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Modelling of gas transport in fractured coal seam

Coalbed methane is found almost everywhere, where coal located. Its concentration in the mixture
of natural gas coal seams is 80 - 98, and the scope of resources are comparable with resources
conventional gas fields in the world. The coalbed methane reservoir is treated as a system consisting
of coal matrix and fracture network. Methane from the matrix diffuses through the micropores
into fracture and further goes to production wells. The flow of gas and water in the fracture is
described by Darcy’s equation. Most existing coalbed methane simulators usually treat coal seams
as dual-porosity, single-permeability systems ignoring the effects of water presence in the coal
matrix. In this study, a compositional dual-porosity, dual-permeability CBM simulator has been
developed. The new model allows considering fluid expansion and imbibition recovery mechanisms
for coal seam. The influence of the capillary forces during imbibition on the final recovery factor was
investigated. In this paper a new model was constructed on DuMux and compared with Comsol.
Key words: Coalbed methane; Matrix-fracture system; DuMux; Comsol; Reservoir simulation.

®.A. Xamvuros, I.2K. Axven-3aku
Mogeauposatine mepeHoca rasa B yroJbHOM ILJIacTe

Meran yroJpHBIX IJIACTOB BCTPEYAETCA MPAKTUIECKH BE3/IE, I/ 3aJeraer yroib. Ero KOHIeHTpa-
[Us B CMECHU IIPUPOIHBIX FA30B YIOJBHBIX 151aCTOB cocTasiiser 80 - 98, a macmrabbl pecypcoB cons-
MEPUMBI C pecypcaMi ra3a TPauIInOHHBIX MECTOPOXKACHUN MUDA. ¥ TOJTLHBIH TIJIACT, PACCMATPUBA-
eTcs KaK CUCTEeMa, COCTOSAIAS U3 MATPUIILI YIVIS M CeTH TpeluH. MeTaH, conepXKalmuiica MaTpuIle,
b byHIUPYeT Yepe3 MUKPOIOPHI B TPEIUHBI, U JaJIee [0 TPENIHHAM TOCTYTIAeT B J0OBIBAIOIINE
ckBaxkKuHbI. Tedenne ra3a w BOABI B TPEMIMHAX ONUCHIBaeTCs ypapuenuneM Jlapcu. Bombmmmcrso
CYIIECTBYOMIXAX TPOrPAMMHBIX IIPOIYKTOB 10 MOJIETNPOBAHUIO METAHA YTOJIbHBIX IIJIACTOB OOBIYHO
PaccMaTpUBaIOT YIOJIbHBIA [LJIACT KAK CUCTEMY C ABOMHONU HOPUCTOCTBIO U ¢ OAUHAPHOHA LIpOHULIAE-
MOCTBIO, UTHOPUPYS 3(DDEKThI TPUCYTCTBYUSA BOABI B YroJbHOU MaTpuile. B mannoit pabore paspa-
6oTaHa MOMEJb C JIBONHOM MOPUCTOCTHIO W JIBOMHOM MpOHUIaeMOCcTh0. HoBas Momesns mo3Bosisier
VUIUTHIBATh MEXaHW3Mbl PACIIUPEHUS KUAKOCTU W MPOMUTKN YroabHOM Marpurpl. VccmenoBamo
BJIMSHNE KANWIAPHBIX CUJI B MPOIECCE TPOMUTKY HA KOHEUYHBIH Kodddunuent ormaqgu. [loctpo-
ennas na DuMux mozenb cpaBreHa ¢ pesyibraramu MoneaupoBanus B Comsol.

Kurtouesnie ciaoBa: Meran yronsuoro mnacra; Cucrema marpuiia - TpermHa; DuMux; Comsol;
Pazpaborka MecTOpOK IeHMSI.

@.A. Xamvuros, I.2K. Axven-3aku
Kemip KbIPTHICHIHIAFbI Ta3 TaChIMAJIBLIH MOJEIbIEY

KeMmip KbIPTBHICHIHIAFDI METAH iC XKY31HIAE TaC KOMIpP KATKAH KBIHBICTAPBIHBIH, OAPJIBIFBIHIA KE3-
geceni. MeTaHHBIH KOMIP KbIPTHICHIHIAFBI TAOUFH ra3aapaarbl KOHIIEHTPAIKIBIK, Mosmepi 80-98
KYPaiiIbl, al YHIIPICTBIK PecypcTaphl JYHUE ¥KY3i 9/IeTTer ra3jap pecypcTapbIMeH CAThICTBIPMa-
sl Kypambraga metan 6ap KOMIp KBIPTHICHI KOMIP MATPHUIACHIHAH KOHE ChI3ATTAp KyileciHeH
TYpaThIH XKyiie perinae KapacTbipblirad. Kemip marpuiachiama OpHAIBICKAH MeTaH auddy3us-
JIBIK, TIPOIIECC APKBLIbl MUKPOOTKIZMIIITEP/IEH ChI3ATTAPFa, 9pi Kapall eHJipiC YHFBIMAaCBLIAPBIHA
erenpl. ChI3aTTapaars ra3 XkoHe cy arbiMbl Jlapen renaeyiven xikreseni. Kemip KbIpTHICHIHTAFBI
METaH/Ibl MOJIEJIbIEHTIH KoTeren 6ar 1apaaMaliblK XKaCaAKTaMasap, 91eTTe KOMip KbIPTHICHIH KOMID
MATPHUIACHIHIA Dap Cy 9CepiH ecKepMeii, KOC KeyeKTiIir koue 6ip eTKi3rimriri bap xyiie peringe
KapaCThIPAJIbI.
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Bya xxymbicTa KOC KEYyEeKTiIiri KoHe KOC OTTi3rimrTiri 6ap Momensb »xacaarad. 2KaHa KypacThIpPbI-
JIFAH MOJIEJIb CYHBIKTHIH KOOI MEXaHU3MIH YKOHE KOMID MATPUIACHIHBIH bLIFAJIIAHYBIH €CKepyTe
MyMKiHIIK Geperi. blaranmany xe3iHmeri KanuIsapiabl KYIITEPIiH, AJTYIbIH COHFbI KO3(hdUIneH-
TiHe acepi 3eprrenared. DuMux 6armapiaMackiHga Kypbliran Momenb Comsol 6armapaaMachIHga,
AJIBIHFAH HOTHKEIEPMEH CAJTBICTHIPBLIIEI.

Tyitia cesaep: Kewmip kpiprohichingarbl Metan; Marpuna-cezar xkyiteci; DuMux; Comsol; Ken
OPHbIH 93ipJiey

Introduction

The Coal Bed Methane (CBM) is one of unconventional resource of natural gas, which is
reserved in coal seams. Such reservoirs are usually naturally fractured and characterized as
a dual porosity medium composed of fractures (cleats) and matrix. The mechanism for gas
flow in the coal involves two steps: diffusion of the gas through the micropores, and Darcy
flow through the fracture network to the wellbore. The most commonly used flow model for
practical simulations of fractured systems is the dual-porosity model. Here the basic idea is
to dissociate the flow inside the fracture network and the matrix and to model the exchange
between these two media using a transfer function. This concept was first introduced by
Barenblatt and Zheltov [4]. After this was proposed the model by Warren and Root [1],
the fractured reservoir presented as a rectangular parallelepipeds, separated by a rectangular
network of fracture (Fig 1), model focused on the evaluation of the transfer function 7. Models
of this type were first introduced by Blaskovich et al. (1983) and Hill and Thomas (1985).
By adding the matrix to matrix connections, the matrix blocks are no longer isolated, and
contribute to the overall fluid flow. Being more general than the dual-porosity model, which is
limited to strongly connected fractured reservoirs, the dual-porosity /dual-permeability model
is capable of simulating a wide variety of problems ranging from slightly fractured to highly
fractured systems. The model suggests conventional flow between matrix cells. This model
was implemented in a free open-source code for flow and transport processes in porous media,
DuMux, which is based on the Distributed and Unified Numeric Environment (DUNE)|5,6].

Governing equations

Two-phase dual porosity and permeability model, which uses a standard Darcy approach
as the equation for the conservation of momentum:
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Where ¢ is porosity; p,— density, S,— saturation, P,— pressure, ji,— viscosity, k,— relative
permeability of a phase; K — absolute permeability; f and m are respectively fracture and
matrix systems;This model contains transfer term,7 is the exchange between the matrix and
the fracture that can be determined by [3]:
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Figure 1 - Idealization of the NFR system (Warren and Root, 1963)

where o was defined as a parameter representing the characteristic of the fractured rock [2].
The parameter o has the dimension of reciprocal area, and is commonly known as the shape
factor. Models of this type are well-suited for some purposes but are limited in their ability
to resolve transient and multiphase flow phenomena, as spatial variation within the matrix

is not modeled.
Reduction to dimensionless form

The dimensionless variables are:

(3)
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(4)

Additionally, Eq. 4 required defining the relative permeability functions. The most common
correlation was invented by Brooks and Corey in 1964 [8|. We used a simpler form:

{mw<s> = (9)5"

K (S) = (1 — $)2(1 — S5+ (5)

Where A is some parameter, in this case =2.0 .
Implementation

The problem considers two different domains the matrix and fracture and for each of them
initial and boundary conditions are different:

P,=P;=Py=12;5,=0;S;=1for(t=0,0<7T < 1)
P,=P;=12;5,=5;=0for(z =0) (6)
Ff :O.l;Sf = 1f07’(f: 1)

We assumed that the matrix domain consist only nonwetting phase (gas) and the fracture
system include wetting phase (water). By default putted the Neumann boundary condition,
that means no flow on the all boundary and in the second place we change left and right
boundaries by Dirichlet boundary condition (see Eq.6). The standard DuMux complectation
has not necessary Warren and Root dual porosity model [1] and we develop new model that
correspond to Eq.4 [5]. DuMux extensively uses all advantages of object oriented programming,.
In practice, this means possibility of using the all other modules like grid, parallel computations,
visualization etc. To verify the solutions obtained on the Dumux simulator used a results taken
from similar model in Comsol [7].

Comparison of the results

Verification of the constructed model on DuMux includes the consideration of many cases
with different input parameters. Generally the model have to be buildable in each cases,
but input parameters should be taken based on real physical process. We will focus on the
consideration the case includes following input parameters:

e The boundary and initial conditions as in Eq. 4.
e The two dimensional computational area contains 75150 cells

Obtained results were compared with output Comsol’s data. The constructed in Comsol
model is identical to DuMux model and used the same computational grid and input conditions.
Based on theoretical solution [9] we can do conclusion that DuMux looks more attractive (see
Fig. 2). The maximum relative errors between solutions (see Fig. 3 and Fig. 4) constitute 15
% for pressure in fracture and 0.2 % for pressure in matrix at the last modelling timestep.

Model based on capillary forces
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Figure 2 — Matching of saturation wetting phase in fracture by DuMux and Comsol
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Figure 3 — Matching of pressure in fracture by DuMux and Comsol
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Figure 4 — Matching of pressure in matrix by DuMux and Comsol

Model that corresponds to the system of Eq.4, does not account for the effect of capillary
forces. Capillary forces can be given by tabular dates or by empirical formulas, here was used
a model Brooks and Corey in 1964 [8]:

P. = Pu(g—o=) (7)
S, is the residual oil saturation that remains trapped in the pore at high capillary pressure. P,
the threshold pressure, corresponds approximately to the pressure at which the nonwetting
phase is sufficiently connected to allow flow. Brooks and Corey related the parameter A to the
distribution of pore sizes. Where X\ is some parameter, in this case —2.0. Generally capillary
pressure in the fracture in the matrix may correspond to different empirical equations, but
for simplicity we have used Eq.7 matrix and fracture. The boundary conditions were chosen
under condition that the initial state of the reservoir contains a nonwetting fluid, which is

produced at the constant production rate on the right, and on the left bordered with a wetting
phase.

ﬁz:ﬂ;zﬁozl_’Y;SZ:S?:1f0r(%20,0<f<1)
P, =P; =178 = S} = 0for(z = 0) (8)
g =T7.5e —2for(T =1)

Where w-wetting phase, n-nonwetting phase and ¢- flow rate Two-dimensional graphs of

Bectuuk KaszHYV. Cepus maremaTnka, Mexanuka, nadopmaruka Ne3(82)2014



42 ®@.A. Xamuros, J1.7K. Axmen-3aku

-
/,r"’

Saturation of wetting phase in matrix
o =)
= in

o
m

—C M_W_Cap

——C mw_nonCap

’/"
L~
~d

0.00 0.03 0.06 0.09

Figure 5 - Saturations of wetting phase in matrix for different cases

saturations are shown in Fig.7. The computational area contains 65665 cells. The results of
modeling (red curve) were compared with basic model (blue curve), that corresponds to the
system of Eq.4, but with new boundary conditions Eq.8 (see Fig.5 and Fig.6). The figures
show the saturations of the wetting phase in the matrix and fracture at the last timestep.
Front of the saturation in the fracture is changing faster because at the time when the
waterfront reaches the matrix, pressure in the fracture is reduced by reducing the capillary
forces and increased delivery non-wetting phase into the fracture from the matrix. This
process is called imbibitions. In a typical water wet (wetting phase) system the matrix rock
has a positive water-oil capillary pressure. If water is introduced into the fracture, the water
flows under capillary forces into the matrix system, displacing oil( non wetting phase) [10].
Consideration of the different physical mechanisms in enhanced oil recovery model leads to a
better understanding of the process of production and helps to determine the optimal regimes
of field development. So, accounting of the capillary forces in the model leads to increasing
recovery factor from 2.24% to 2.46% in the matrix and from 15.02% to 16.01% respectively
in the fracture.

Conclusion

The constructed on the DuMux immiscible two-phase dual porosity dual permeability
model was verified by Comsol Multiphysics. The new model allows considering fluid expansion
and imbibition recovery mechanisms for coal seam. Fluid expansion mechanism includes
transfer function that regulates the mass transfer between matrix and fracture systems
depends on pressure. Imbibition mechanism present by using different capillary pressure in
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Figure 6 — Saturations of wetting phase in fracture for different cases
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Figure 7 — Visualization results based on capillary forces on Paraview

matrix and fracture corresponds to their saturations. Consideration of the different recovery
mechanisms in the model leads to significant effect on the recovery factor and gives a
better understanding of the process of production helps to determine the optimal regimes
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of field development. The designed module in DuMux allows taking full advantage of DuMux:
different computational grids, a parallel computations, visualization, different numerical solvers.
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