International Journal of Mine Water | © International Mine Water Association 2006 | www.IMWA.info

International Journal of Mine Water, Vol. 7, No. 4, December 1988, pp 27- 42

NUMERICAL MODELLING OF TWO PHASE
FLOW OF GAS AND WATER DURING
DRAINAGE OF A COAL SEAM

by

A. Basu and M.J. Boyd

University of Wollongong,
Northfield Avenue, P.O. Box 1144,
Wollongong 2500, N.S.W. Australia

P. McConchie
BHP Steel International
Port Kembla, N.S.W. Australia

ABSTRACT

This paper examines two phase flow of methane gas and water during drainage of a
coal seam. A computer model is developed and applied to a mine at Bulli, N.S.W.,
Australia. Pressure and flow predictions for the two fluids, methane and water are made.
For planners the point of interest is the drainage time required to achieve a desired seam
gasiness and the most economical schedule of borehole drilling. That is, it is desirable to
know the most effective borehole diameter, spacing and orientation, and the computer
model can assist this planning.

Transient one dimensional flow in the coal seam is assumed. The coal seam is
modelled as having isotropic coal properties such as porosity and permeability and the seam
is assumed incompressible, isothermal and horizontal. The model assumes incompressible
flow for water and ideal gas behaviour for methane. Flow through the coal seam is
assumed laminar Darcy with full two phase capillary and relative permeability effects.

The flow equations are solved numerically using an explicit difference formulation
bounded by experimentally determined initial conditions and a no flow condition at the axial
limit, providing the ability to consider neighbouring borehole effects as desired. The output
of the computer program is a graphical presentation of pressure distribution and flow rates
at different times and at different locations within the coal seam.
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LINTRODUCTION

Drainage of methane gas from a coal seam during mining operations has
considerable significance for mine safety with regard to explosions. Methane drainage is
achieved by drilling a set of drainage holes into the coal seam, and water, as well as gas,
is drained. Effective drainage depends on the diameter, spacing and orientation of the
drainage holes. In this paper, a mathematical model is developed for two phase flow of
gas and water during drainage of a coal seam. The equations are solved numerically and
the model is applied to experimental measurements made in mines operated by West Cliff
Colliery at Bulli, New South Wales, Australia.

2. MATHEMATICAL MODEL FOR TWO PHASE FLOW

2.1 General

The mathematical model is developed assuming that the coal seam is isotropic with respect
to porosity and that the seam is incompressible, isothermal and horizontal. The model
assumes incompressible water and ideal gas behaviour for the methane. Ideal gas
behaviour applies because temperatures in the coal seam are 22°C to 25°C, and maximum
gas pressures are always less than 900 kPa.

2.2 Relative Permeability of the Coal Seam

Since two phase flow is being modelled, the absolute permeability of the coal seam k
(which is an intrinsic property of the coal porosity and cleat network and independent of
the fluids) is separated into two relative permeability components.

The fractional saturation of gas and water is denoted by sg and sw respectively where
0<s,<1,0sy<1andsy, +s=10 )

The relative permeability of gas and water krg and krw respectively, are functions of the
fractional saturation of each fluid and can be expressed in terms of s,

Figure 1 shows the relation between relative permeabilities and sy used in the
computer model based on experimental data presented in [Ref. 7]. Note that for total
saturation by water (sw = 1.0) thenkr, = 1and K;g = 0, and conversely for total
saturation by gas (sw = 0) thenkpy = Oand kyy = 1.

2.3 Equations for Water and Gas
The basic equations describing two phase flow in porous media are the continuity
equations for each phase:

J
water: % (py uy) = 0 F (Pw Sw) (2a)
0 0
Gas: Fr (pgug) = -0 5 (pg sg) (2b)
‘Where p = fluid density
u = fluid flux velocity
s = fractional saturation
¢ = porosity of the coal bed
X = distance from drainage hole
t = time

Flow velocity is related to pressure gradient by Darcy's equation:
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Figure 2 Capillary-pressure curve used in computer model.
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kk,, Opy

Uy = T ok (3a)
kk, 0p,

u, = - W T (3b)

where k = absolute permeability

ke = relative permeability

p = pressure

n = fluid viscosity

Since water is considered incompressible, py is constant for a given temperature. Since
ideal gas behaviour is adopted for methane, the gas equation

p
Pg = T{% (3c)
applies,
where R = engineering gas constant for methane and
T = absolute temperature.

At the curved interface between methane gas and water a pressure difference,
termed the capillary pressure pe, exists due to surface tension effects.

Pc = Pg ~ Pw (3d)

As the water fractional saturation s, decreases, more pore space is occupied by the
methane gas and the gas/water interface retreats into smaller interstices of the pore space
where radii of curvature are smaller. Consequently the capillary pressure pc increases as
sy decreases.

Both pg and pw, and hence pe are functions of (x,t). The fractional saturation of
water sy, in the coal seam is also a function of (x, t) and the equations can be simplified by
noting that a simple relation between pc and s, exists. Figure 2 shows the relation based
on experimental measurements [Ref. 7] and this relation has been adopted in the
mathematical model. Since pc = pc(sw) then the partial derivative

Pe dpe
e can be replaced by &,

2.4 Development of Model Equations

Combining equations (2a) and (3a) it can be shown that

dSy o Kk (PP @
dp. ot O ax?

S
We apply the chain rule to ——a—t‘i because it is not possible to determine the rate of change of

water saturation during drainage with time directly.

Using equation (3d) it can be seen that equation (4) is rewritten as:
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dp, Opy kk, dp, [p,
T T Oy S, | 352

Also, using equations (2b), (3b), (3d) and (3c), it can be shown that

2
kk, [apg Ip, + J pz] _ . 9 95,

opg | 9x  Ox Pg ax? =% o tPe
ds —ds
A =1-5,, have —£& = =
S sg Sw> We hav . .
as ds, dJp,
—& = —& c
Also, ot dp. ot

ds, (0 o)
dpg (-—agti - %—), using equation (3d)

Substituting equation (7) and equation (8) into equation (6) we get

1- Sy dpc _ ] apg a& _ e
Py dsy 20Hgp, dsy 542
Adding equations (5) and (9) we get

kk, dp. 9°py

[l—sw dpc] opy _ kky dp. 3'pg

Pg d_sw- a 2¢p'gpg dSw aX2 OHy, ’d_S:v— ax2
apg _ k krg I’ alng + k krw Pg apr
e T 20u, (1—-sw)L ax? oy (I-s,) | 342
1-s, d
For simplification, assume m = -—p—s—w a—gf -1

and Equation (9) and be written as
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Substracting equation (5) from equation (11)

2 2
(L 1) 2 Kk O D9y Kk dpe P
m ot 20p, pgm ds, 5,2 Oy ds,, 3,2
2 2 2
or, Po L _Kky dp Opy  m ki dp Opw
" ot I+m 20u, pym ds, 5,2 mHl o, ds, 5,2
1 1 dp 1 1 dp; 1
Also, —_— e — = =
+m p, ds, 1-s,, dp. pg dsy 1-s,,
Py dsy

Therefore, the above equation can be rewritten as

BT 20,05 g2 o, (s g2 "

Equations (10) and (12) form a set of coupled equations which can be solved numerically
to find Pg and pyw at all values (x, t).

2.5 Numerical Solution Method

Numerical methods are used to solve equations (10) and (12) to avoid the complexity
involved in analytical techniques. A different equation method in explicit form is applied
with known boundary conditions and an assumed initial pressure distribution.

Equations (10) and (12) are now replaced by explicit difference approximations:

k krg At

pg(x, t+AD) = m o

{pz (x+Ax, 1) - 2p2 (x,0) + p:(x—Ax,t)}
k krwpg(x»t) At

e [pw(x+Ax, 0 - 2p,(x,0 + p, (x—Ax,t)}
W W X

+ pg(x,0) (13)
and
k kg At 2 2 2
Pu (it +80 = ot T [pg (x+ Ax,t) - 2p2 (x,0) + pE (x — Ax.t)]

k ko Pg(x,)
_ T‘,,—(Tpf—s:T i—l% m [pw (x+Ax,t) — 2p,(x,1) + pw(x—Ax,I)] +py(x,t)  (14)
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Equations (13) and (14) are now used to calculate pressures pg and py, attime t +
Dt from known conditions at time t. Values of sy, and k; at imes t and t + Dt are related to
the values of pg and pw at these respective times, using the curves in the Figures 1 and 2
and the relation pc = pg - pw. The numerical solution requires an iteration procedure in
which estimates of sy, and k; at time t + Dt are improved at each iteration. A separate sub-
routine in the program is used for this.

3. APPLICATION OF MODEL
Data for West CIiff Colliery

Average temperature in mine entry 2°C

Water viscosity 1.0x 103 Pas
Gas viscosity 1.3x105Pas
Porosity 0.08

Absolute permeability 80 milli Darcys
Water density 1000 kg/m3
Gas density 0.52 kg/m?3 at 80 kPa
Methane gas constant, R 518 J/kg.K
Gas-water relative permeability Figure 1
Capillary pressure vs water saturation Figure 2
Average pressure in mine entry 80 kPa

In the implementation of the explicit difference equation approximation to the
differential equation describing fluid flow from the coal seam, the initial distribution is of
major importance. As of subsequent pressure predictions and hence flow predictions are
calculated from an original known pressure distribution it is important that an accurate
distribution be known. Tests were conducted at West Cliff Colliery by Kembla Coal and
Coke Pty. Ltd. [Ref. 5].

A 24 m deep drainage hole was constructed, and six 30 m deep parallel boreholes with
pressure sensors were drilled along a line at distances 4, 6, 9, 16, 25, 35 m from the
drainage hole. In each borehole pressure readings were taken at 0,10,20 and 30 m
distances. Pressure readings obtained in this way are shown in Table 1.

Table 1
Initial Borehole Gas Pressure Readings Measured at West CIiff Colliery
Distance into Distance of Borehole from Drainage Hole (m)
Borehole (m) 0 4 6 9 16 25 35
0 80*#| 80* [ 80*| 80*| 80* 80* 80*
10 80# - - 93 96 99 108
20 80# 140 - 290} 348 - 359
30 80# 8541 854| 860} 878 892 887
*Pressures 1n mine entry. #Pressures in drainage hole

Note:  Values are absolute pressures in kPa.

34

Reproduced from best available copy



International Journal of Mine Water | © International Mine Water Association 2006 | www.IMWA.info

KB ¢p 1917 UONNQLUSK(] 2MSsald ¢ 11y

SE€ BZ |4 vi L

(W) x L L I I 1

afoyaiog D3UY *w (QZ seinssadg

sAep gy Jajje Iajef ————
skep gy 1334e sen _—
uoT3INqIISTd

ainssald se9 TeJaIful

3704 3DUNIVYO WOH4 30NVLISIO “SA 3HNSS3IHd

0°GwlL

gLz

3°062

§°29¢

ainsssid ajnTosqy

(2a%)

35

Reproduced from best available copy



International Journal of Mine Water | © International Mine Water Association 2006 | www.IMW A.info

SARD ()6 J91JE UONNQLISI(T 2SSl  AnSL]

St 8¢

a{oyslog 03UT ‘w gz $8Inssald

shep (g 38348 Jajen —————
sAep Q6 umuum seq ——-
UOT}NGTIISTO s

8inssald seg TeI3ITUIl

- - -
Pl

T e Tttt et s oo e T

30K

IOVNIVEO WDud 3ONVISIA °SA 38NSS3¥d

§°ZL

0'svl

soLLe

a‘o62

G°Z9¢

ainssaid a3NTosqy

(edx)

36

Reproduced from best available copy



International Journal of Mine Water | © International Mine Water Association 2006 | www.IMW A.info

sAep ¢p I91je UONNQLNSI(J 2IMsSA] § ATy

5L 8Z 1z

ﬁEvKI | | |

i L
1 1

a[oyaioq O3uUT ‘W Qg S8INSSBIg

sAep gy Iajje Jejzen

shep gy Iajje sen

uoT3NQTIISTQ
81nssalid seq Ter3Tul

370H JOVNIvHO WOoHd

JIRYISIQ *SA 38nNSS3dd

StLLl

5°Zes

L°aLe

9°L88

ainssald a3nrosqy

(ed3)

37

Reproduced from best available copy



International Journal of Mine Water | © International Mine Water Association 2006 | www.IMWA.info

SAep (6 Joye uonNqIusI(y 2mssaxy 9 oLy

SE BZ 1z vl L

(0) x  —l 1 1 L 1

8[o0yaloq O3UT ‘W Qf §8INSS8Ig

shep Qg J834e I83enR [Rp——
sAep Qg J8jje sey —_—

UOT3NQTIISTQ
8INssalgd seY [BTJTU]  -—-—-

R
e -

At e s semte Lt e G e e T s

370K 3DYNIVHO WO¥4 3JINVLISIO "SA 3UNSS3Hd

S°LLL

0°ss¢g

§"Zes

L‘oLe

9°L88

8INssaxg 8jnToOsqQy

(=dn)

38

Reproduced from best available copy



International Journal of Mine Water | © International Mine Water Association 2006 | www.IMW A.info

-
L] °
@ )
(&} m O
3 .
o
o
—
]
1L
1
[ -
|
I L
]
]
N
©
L -
[ ]
H
Il
t e
'm
|-m
o
] o
=
Im:
[d
’-q.s:‘
s, S
l'—og
R
l"’z,
tf o ¢
I-:.E
1 % PN
[ T
b oe B
- o
1| =~ K
v 8 5
! g
v .
, [}
'h
Il @
N R
Frrrryryrrrvr7v r 1711« 1rr1rvyvy1r v -+«
< o ") [~} w
° * . ° o o
o~ o~ - - o

8J138uW/B83NUTW/8BIITT UT 8381 MOT4

39

Reproduced from best available copy



International Journal of Mine Water | © International Mine Water Association 2006 | www.IMW A.info

sKep () 19172 UONNQLOSK( dImssald § ANty
¢ 8Z (¥4 vl L

A!v - 1 | I 1 1

A23mQ | = X eIO0yaIOQ GJUT °W Of seINSES8Id

-
-
-———

sAep 06 IN3je xejepn ————
sAwp D6 lajje sey e m
UOTINGTIFETQ eINEe8Id S8 TeTITUl ——— \
[}
/
/
/

- oo e e "
———
-

3708 IDVNIYHO WOY4 3INVISIQ °SA 3HNSS3id

S°LLL

0°ssE

5°ZES

L°0LL

9°L88

@IN8S88Ig B3NTDEQY

(eax)

40

Reproduced from best available copy



International Journal of Mine Water | © International Mine Water Association 2006 | www.IMWA.info

Pressures at all points in the coal seam were interpolated from Table 1 using a cubic
spline curve. '

Permeability in coal seams can vary widely, from 50 milli Darcy to 1 Darcy. Accurate
values of permeability have not yet been determined for Bulli mines, however a value of 80
milli Darcy has been suggested by Kembla Coal and Coke [R.D. Lama, personal
communication]. All calculations are based on permeability of 80 milli Darcy. The effect
of assuming a different permeability (1 Darcy) was also studied using the numerical model.

The following boundary conditions at the borehole (x =0, t =0) are used:

pg = 80kPa
sw = 0.763

pc = 12kPa ~
pw = 68kPa

4. RESULTS OF COMPUTER MODELLING

Figures 3 to 6 show pressure distributions of gas and water within the coal seam, calculated
at times 45 and 90 days after drainage commences using the parameter values given in
Section 3.

Pressures generally decrease as flow drains towards the drainage hole. At all points in the
coal seam, pressures decrease with elapsed drainage time. This is more noticeable at points
30 m into the boreholes where the pressure gradient is steeper.

For distances in excess of.35 m from the drainage hole, pressure of both gas and water
remain close to initial value§ and do not decrease with time.

Figure 7 shows flowrates of gas and water per metre of borehole length, calculated
over a 90 days period. Flowrates of water remain essentially constant with time and this
agrees with experimental measurements taken at Bulli mine by Kembla Coal and Coke Pty.
Lid. [Ref. 5]. The flowrate of methane gas decreases slightly with increasing time as the
gas content of the coal seam is depleted. The maximum value of 2.4 litres/minute/metre
length of borehole agrees reasonably well with experimental values of 1.96
litres/minute/metre measured in Bulli mines [Ref. 5].

As stated in Section 3, permeability can vary widely in coal seams. figure 8 shows
results calculated using a’permeability of 1 Darcy. Comparing Figures 6 and 8, the
increased permeability increases drainage of gas and water and produces a significant
decrease in pressure, even at distances well away from the drainage hole.

5. CONCLUSIONS

A computer model has been developed for two phase flow of gas and water during drainage
of a coal seam. The model is based on solution of the continuity equation and Darcy
equation, applied to each phase. The resulting coupled equations are solved in an explicit
finite difference formulation.

The computer model has been applied to experimental measurements taken at Bulli Mine,

N.S.W. Australia and agreement between predicted and experimental pressures and
flowrates is generally good.
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