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ANALYTICAL MODEL OF WATER FLOW IN COAL WITH ACTIVE MATRIX

ANALITYCZNY MODEL PRZEPLYWU WODY W WEGLU Z UWZGLEDNIENIEM
WPLYWU MATRYCY WEGLOWEJ

This paper presents new analytical model of gas-water flow in coal seams in one dimension with
emphasis on interactions between water flowing in cleats and coal matrix. Coal as a flowing system, can
be viewed as a solid organic material consisting of two flow subsystems: a microporous matrix and a sys-
tem of interconnected macropores and fractures. Most of gas is accumulated in the microporous matrix,
where the primary flow mechanism is diffusion. Fractures and cleats existing in coal play an important
role as a transportation system for macro scale flow of water and gas governed by Darcy’s law. The coal
matrix can imbibe water under capillary forces leading to exchange of mass between fractures and coal
matrix. In this paper new partial differential equation for water saturation in fractures has been formulated,
respecting mass exchange between coal matrix and fractures. Exact analytical solution has been obtained
using the method of characteristics. The final solution has very simple form that may be useful for practical
engineering calculations. It was observed that the rate of exchange of mass between the fractures and
the coal matrix is governed by an expression which is analogous to the Newton cooling law known from
theory of heat exchange, but in present case the mass transfer coefficient depends not only on coal and
fluid properties but also on time and position. The constant term of mass transfer coefficient depends on
relation between micro porosity and macro porosity of coal, capillary forces, and microporous structure
of coal matrix. This term can be expressed theoretically or obtained experimentally.
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W artykule zaprezentowano nowy model matematyczny przeptywu wody i gazu w jednowymiarowe;j
warstwie weglowej z uwzglgdnieniem wymiany masy migdzy systemem szczelin i matryca weglowa.
Wegiel jako system przeptywowy traktowany jest jako uktad o podwdjnej porowatosci i przepuszczal-
nosci, sktadajacy sig z mikroporowatej matrycy weglowej oraz z systemu szczelin, spgkan i ewentualnie
najwigkszych porow. Przeptywowi w systemie szczelin towarzyszy¢ moze wymiana masy z matryca, ktorej
intensywnos¢ zalezy m.in. od wiasciwosci wegla i warunkow panujacych w uktadzie przeptywowym.
W szczegodlnoséci matryca weglowa moze pochtania¢ wodg pod wptywem sit kapilarnych, co wplywa na
przeplyw w szczelinach. W artykule zostalo zaproponowane réwnanie rézniczkowe czastkowe opisujace
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nasycenie woda w systemie szczelin z uwzglgdnieniem wymiany masy z matryca pod wptywem sit kapi-
larnych. Podano doktadne rozwiazanie analityczne, ktore moze by¢ zastosowane w praktyce inzynierskiej.
Zauwazono, ze szybko$¢ wymiany masy migdzy szczelinami i matryca wyraza si¢ formulg analogiczna
do prawa stygnigcia Newtona, ale w analizowanym przypadku wspotczynnik wymiany masy zalezy nie
tylko od whasciwosci wegla i ptynow ale rowniez od polozenia i czasu. Staty czton tego wspotczynnika
moze by¢ obliczony teoretycznie lub wyznaczony eksperymentalnie.

Stowa kluczowe: przeptyw dwu-fazowy, wegiel, sity kapilarne, model matematyczny, rozwiazanie
analityczne

Nomenclature

— coefficient defined by (12), 72,

— leakoff coefficient, m s /2,

— diffusion coefficient, m?/s,

— effective permeability, m?, i =w, g,
capillary pressure, bar,

— pressure, bar, i=w, g,

— rate of mass exchange, kg/m’s, i=w, g,
— typical dimension, m,

— saturation in fractures, i = w, g,

— water saturation in matrix,

— time, sec, days,

Darcy velocity, m/s,

— velocity of water front, m/s,

— position, m,

“fractures” porosity,

— “matrix” porosity,

viscosity, Pas, i —w, g,

density, kg/m3, i-wg,
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subscripts

sc — standard conditions,

8 — gas,
w — water.

1. Introduction

Coal seams are dual porosity reservoirs that consist of porous matrix and cleat (fracture)
network. Most coal seams are saturated with water which may exist in both the matrix and the
cleats. The water in the matrix is usually considered as a factor that affects the gas transport in
coal seams through changing the gas effective diffusivity. The water in the cleats affects the gas
flow through the relative permeability effect (Chen et al., 2013).

The importance of these phenomena yields both from safety reasons (water inflow into coal
mines) and increasing role of unconventional energy sources, such as coalbed methane. One
promising method of recovery, currently being in testing phase, (Stopa et al., 2000; Saghafi et al.,
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2007) is enhanced coal-bed methane (ECBM) recovery by use of CO,. During primary operations,
coal is dewatered to initiate and accelerate methane desorption. However, the re-saturation of
coal with water following CO, enhanced recovery operations is critical to the long-term, secure
retention of CO, in the subsurface (Chaturvedi, 2009).

In many paper published in past, the importance of understanding the role of matrix for flow
phenomena in coal is emphasized (Nikoosokhan et al., 2014), but very limited number of papers
reports research on interactions between water flowing in cleats and coal matrix.

Hence, the present paper is directed towards understanding water transport in coal and the
role of wettability in flow properties.

2. Previous work

Naturally occurring methane within coal seams is usually produced using methods and
technologies adopted from conventional oil and gas industry. In particular, this refers to the
mathematical modeling of reservoirs which is the common technique used for the optimization
of natural gas production systems. Unlike conventional reservoirs, flow phenomena in coal seams
are quite complex, mainly due to the heterogeneous nature of coal and possible impact of double
porosity nature of coal (Remner et al., 1986; Siemek et al., 1995).

Many commercial and research models have been developed to simulate the coalbed meth-
ane (CBM) recovery processes (Siemek & Stopa, 1998.). The existing models are classified as:
empirical, analytical and numerical models. These models have taken into account many of the
important factors including; the dual porosity nature of coal beds, multiphase flow of gas and
water in the fracture system, coal matrix shrinkage due to gas desorption and other. The imbibition
of water by coal and impact of this phenomenon on flow is usually not included in flow models,
however the kinetics of the process in static conditions have been studied by many investigators.
Imbibition of water by coal matrix can be modeled as a diffusion-like process under capillary
forces (Stopa, 1990). It is known from the petroleum engineering literature (Economides & Nolte,
1989) that water flowing through the fracture leaks off to the formation with Darcy velocity u
at the surface of fracture:

Cr
u(t)=7

where ¢ is the time of contact, £ > 0 and C; is empirical constant called “leakoff coefficient”
which depends on rock and fluid properties, and on difference between pressure in fracture and
in formation.

As the Darcy velocity represents volume of water entering the formation per unit area perpen-
dicular to the flow direction, per time, than the mass of water imbibed by coal can be calculated
by integration of eq. (1). On the other side, laboratory experiments on coal samples reported in
the literature (Chaturvedi, 2009; Stopa, 1990) show that for small time, the mass of water imbibed
by coal is proportional to square root of ¢. This corresponds to eq. (1) and moreover, this make
it possible to obtain the C; experimentally (Stopa, 1990). The leakoff coefficient C; can be also
obtained theoretically for simple geometries assuming diffusion like process under capillary forces
as a driving force for water imbibition. Analytical solution of the resulting diffusion equation for
spherical coal grains was presented in previous paper (Stopa, 1990, 1996). Relating the mass of

(M



www.czasopisma.pan.pl P@N www.journals.pan.pl
<D

water imbibed by coal with change of the water saturation within coal grains, it has been found
that, the following approximate formula for average saturation of coal matrix with surrounding
water may be used for small time:

* * * D
<Sw_SwO>z6(Sw_Sw0)1,mt (2)

where: S,,, S, are water saturations in cleats and in matrix respectively, S, is initial matrix
saturation with water, < > denotes averaging on the volume of matrix block, D is “diffusion
coefficient”, R is specific length of coal matrix that may be interpreted as typical radius of coal
grains, ¢ is time.

Coal as a flowing system, can be viewed as a solid organic material consisting of two flow
subsystems: a microporous matrix and a system of interconnected macropores and fractures
(Remner et al., 1986; Siemek et al., 1995). Most gas occurs within the microporous matrix, where
the primary flow mechanism is diffusion. Fractures and cleats penetrating the coal matrix have
limited storage capacity, but they play an important role as a transportation system for water and
gas. In the majority of cases a mathematical model describing a two-phase gas-water flow in
coal, the so-called Warren-Root model, is operational (Remner et al., 1986, Siemek et al., 1995).
In the Warren-Root model gas is treated as a homogeneous fluid, the properties of which depend
only on pressure. In this model a coal bed is characterized by two porosity systems, i.e. system
of fractures and the matrix. The first of them is water and gas permeable and the flow is ruled by
the Darcy’s filtration law. It is assumed that in the second case no macroscopic flow takes place.
Only gas exchange between the matrix and the system of fractures may take place. The model
is based on mass balance equations for gas and water in fractures.

In this paper a new model incorporating imbibition of water by coal is introduced and rigor-
ous analytical solution based on method of characteristics is presented.

3. Mathematical formulation

Mathematical model of two phase gas-water flow in one dimensional coal seam is:

P o
—(#S,,p,)+— )+0, =0 .
al‘(¢ wpw) ax(uwpw) QW ( )
P o
E(¢Sgpg)+g(ugpg)+Qg =0 4)
w =Tl pgsing), i=w.g ®
. Ox
S, +8, =1 ©
Pgt Py = P(S,) @

Here, the first two equations yield from conservation of mass, next is Darcy law, and then
balance of saturations and capillary pressure equation. Mathematical analysis of the above system
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of equations has been presented by Siemek and Stopa (1998). It has been shown that rearranging
equations (3) to (7), yields following equation for water saturation in fractures (Stopa, 1996).
28, oS8, 0,

+V(S,,)- ==
ot Jx ap.,

@®)

It has been shown that water entering the coal seam displaces gas from fractures forming the
shock front of water saturation, moving with constant velocity V" depending on saturation on the
front. In general, /" may be found by application of weak solutions theory to the equation (8) as
has been discussed in (Siemek & Stopa, 1998). Assuming V' = const, eq. (8) represents principle
of mass conservation for water phase.

If no sources or sinks exist in the flowing system, then Q,, and O, may represent mass
exchange between fractures and matrix of water (drainage or imbibition) and gas (sorption or
desorption) respectively. In most papers Q,, is ignored as the model is usually used for simulation
of degassing process. However if water is entering the coal seam, then coal can imbibe water
and Q,, should not be set to 0. Physically, term Q,, represents the volume of water imbibed by
unit of bulk volume, in unit time. If the coefficient of “fracture porosity” equals to ¢, then the
coal substance volume in a geometrical unit of bed is 1 — ¢. Assuming that Q is the bulk volume,
thus the volume of coal matrix within the bulk volume is (1 — ¢)Q. If the coefficient of "matrix
micro porosity” equals to ¢°, then the volume of micropores within Q is: (1 — ¢)¢ Q. Thus the
rate of water mass imbibed by unit volume is:

0. = p(1-9)F (551, ©)

Assuming, that imbibition process at certain x, starts at #, = x/V, then for ¢ > ¢, function S,,
is differentiable at x,. Thus for ¢ > £, and for small time interval, S,, may be assumed constant in
time. Under this assumption considering (1), and using (2) and (9) yields:

" * D 1
~3p, (1- S -8 f—— 10
Qw pw( ¢)¢ ( w WO) 7Z'R2 \/; ( )

It is assumed that initially the system is in equilibrium, thus S,,, = S, for # = 0. Assuming
V= constant as known, ¢ should be replaced by 7 —x/V because (2) had been obtained with initial
condition at # = 0. Thus the mass balance equation for water (8) becomes:

&SW+V0’7SW—— 4 S, —S,0) (11)

ot é’x_tx
7

The parameter 4 can be viewed as empirical constant, however from (2):

4o30=0 | D
¢ 7R?

(12)

The right hand site of Eq. (11) is an analog to the Newton cooling law known from theory
of heat transfer, but in present case the transfer coefficient depends on time and position.
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Eq. (11) should be solved with initial and boundary conditions:

S,(x0)=8, for x>0=0 (13)

Sy(xt)=S, for x=0,t>0 (14)

wl

4. Solution using the method of characterisctics

Equation (11) is a first-order and quasi-linear partial differential equation. The wide discus-
sion of such type of equations may be found in mathematical literature e.g. (Aris & Amundson,
1973), but for coefficient on right hand site depended on single variable x or z. The solution of
similar equation related to heat transfer in artesian layer was also presented by Kaminski, Kordas
and Siemek (1976).

Equation (11) with conditions (13) and (14) can be solved using well known method of
characteristics. Assuming constant velocity V, the characteristic family of Eq. (11) is described
by the following system of equations:

s, 4

- S -5 15
dt \/795( i wO) ( )

t_i

Vv

and:
dx

-y 16
” (16)

Dividing (15) by (16) yields:
ds A

dxw == F(SW_SWO) (17)
-
v

To solve the problem (11), (13), (14) one should observe that the characteristic curve in the
space (x, t,S,,), passing through a point (0,0, S,,,), divides the characteristic curves family into two
groups, which should be considered separately. The first group refers to the initial condition (13)
and presents a family of characteristic curves starting from points (x, 0, S,,) for S,, > 0, where x,
is a certain point on the x axis. In this case x = x; + V', where x, should be treated as a variable

parameter, and x > V2. As \Ji—x/V = \/—xo /V , the only possible solution is §,, = S,y = const.
The second group of characteristics refers to the boundary condition (14) and consists of
curves starting from points (0, ¢y, S,,;), for a certain time ¢, > 0. In this case the ¢, formally should
be treated as variable parameter. Now, x < V¢, and x = V(¢ — t;). Solving (17) with t — x/V =t, and
using (14) yields exact solution for x < V#. Finally, the solution is composed of two functions:

S, (x.1)=S, if x2V1 (18)
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Ax

S, (x,t) :Sw0+(Swl —Swo)exp —— | if x<I? (19)
=
%

For ¢> 0, position of water front can by defined as x,, = V'z. It may be deduced from eq. (12)
and eq. (19), that for 4 > 0 the saturation behind water front depends on properties of coal and
water velocity. Mass transfer coefficient between fractures and coal matrix depends on diffu-
sion coefficient and specific dimension of coal matrix blocks or grains. These parameters varies

strongly depending on coal seam structure and consequently the coefficient 4 in eq. (19) may
differ by orders of magnitude for different coals.

The obtained solution is illustrated by numerical example using the data presented in Table 1.

TABLE 1

Numerical data

Parameters Value
Flow velocity, m/s, (m/day) 1.157E-5, (1)
Fractures porosity 0.08
Matrix porosity 0.3
Initial water saturation, S,,q 0.2
Maximal water saturation, S, 0.9
1.; 5.0E-9
Caseno.; D/R?, (1/s) 2.; 5.0E-7
3.; 5.0E-5

Results obtained by use of (18), (19) are presented graphically in figures 1 to 3. Fig. 1
represents the case of smallest A where the coal matrix reaches the full saturation and the water
advances in the fractures with variable saturation. In Fig. 2, the capacity of coal matrix is higher
and mass exchange is faster, but matrix still can reach its ultimate saturation with water. Conse-
quently, the water front advances slowly in the fractures system. Fig. 3 refers to situation where
the matrix capacity for water is large and rate of imbibition is high, and consequently the satura-
tion in fractures varies very slowly. For the ultimate case 4 = 0, which represents hydrophobic
coal with no imbibition effect, the solution (18), (19) represents a stepwise function moving with
constant velocity V. In the last case the proposed model simplifies to so called Buckley-Leverett
equation, well known from petroleum engineering literature.

4. Conclusions

1. Coal as a flowing system, can be viewed as a solid organic material consisting of two
flow subsystems: a microporous matrix and a system of interconnected macropores and fractures.
Most of gas is accumulated in the microporous matrix, where the primary flow mechanism is
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diffusion. Fractures and cleats existing in coal play an important role as a transportation system
for macro scale flow of water and gas governed by Darcy’s law.

2. The dual porosity nature of coal influences mass transfer in two ways. First, gas is de-
sorbing from matrix to fractures if the pressure is lowering. Second, microporous coal matrix
can imbibe water under capillary forces leading to exchange of mass between fractures and coal
matrix. In this paper new mathematical model for water saturation in fractures, respecting mass
exchange between coal matrix and fractures has been proposed. Exact analytical solution has
been obtained that may be useful for engineering calculations.

3. The rate of exchange of mass between the fractures and the coal matrix is represented
by right hand site of eq. (11) which is analogous to the Newton cooling law known from theory
of heat exchange, but in present case the mass transfer coefficient depends not only on coal and
fluid properties but also on time and position. The constant term of mass transfer coefficient
represented by parameter A, depends on relation between micro porosity (¢*) and macro porosity
(@), capillary forces represented by “diffusion” coefficient D and microporous structure of coal
matrix represented by typical size of grain R and matrix porosity ¢*. This term implies that for
water wet coal, a larger matrix porosity ¢* provides more access of the water to flow from the
open fracture into the coal matrix.
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