Tk linear) ¢y (29)

substituting the definitions of vy and I, at C = 0, and rearranging the equation leads to

Cusl .
Tl = — 75 (30)
linear
where I7; .. is defined as
, NThO',gCuO
Flinear = (Flinear)éz() = (31)

kr (1 + 2NPe)
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6 Conclusion

In this article, gas flow, diffusive transport, and adsorption in heterogeneous porous media
with low permeability and porosity is investigated using a theoretical approach. Unlike pre-
vious theoretical works, the sorption rates are explicitly introduced to the mathematical
framework.

Random local variations in matrix pore structure is considered and their influence on
gas sorption and transport are investigated using small perturbations theory, a proven tech-
nique widely used in various other disciplines where analysis of multi-physics problems are
required in the presence of a priori fluctuations induced by non-uniform fields. In conclusion,
the homogenized gas—matrix system behavior can be described using the following upscaled
governing equations.

$hc -9t = L (spae) + o (30 280) + 2 g 0,52
t ot x

dx ox ox n ox ax
¢_>(7,§C_'uo _
+ (1 =v1n0) (32)
1+ NPe/(l + NPe)
aC -\ = - Nt 4 -
ot =7 (Cus = Cu) € —ke G = 503 Cuovr (1 01 €

(33)

Further, it is found that the matrix heterogeneity defined by random porosity field gener-
ates non-trivial macro-transport and macro-kinetics effects on the system that includes well
known dimensionless numbers, i.e., Peclet number and Thiele modulus. It is also shown that
the heterogenous porosity field leads to a significant improvement in adsorbed-phase trans-
port when nonlinear sorption kinetics is considered, that can explain earlier experimental
observations suggesting significant adsorbed phase transport in microporous materials such
as carbon and coal (Carman and Raal 1951; Ash et al. 1963; Aylmore and Barrer 1966; Do
and Wang 1998; Siemons et al. 2007). Our upscaling approach clearly shows the importance
of initially adsorbed amount of gas on macro-transport and macro kinetics, known as the
loading effect on gas sorption and adsorbed-phase transport (Do 1998). The system behavior
is investigated numerically and it is found that macro—kinetics significantly increases the
gas release rate and macro—transport increases the ultimate gas recovery compared to the
case where adsorbed-phase transport is ignored. Most importantly, our theoretical investiga-
tion shows that the nonlinear gas dynamics does not allow the system to reach equilibrium
adsorption limit, even at large times.

Appendix A
Upscaling Approach Using Small Perturbation Theory
Space-Fourier and time-Laplace transform of the mean equations (7-8) are taken. This pro-

cess gives the following algebraic equations for the mean free gas and the adsorbed phase in
the Fourier-Laplace domain:
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(s + k?D)Crs — Crymo + (s® + k2D D) (Cp)is — P(Cp)is=0 = Ris (34)
) (Co)amo + ke [ké(c/m) — €+ (Cps — C)RE — CRE,, — kéué]ks
C =

( ;L)ks s + kr

(35)

where k is the wave number, s the Laplace transform variable, C k.r=0 and (C 1wk 1=0 are the
Fourier transform of the initial amounts of free and adsorbed gas respectively. Substituting
Eq. 35 into the Eq.34 leads to the formal solution of the free gas mass in Fourier—Laplace
domain as follow:

Crs = G Ris + G Xis (36)

where éks and Xy, are defined as

(37

Gis = kD
ks |:S + + Stk

- . ®(s+k*Dy)\ -
Xis = Crr=0 + (CD — ——— ) Cutki=0)

Dk, K (s + k> Dy) C s }
ks

s+ k;

Pk (s + k>Dy)

. [RE(Cps = €)= RCC, — RC,C - émks (38)
In order to find the equivalent expression for free gas fluctuation C in Fourier—Laplace
domain, we use the mean-field approximation for the terms 8C 3°C / ax? and ﬂé 9°C / ax>.
Assuming the average gas amount is replaced by its value averaged over a large space domain
L and time interval 7: C = [ fOL C(x,t)dxdt/Lt = g and 9C/d¢ = g'. Equivalently, we
take Cxs = g in Fourier—Laplace domain. In homogeneous porous media, a1, &> and o’ are
defined as (L'Heureux 2004)

Nba&_(b)w

&1 = =
ax o) 0x
o~ D¢ (D) (1-§)3d
T T ) dx
g G0 (CY #9%
T ox o) ox
These are already second order in porosity fluctuations; therefore, @;dC/dx = 0,

adC w/0x = 0 and a’dC /0x = 0 are taken. Next we apply Fourier—Laplace transform
to the perturbation equations (10—-11):

(S + kzé + 2ﬁgk2) éks + (q_DS + q_>Dh\‘kz) éuks = Rks (39)
~ _ krk (C;Ls - é,u,ks) éks kerS
ST T stk + ke RChs) (s + ke + K R Cry)

(40)

Substituting Eq. 40 into Eq. 39 leads to the formal solution for Cys in Fourier-Laplace domain
as

ékx = G]:jl Rks — Lijs My (41)
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where Gy, and Ly is defined as follow

Gis = |:s + (D +2B9)k* + (42)

ok D k>
Ly = | PG+ DK Gy 43)
s+ kr + k. KCps

Ok, K (s + Dsk?®)(Cpus — Cp)is
s+ k, + k, K Crg

In the space—time domain, the fluctuating free gas mass is given by the convolution integral

1
C(x,1) = //Gil (x —x't - t/) R (x’, 1) dx'dt’
0

'
—//L (x —x't— t/) M (x/, 1) dx'dt’

=G lx =t * Rx’ o Lx—x’,t—t’ * Mx’,t’ (44)

Next we substitute Eq.41 into Eq.40. Now Cu can be expressed in space—time domain as
follows

‘
éu (x,t) = //é_l (x —x',t— t/) R (x/, l/) dx’dr’
0

t
—//i(x—x’,t—t’)M(x’,t’)dx’dt’

EG X,«t/*th’_Lxxtt/*Mx’t’ (45)
Here, we introduced

G0 a [kk,(c,m - @L_)ks} G and g (—I?k,-(CM —Cidis ke )
’ s +kr + kK Cpg ’ s+ ky + kK Cpg s +kr + k- K Cy,

Having an analytical expressions for C and C 1 the cross-correlation terms in mean equations
(7-8) are obtained solving a series of convolution integrals. The summation term in Eq.7
can be obtained by multiplying the proper spatial derivative of the molar density fluctuation
C with the fluctuating transport term &, (x) neglecting the third order porosity fluctuation
terms and taking the expectation.

-1

Sma C xx ’ -~ amLi/’i/ [ —
> = Z o wbnRoy = 3 S #Ea My (40)

m=1,2 m=1,2 m=1,2

The rest of the cross correlation terms in Eq. 7 are obtained similarly using the definitions of
Cand Cy:

1

& 0C oG~ ,. — OJdL.__,, . _
aax = I g BE R — — T a);’l " B@'M (47)
a( aé—_l ’ ’ = 8Z ol gyl

~278XM = xa;,t ! arR + xa;,t ! *apM (48)
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~—1
®3aC, G ., 4 == L, ., . =
: P 49
ot ot MY )
~ 2 71 2 v

N & azcl/« 9 fox/ t—t’ N D 9 fox’ t—t' o3
Dib——" = —— 5« DR+ — === 5 D,OM (50)
—W 826;__1 A - = =~ azz -l g/ - =
®D;— £ = ’g = *@DSR—i—;iZ“*CDDSM (51)

X X X

The solution of the equations (46-51) are found, taking the space-Fourier and time-Laplace
transformation of them and dropping the third order terms in the porosity fluctuations:

End"C - - - - -
> 0 = PrisCuki=0 + P2ksCiks + P3.ksCrs + Paks Cpuks + Ps ks Cpuks
m=1,2 dx ks
+ P6,ksé,uks - P7,kséks + PS,ksékséuks (52)
a'aC - . , _ i}
(/3 or = O1ksCpi,i=0 + OQ2,ksCiks + O3ksCiks + QaksCpks + O5,ksCruks
ks
+ Q6,ks C_‘;Lks - Q7,kséks + QS,kséksé/Lks (53)
_aC . - ; _ B}
(Otz XM) = T1.ksCrk,i=0 + T2,ksCiks + T3,k5Cis + T4 ks Cpks + T5,ks Cruks
ks
+ To ks Cuks — T7.ks Cis + Ts.ks Cres Cpus 54
daC - , ) i i
( a1 “) = Ul ksCrk,t=0 + U2 ks Cis + U3 ksCis + Us ks Cpks + Us s C ks
ks

+ Us ks Cpuks — U7.ksCrs + Us ks Cis Cpuks (55)

_ . 9%C _ _ _ _ _
(Dv‘b 2“) = ViksCrk,i=0 + V2, ks Cis + V3,ksCiks + Va ks Cruks + V5, ks Cruks
ks

+V6,ksép,ks - V7,ks C_vks + VS,kséksé,u,ks (56)

_ . 9C _ - _ - _
(@Ds M) = WiksCrk,i=0 + WoksCis + W3 ks Cis + Wa ks Criks + Ws s Cruks
ks

+ Wﬁ,ks é,u,ks - W7,ks éks + W8,ks éks éuks (57)

In order to evaluate these integrals, the porosity fluctuations ¢ around the mean porosity ¢
assumed to be Gaussian random variable with zero mean and variance crtg, and the spatial

correlation function defined as ¢ (x)@ (y) = q%f (Jx — y|). Then auto- and cross-covariances
appearing in the integrals can be defined using Gaussian correlation function, f(x) and fo in
space—time and spectral domain, respectively. For instance, one can write the auto correlation
of the drift velocity « as follows

Gy = (D' + D/§)’ 0:d(0)opd(x) = — (D' + D/) 03d> f(x)/dx> (58

in space and time domain, that is £91§_o1 = @pa_o = (D' + [)/(13)2 a£ 0? fo in Fou-
rier space domain. Here, oq% is the variance of porosity and fp = /2wl exp (— 0232/ 2) is

the Fourier transform of the porosity correlation function f(x) = exp (—xz/ 2A2). We also
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defined D' = dD/d¢ >0, D, = dD;/d¢ >0 and K’ = dK /d$ <0. Using defined auto-
and cross-covariances presented in Appendix B, Table 2, Eqs. 52-57) are obtained solving a
series of convolution integrals introduced in Appendix B, Table 3. In the table, Q is dummy
wave number label. Similar procedure is applied to obtain the explicit analytical solutions

for the cross-correlations in Eq. 8. We can express the cross-correlation terms K C, K C 1 and
cC 1 in Eq. 8 using the definitions of C and C (Eqgs. 44-45) in the following form

KC=G '"«KR—LxKM (59)
KC,=G '"«KR—-LxKM (60)
CC,=G'"«G'"*RR—G '"«L«RM—L+«G '« RM+LxLxMM  (61)

Taking space—Fourier and time—Laplace transform of equations (59-61) leads to

(I%é)ks = Slgs é;/. k,t=0 + S2ks C_‘k‘v + S3ks C_‘k‘v + S4ks C_‘;LkS + Ssks C_v,uks
+ S6ks C_'uks — §Tks éks + Sgks éks (juks (62)
Igéu) = Iy C}L k,t=0 + Izks (jks + I3kx C_'ks + I4ks éukx + Isks (_:u,ks

ks

+ I6ks Cp,ks — I C-vks + ngs C_‘ks éuks (63)
‘ééu)k‘v = Flksép, k,I:Oékx (64)

which also includes a set of integral terms given in Appendix B, Table 4. Using conventional
approximations s = k = 0 in Q—dependent terms of the integrands, the following solu-
tions are obtained for the integrals defined in Tables 3 and 4 and inserted in Eqs. 52-57 and
Eqgs. 62-64:

b
(r+ KCkS)U¢g C,u,k,t:()

£0"C\
mg‘z ax" . (1 4+ KCis)(D +2Bg) + ®DyK (Cpis — Cpuks)
’ s

_ D -
a+K@mﬁU@n+g)am%m

1+ kékf)(l_) +2Bg) + (T)DSI%(C/LS - C_‘/Lks)

_ _ D .
(14 K Cyy)o, D, (21)/ + E) (ik)* Cpuks

(14 KCi)(D +2B8) + DD K (Cpus — Cruks)

_ . ,-D .
(1+KC1<5)O‘¢DSE (ik) Cp.ks

+ —— = — =
(1 + chx)(D + 2/38) + q)DSK(CpLs - C;Lks)

25 KD D ~ ~
Oy oK Ds;(cpﬁv — Cuks) Cks

- S R _ (65)
22[(1+ K Crs)(D +288) + BDyK (Cps — Cpis) |
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_ C _
— 14+ KCi)o2B(C" + = )is Curie
IB&/aC ( + kA)Uq),B( +¢)k wk,t=0
0x

b (L KCi)(D +2B8) + ®DyK (Cpus — Cruks)

(1+ K Crs)ogBD'(C' + %)ks (ik)*Crs

(14 KCrs)(D +2Bg) + ®DK (Cpis — Crs)

_ C _ _ _
(14 KCi)azB(C' + gm«wg — Dy) (ik)*Cpuks

(1+ KCrs)(D +2Bg) + DK (Cpris — Cps)

o C _ _
O‘é@K/DS,B(C/ + T)ks(clu - Cp,ks) Cks
4 (66)

2[(1 + KCi)(D +2B8) + PDyK (Cpus — Cpis)]

o 2 ~ / DS ~
. 35# B K%) (C,” - C;ka)(DS + ?) C;Lk,t:O
ks (1+kéks)([)+2,38)+&>[_)sk(cp,s _C,u.ks)

_ _ b _
Ko (Cpus — Cuks) D' (D} + j‘) (ik)*Crs

(14 KCrs)(D +2Bg) + ®DK (Cpis — Cprs)

Ro2(Cos — Coas) (@D — Dyy(D, + 22y (ik7C
RS ;Lks)( s ) ( .+ ¢—)) (ik) ks

(1 + KCis)(D +2Bg) + DK (Cps — Cpuis)

RK'®Dy02(Cps — Cuie) (DL + 2 €
XU¢( LS ;/,ks) ( s T+ (Z)) ks

A2 [(1+ KCr)(D +2Bg) + @D K (Cpy — Crs)]
;72 / DS ~ ~
K Og (Ds + ?)(Cp.s - C,u,ks) Crs

— 67
- 2 (14 K Ci) o7

([—) &)825‘“) _ IEU;(CMS - Cuks)Ds C_‘uk,l‘zo
s
k

T (1+ KCiy)(D +2B8) + ®DK (Cpus — Cis)

B kaq%(cll.f - C_‘/Lks)D/Ds (ik)zéks
(1 + kékv)(b + 2/38) + &)DSIE(C}LS - C;Lks)

Koj(Cpus — Crus) (@D — Dg) Dy (ik)*Cpurs
(1+ KCs)(D +2B8) + ®DyK (Cpus — Cruks)
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KK'®D}0(Cps — Cuis)* Cus
22(1+ K Crs) [(1 + K Cis)(D +2B8) + DD K (Cpus — Cuis)]
K/O'(;%Ds (Cus - é/LkS) Cks
)\2 (1 + kéks)
oD BZC‘M _ [an%(cﬂ.Y - C_‘/Lks)(i)D; 6;}.1(,1‘:0
! & (I + Eék;)(b +2B8g) + q_Dl_)SIE(C[J.S - é;/_kx)

(68)

- K03 (Cus — Cuks) D'® D] (ik)*Cis
(1 + KCis)(D +2Bg) + (DDSK(C;/_S - C/LkS)
_ Kog(Cps = Curs)(®D; + D)@ DY (ik)* Crs
(1 + KCys)(D + 2}38) + &)DSK(CM,S - C,u,ks)
. KK'®*DyD{0j(Cps — Cuis)* Crs
21+ K Ci) [(1+ K Cis)(D + 2B8) + DK (Cpus — Cpuis)]

®K'03D}(Cus — Cuks) Cis

—— (69)
A2 (1 + KCry)
(fe) = Ko UrKG G
ks (1 4+ KCis)(D +2Bg) + ®DyK (Cpus — Cpuks)
K'053*(14+ KCi)D' (ik)*Crs
1+ kék;)(D +2Bg) + &Dbsk(cus - éuks)
- K'0;)*(®D) — Dy)(1 + K Ciy) (ik)*C ik
1+ kékv)(b +2Bg) + &)D.vk(cus - C_‘/Lks)
&)Ds K/2(7(§(CMS - éuk‘r) (jks _ (70)

(1+ KCi)(D +2B8) + ®D; K (Cpis — Cpuks)
_ kaq%(cus - C_’,u.ks)K/)\2 Cp. k,t=0

(I + KCys)(D +2Bg) + CDDSK(C;U - C/Lk.Y)
- Koy (Cus — Cuks) D'K'2? (ik)* Cig

(1 + KCys)(D + 2,38) + qDDsK(Cus - Cuks)

kéﬂ)k& -

K03 (Cus — Cuks) K'33 (@D — Dy) (ik)*Cps
(1 4+ KCis)(D +2B8) + PDsK(Cps — Cpis)
KK?®Ds05(Cpus — Cuis)® Cus
1+ KCry) [(1 + KCro)(D +2B8) + ®D, K (Cpis — Cpurs)]
(71)

(éé ) . ZEZ&)D.YU(I%(C[L.Y - C_‘uks)K/)\z Cu k,t=06ks (72)
i = - — [E— _
B [(1+ KCro)(D +2Bg) + ®DyK (Cps — Cri)|”
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Taking the inverse Laplace-Fourier transform of equatios (65—72)and substituting to the gov-
erning mean equations (7-8)after rearranging and simplifying the new governing equations
can be written as follow:

aC _3C,  =9°C - - 9°C, aC le aC,  =9°C

= _9 B

_ac ac o
ot ot ax2 a2 M ox M el ax?

__ D o _ _ ; o
(1+KC) [T +B(C" + E)] + K(Cps — C)I(1 + ®) D} + O D]
+ ¢ === ¢ — == = déé,,,o
(1+KC)(D +2Bg) + DK (Cps — C)

_ _ _ 14+6¢ -
(1+KC) [21) += +/3(C’ _)} + K(Cus — C,)I(1 + @)D, + 95 .
B ¢ b o _ ¢ ps22C
(1+ KC)(D +28g) + DK (Cpus — Cp0) ¢

(1+KC)|:2DD<I>+(<I>D D)(%+ﬂ(c+$))}
B (I+ RC)(D +2p8) + DK (Cps — Cr)

K(Cpus — Cp) [(Dg + %)@w; — Dy) + (@D} + L‘mz] 26
"

2
—= = — = = 0,
(1+KC)(D+2Bg) +®DsK(Cps — Cp) ? ax?

(14K E)®DK'(Cpiy — cﬂ)[ +B(C’ + E)}+1€<cm76#)%&-1(’%[(1fé)D;+&>DsJ

PA+KO[(L+KC)(D +2Bg) + PDK(Cpus — C)|

D ap o n
K'(Cps— CoD+ B —dp + D)\
- @ - 03C (73)

2 (1+KC)

aC _
J [KC(C/L\ - /1.) - C;L]

K (Cpus — C)K'032*C o
(1 + KC)(D +2Bg) + ®D;K(Cps — C)

ODK'(Cpus — C)C 20D, K*(Cps — C,)C
x K — + S i _ (74)
(14 KC)Cpor 1+ KC)(D+2B8)+ PDsK(Cps — Cp)

Appendix B

See Tables 2, 3, 4.
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Table 2 Auto- and cross-correlations

B

_gaig =i (D' + D/§) o]0 V2mhexp(~0%2/2)
S_ging =i (D} + Dy/d) 02 Q N 2rhexp (—0Q212/2)
®_oDyg = Djo] Inhexp (—0%2/2)

CTD,Q[)Q =D 04% 27 exp (— Q2A2/2)

G10@1_g = (D' + D/§)’ 6] 0>V 2mhexp (~0%2)2)
G2002-0 = (D, + Dy/$)’ 03 Q*V2mhexp (—0%32/2)

D_gaig = —iD' (D' + D/$) 030 ~2mhexp (—0%12/2)
Dy—ging = —iD} (D, + D/$) 0} 0 v/2m.exp (- 02/2)
Dy—garg = —iD}, (D} + Dy/$) 520 vZrhexp (— 0*12/2)
D_gDg = D”0} \/amhexp (—0%2/2)

Dy—Dyg = D20} N 2mhexp (—0%17/2)

D_gDyg = D'D}o} 2 exp (—0%2/2)

d_gap, =i(C'+ C/¢) 05 QN2 hexp (—0%2%/2)
_odg =0 V2rhexp (—0%12/2)

& Ko = K'o} /2mhexp (—0%32/2)

K_ 0y =ik’ (C’ +C/9) UgQ V2mhexp (—022%/2)

Gpd = (C'+C/4)’ 020> V2rhexp (—0%2)2)
@oa’,=—(C'+C/$) (D' + D/§) 0} Q> V2m)exp (— 0?22 /2)
&0d = —(C'+ C/$) (D, + Ds/$) 0} 0> V2w rexp (—0%)2/2)
Doé&' , = —iD' (C'+ C/¢) o5 Q2mhexp (—Q*1%/2)

Dyod 5 = —iD, (C' +C/) 020 V2 hexp (—0222/2)

K_ging = iK' (D' + D/$) 030 v/Zmhexp (—Q*42/2)

K_o@yp = iK' (D} + Ds/$) 05 Q ~2mhexp (—Q*1?/2)
R_gDsg = K'D}o} 2 exp (—0%2)2)
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Table 3 Examples of convolution integrals (reset of the integrals are defined similarly)

Pk = Ypern | 2=Gilo éon® o litk — Q)" dQ

Prks = Xmnein | 722G o EomE—on itk — O)I" (i0)"dQ
Piks = Xt | 2= Gil o Boma’ o litk — Q)1 (iK)dQ
Pags =i [ 2Gil g Eomda—g itk — Q1" (ik)dQ
Psts =Yt | 2=Grl o ®eomDso itk — Q)" (ik)2dQ
Poks = S pern | 3=Gil o Diom®_g itk — Q)" (ik)*dQ
Pris = [ 5=Li_o,CuséonK o litk — 0)1dQ

Psis = [ 5 Li_o EomK_olitk — 0)1dQ

Oiks = Xer2 f 7 Gil 0, on®—o li(k — ©)1" dQ
0245 = Xnei 2 [ 2261 0 BEomd —on litk — Q)" (ik)"dQ
Qsks =D cin [ 3 Gilo B2 om0 itk — Q)" (ik)dQ
Quks = Zein ] 5w Gil o B oméa—g itk — Q)" (ik)dQ
Osks = St 2 [ 3Gl o BOG guDs— itk — Q)" (ik)*dQ
Qoks = et n [ 3 Gilo BDse om®—o itk — Q)" (ik)*dQ
Q14 = [ 3Ly, CusBe' omK o lik — Q)1dQ

Osks = [ 3Ly B’ onK—olitk — 0)1dQ

Tiss = Spern ) 5=l 0,820 ® 0 itk — Q)1 dQ

Toks = Xncin | 22Gi o Eom@r—on lik — Q1" (ik)"dQ
Tyks = Dot | 5 Gilo Béaom@' —g litk — Q1" (ik)dQ
Tiks = Xt 2 | 5 Gl o s@20mbr—g ik — Q)1 (ik)dQ
Tsis = Ypci 2 [ 2= Gil o, Bd2omDs—g itk — OII" (k)24 Q
Toks = Smer 2 | 5=Gi 0, Dstoom® o li(k — Q)" (ik)2dQ
Tras = [ 3Ly, CrstioonK o itk — 0)1dQ

Tsis = [ o Ly_g,@20mK—glitk — 0)1dQ
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Table 4 B | 5 - —

Siks = fﬁGk—QsKquD—QdQ

Soks = Zm=1,2f ﬁGk_—]Qs%‘ka—Q(lk)mdQ

Ssks = [ 5=Gi o BKoma' —o(ik)dQ

Saks = [ 52=Gil o Komda—o(ik)dQ

Ssks = ﬁ ;?lgsélggmﬁs_g(ik)ZdQ

Soks = [ 2=Gil o DsKom® 0 (ik)*dQ

S7,ks = fﬁLk—QSCustmk—QdQ

Ssus = [ 3Ly o, KomK-0dQ

Il,ks = fﬁé;_lgskgm&),QdQ

Dis =312 [ 726l o EonK-0n(il)"dQ

By = [ 572G o BKoma'~o(ik)dQ

Ings = [ 5=G ! (Komda—o(ik)dQ

Isgs = [ ﬁ vk__lgs(i)]%QmDs_Q(l'k)de

I6,ks = fﬁék,stsngmqsz(ik)de

Bis = [ 2Ly _o,CusKonK —0(ik)%dQ

Isks = | gLy KomK-g(ik)*dQ
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