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Introduction

Coalbed methane production

(0]

g

3 j—

N

Coalbed methane (CBM) Methane
unconventional resource
SN—— Water
Dewatering  Stable production Decline Time

2 distinct phenomena affecting permeability:

@ Pressure depletion — Reservoir compaction — Cleat permeability ~\,

@ Gas desorption  — Coal matrix shrinkage — Cleat permeability

» Unconventional models
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Hydraulic model

CBM production = desorbing gas molecules from the internal surface of coal
(by mobilizing water in the cleats to reduce pressure)

Gas desorption

Matri )
o Gas diffusion @ Matrix
@ Matrix — Cleats
—> Water flow
—> Gas flow @ Cleats
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Hydraulic model

CBM production = desorbing gas molecules from the internal surface of coal
(by mobilizing water in the cleats to reduce pressure)

@ Matrix
@ Matrix — Cleats

Gas
transfer

@ Cleats

(Shape factor)

» Dual-continuum approach

Frangois BERTRAND GeoProc 2017 05/07/2017 3



Hydraulic model

Matrix - Langmuir’s isotherm

pres

pres

Matrix pressure

7/
Pres

0
Pg,m

Reservoir pressure

0
Pres
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Hydraulic model

Matrix - Langmuir’s isotherm

35
Vi Pres
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’ PL+ pres T2
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Figure: Data published by [Coppens, 1967].
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Hydraulic model

Matrix — Cleats

Mass exchange matrix — cleats :

1 M, ;
__ "9 _ plim
Sorption time:
Matrix pressure 1
T= —g
DY,
0
pg,m /
E o Diffusion coefficient in the matrix DS,
i
Pgm @ Shape factor ¥(w)
Reservoir pressure 1 1 1
: 7 =7 (et ozt o)
pres pres ! 2 8

[Lim and Aziz, 1995]
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Hydraulic model

Matrix — Cleats

Mass exchange matrix — cleats :

Mg

1
E=- 9 Po.m pllm
T RT ( g,m g,m )
Pg.m
0
:“pg,m
b7
...... 107—
™,
\\\
s
Time
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Sorption time:
1

T=—F
wDg,

o Diffusion coefficient in the matrix DY,
@ Shape factor ¥(w)

U=n?
TC( wt 2+W3>

[Lim and Aziz, 1995]
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Hydraulic model

®,
»
o? “.. o'_o/-,
L2 a3
Diffusion through Fluid flow into natural
matrix and micropores fracture network

[Al-Jubori et al., 2009]
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Hydraulic model

a‘,/. f'."o
w3 st
LA

X,

hy

X3

.0'?2 "%\. .3 .

Diffusion through
matrix and micropores

Fluid flow into natural
fracture network

[Al-Jubori et al., 2009]

By integrating Navier-Stokes, the
flow between two plates is:

°
B 1dp
12 uds
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Hydraulic model

‘3\‘.'/‘.:5{‘ '.0'0

Through one set of cleats, the per-
“ ) meability is [van Golf-Racht, 1982]:

X,

Iy 8 ®

Q.

i X e

Co%e%S 02" 3 3 3

Diffusion through Fluid flow into natural
matrix and micropores fracture network

X3

[Al-Jubori et al., 2009]

3

By integrating Navier-Stokes, the
flow between two plates is:
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Hydraulic model

Faavis
";’, 5\,. Through one set of cleats, the per-
[)
y 3 (go %)% X2 “ ) meability is [van Golf-Racht, 1982]:
? “. -_0: — h,
£ 2P R X
Diffusion through Fluid flow into natural
matrix and micropores fracture network
[Al-Jubori et al., 2009]
Cleat aperture evolution? '
» Mechanical model By integrating Navier-Stokes, the
flow between two plates is:
' _ hy 1dp
Dual-continuum approach qr=— 12 ',u ds
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Mechanical model

Equivalent continuum

Gjji = Cii € Matrix
Fractures | [0 Homogeneous rock
Y Vo — 2 — Fractured rock
s s o, YNy 8
— o o) E K,w )
SISy " " £
7 Hard Spring | Soft Spring | %
| 8
h, \ [a}
1 1 1 , )
h, e Axial Strain
Ex Emn Knx - Wy
K? : . .
K, = W h\ Kp, @ Isotropic elastic matrix: Em, Vi
umax [Bandis et al., 1983] @ Nonlinear elastic fractures: Kj, Ks
where up, = hy — h. » Orthotropic nonlinear elastic equivalent medium
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Hydro-mechanical couplings

@ Hydraulic - mechanical coupling

o Effective stress

o Sorption strain

@ Mechanical - hydraulic coupling

o Fracture aperture/permeability evolution
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Hydro-mechanical couplings

@ Hydraulic - mechanical coupling
o Effective stress

G?j = Gi/'—b,'j [Sr pw+(1 —S,) pg] 5,]

where §; is the Kronecker symbol and bj is the Biot’s coefficients tensor:

Cikk

bj =3~ 3,

where K, is the bulk modulus of the matrix blocks.

o Sorption strain

@ Mechanical - hydraulic coupling

o Fracture aperture/permeability evolution
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Hydro-mechanical couplings

@ Hydraulic - mechanical coupling

o Effective stress

o Sorption strain

5
o v v
.
__4 © Yovy v
3 . w
'g 3| . v
7 v
S|
£
3 7, . . .
> v ¢ -
FTY = Levine 1996
1 : . + Day et al 2008
- v Ottiger et al 2008
o ® St George and Barakat 2001
0

5 10
Carbon dioxide bulk pressure [MPa]
@ Mechanical - hydraulic coupling

o Fracture aperture/permeability evolution
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€s=Pe- Vg,ad

» éxxmt = éxx + éxxs
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Hydro-mechanical couplings

@ Hydraulic - mechanical coupling

o Effective stress

o Sorption strain

@ Mechanical - hydraulic coupling

o Fracture aperture/permeability evolution

m) & _ O
Kn,
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Hydro-mechanical couplings

@ Hydraulic - mechanical coupling

o Effective stress

o Sorption strain
@ Mechanical - hydraulic coupling

o Fracture aperture/permeability evolution

» Hydro-mechanical model formulated using a finite element method
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Reservoir modelling

Synthetic reservoir

Coalbed 5m

400m

Reservoir

Ry

K
fw :T'pw‘ﬂ(Pw_Pwell)
Hw
Krg fw
fo =T-pg-— (Pg—Puwer) +H-pg—
Hg Pw

[Peaceman et al., 1978]

Frangois BERTRAND GeoProc 2017 05/07/2017 9



Reservoir modelling

Synthetic reservoir

Coalbed 5m
Well Reservoir

2 400m Initially in the cleats:
E 1.5
g Py, =2MPa
3 1 i
£ Reservoir Py, =2MPa

0.5
o In the matrix:

0 20 40 60 80 100
Days . Py on the Langmuir’s isotherm
fw :T'pw'ﬂ(Pw_Pwell)
Hw
kg fw
fo  =T-pg-— (Pg—Puwer) +H-pg—
Hg Pw

[Peaceman et al., 1978]
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Reservoir modelling

Synthetic reservoir - Reference case

Water production [m3/day]

4000

3000

2000

Gas Production [m3/day]
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Reservoir modelling

Synthetic reservoir - Production scenario influence

Influence of the depletion rate on the permeability evolution

Reference case

------- 5-years depletion

----- 5-years depletion; 90% max. capacity

= = = 5-years depletion; 10—days first drop; 90% max. capacity

2,

0 10 20 30
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Reservoir modelling

Synthetic reservoir - Production scenario influence

— Reference case

50001 . 5-years depletion
—— Reference case == 5-years depletion; 90% max. capacity
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Reservoir modelling

Synthetic reservoir - Production scenario influence

Pres = 2MPa
RT VL Pr
es
—— Reference case pmax pg std pc — 7 =1 897 MPa
+ 5-years depletion g,m M ? P + p
+ 5-years depletion; 90% max. capacity g L res
= 5-years depletion; 10-days first drop; 90% max. capacity|

2 Critical desorption
pressure

—

&2
< 15

Gas content
at initial pressure

Gas content

Abandonment
/&~ pressure

0 10 20 30

Pressure

crit 0.9- p gm P
Pres =
(Mg pg,std Pc- VL —0.9- pmax)

= 1.588 MPa
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Reservoir modelling

Synthetic reservoir - Production scenario influence

— Reference case

50001 . 5-years depletion
—— Reference case == 5-years depletion; 90% max. capacity
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Reservoir modelling

Horseshoe Canyon case

History matching exercise (Dry reservoir)

10000

° Well Pressure data

---Well Pressure simulation

¢ Gas production data

---Gas production simulation 8000
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a >
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° 16000 &
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= 4000 @
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Conclusions

Full coupled hydro-mechanical model implemented for the modelling of CBM production

Consistent macroscale model enriched with microscale aspects
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Conclusions

Full coupled hydro-mechanical model implemented for the modelling of CBM production
Consistent macroscale model enriched with microscale aspects

Remarkable features:

Dual-continuum approach for both mechanical and hydraulic behaviours.
Not instantaneous gas desorption from the matrix.

Kinetics of the gas transfer based on shape factor and Langmuir’s isotherm.
Desorption strain not necessarily fully converted into a fracture opening.
Permeability evolution directly linked to the fracture aperture.

®© 6 6 6 o o

Multiphase flows in the fractures.
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Conclusions

Full coupled hydro-mechanical model implemented for the modelling of CBM production
Consistent macroscale model enriched with microscale aspects

Remarkable features:

Dual-continuum approach for both mechanical and hydraulic behaviours.
Not instantaneous gas desorption from the matrix.

Kinetics of the gas transfer based on shape factor and Langmuir’s isotherm.
Desorption strain not necessarily fully converted into a fracture opening.
Permeability evolution directly linked to the fracture aperture.

®© 6 6 6 o o

Multiphase flows in the fractures.
Used for the modelling of one production well
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Thank you for your attention!

Multiscale approach for the coupled hydro-mechanical modelling
of partially saturated fractured coalbeds

?
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Hydraulic model

Mass balance equation

(oo (1=8)00) + - (o oy (1- 5 )

Gas phase

B 0
(Shape factor) -+ & (pg7 ,(I)f) (ng q; +Sr JI /) =E

transfer

Dissolved gas in water phase

0
and ot (Pg.ad) = —
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Hydraulic model

Matrix - Langmuir’s isotherm

‘ Fuid @ \G,./ t 8,_./
! Y Gas phase molecules  Vacant adsorption sites
® < p < 1-0
Adsorption sites ‘
Lol 4N
000 O
- 0: surface coverage of adsorbed molecules
p: pressure of gas
_ 0 k-
_o-¢q _ ,_ P

Tielfo] T T e T T e

Vg.ad = 0- Vi, where V| is the monolayer adsorption capacity

VL Pres

= Vopag=——
o PL+ Pres
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Figure: Data published by [Coppens, 1967].
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Hydraulic model

Matrix — Cleats - Analytical solution

o) =~ (Panl0) ~ Phm(0)

Solution for constant py™:

lim
= Constant Pg.m

i lim
= Linear Pg,m

Pa.m(t) = (D3 — Phm) - exp(_ )+p_{§T

Solution for the linear evolution of p”’" (slope a) :

L pemlt) = awm( )+a(—n+@m
Time
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Hydraulic model

Matrix — Cleats - Analytical solution

om(t) =~ - (bomlt) ~ (1)

e L lim
Linear PgTh,

= Hyperbolic PM

gm Hyperbolic evolution of g,

Pg.m

lim
Pg,m
D

I L L

\J

Time

Pres
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Hydraulic model

Matrix — Cleats - Analytical solution

2~,~
2
= 15 e = = = Apalytical solution
% .. = = = Numerical solution
=1 e 1.8L . -
Dil_) ~..~~~ E‘ -.....
05 ) s 1.6 Y
0 € \\
0 2 4 6 8 10 -
Days D_U’ 14 '#.’
12 \,
V. =0.02m® /kg
1 .
0 2 4 6 8 10
P, =1.5MPa Days
T = 3days

Frangois BERTRAND GeoProc 2017 05/07/2017 19



Hydraulic model

Cleats - Permeability change

( k ) B < [ ) s 2 distinct phenomena affecting permeability:
k @ Pressure depletion — Reservoir compaction — Cleat permeability \,

@ Gas desorption — Coal matrix shrinkage — Cleat permeability

0r = dr, exp{—cr(c —00)}

where ¢ is the cleat compressibility.

[Seidle et al., 1992]
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Hydraulic model

Cleats - Unsaturated conditions

ke - kr(Sr) . k

<t

krw _ (S*)n+1+7“

0.8
_ +\M w142 ;
kg =(1=8" [1=(s,)'7H] o
0.4
0.2

with & = or—Swes
’ 1 — Sw.res — Sg,res 0

Frangois BERTRAND
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Hydraulic model

Cleats - Unsaturated conditions

Jo_ 5% [Mualem, 1976]

_ (ox\NH1+2 T [—m=2=2
Kw = (Sr) & ¢ T l---n=21=05
0.8 e m—0A-2
_ _o*\7 =~ 142 0.6 ~
kg=(1=s-[1=(s0)'" ]
0.4
0.2
with S = %
W.Ies — =g.res ; % 02 04 06 08 1
— S;

S~ Swrem ()

Frangois BERTRAND

= =
1— Sw,reso (‘%) - Sg,reso (q;%) (*

GeoProc 2017

s [Pa]

-1
szpe.(s;")x

[Brooks and Corey, 1964]

5

10x 10 .

— A=2; P_=100000 Pa

8 ——A=2 P =10000Pa
—— A=05; P_=100000 Pa

6 e

4

2

0

0 0.2 0.4 0.6 0.8 1
SW [_]
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Reservoir modelling

Synthetic reservoir - Reference case parameters

Frangois BERTRAND

Parameters Values
Seam thickness (m) 5
Reservoir radius (m) 400
Temperature (K) 303
Overburden pressure (Pa) 5E6
Well transmissibility 7 (m®) 1E-12
Penalty coefficient k (m?.s/(kg.Pa))  1.5E-19
Coal density p. (kg/m®) 1500
Matrix Young’s modulus Ey, (Pa) 5E9
Matrix Poisson’s ratio vy, 0.3
Matrix width w (m) 0.02
Cleat aperture h (m) 2E-5
Cleat normal stiffness K, (Pa/m) 100E9
Cleat shear stiffness Ks (Pa/m) 25E9
Maximum cleat closure ratio 0.5
Joint Roughness coefficient JRC 0

GeoProc 2017
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Reservoir modelling

Synthetic reservoir - Reference case parameters

Frangois BERTRAND

Parameters Values
Sorption time T (days) 3
Langmuir volume V; (m®/kg) 0.02
Langmuir pressure P, (Pa) 1.5E6
Matrix shrinkage coefficient B¢ (kg/m®) 0.4
Entry capillary pressure pe (Pa) 10000
Cleat size distribution index A 0.25
Tortuosity coefficient 1 1
Initial residual water saturation S res, 0.1
Residual water saturation exponent, ny, 0.5
Residual gas saturation 0.0

GeoProc 2017

05/07/2017

22



Reservoir modelling

Synthetic reservoir - Parametric and couplings analysis

50001
— Reference case
-=- Constant aperture
w Constant permeability|
54000 == Constant porosity
)
E
‘='3000
§=]
©
>
3 :
© 2000r :
o :
]
©
O]
1000 i,

0 5 10 15 20 25 30
Years
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Reservoir modelling

nthetic reservoir - Parametric and couplings analysis

1.6
— Reference case
- - -Constant aperture
X + Constant permeability
5000 o °
— Reference case Constant porosity
--- Constant aperture
L Constant permeability|
;4000 == Constant porosity
S
2
?3000
0.8
2 0 10 20 30
= Years
© 2000r :
o
a 2.5; |— Reference case
o - - - Constant aperture
1000 ~ Constant permeability
2r |- Constant porosity
) . . . . . )
0 5 10 15 20 25 30 s
Years
1
0.5
0 10 20 30
Years
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Reservoir modelling

Synthetic reservoir - Parametric and couplings analysis

2 ---1=10days
—1=23days
------ 1=1day

0 10 20 30 40 50
Days
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Reservoir modelling

Synthetic reservoir - Parametric and couplings analysis

40001 5
2 —B=04kglm3 —pB=04 kg/m3
: 0.2 o 35001 “-B=0.2 kg/m
---g=0. e ,
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= 5 2000
1 =]
B
& 1500
3
0.5 O 1000

0 10 20 30

Frangois BERTRAND GeoProc 2017 05/07/2017 3



	Introduction
	Coal and coalbed methane formation
	Coalbed methane production

	Hydraulic model
	Matrix
	Matrix  Cleats
	Cleats

	Mechanical model
	Hydro-mechanical couplings
	Reservoir modelling
	Synthetic reservoir
	Horseshoe Canyon case


	anm0: 


