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pore pressure distribution due to 5 moving water jet
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ABSTRACT: Rock cutting efficiency may be improved with the use of fluid injection in front of the rock cutter
The induced pore pressure due to the injected fluid at the vicinity of rock cutter increases the penetration rate:
This paper deals with‘ the numerical solution of the pore pressure distribution in a permeable rock as a result of the

i i ed from the source solution of the classical diffusion problem.
The boundary of the rock surface is divided into a number of small segments and the numerical solution is
obtained using the boundary element method. The characteristic of pore i
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I INTRODUCTION

Rock cutting technique is used as a mean to remove
rock mass, and commonly found in underground ex-
cavation and petroleum industry. The motivation of
this study arises from the use of fluid injection zlr; rt_:l:lk
cutting pro e ting pi ince can be im-
provgncgip h fluid pressure at the re-

7 iidud to the rock cutter does
fusion process of pore pressure.
s problem is derived based on the
he instantaneous fluid source

can be ﬂmg;,;tued with respect
solution for moving continuous
>d on this solution, the pore pressure
-solved numerically using boundary



FOR MOVING F LUID SOURCES
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2 SOLUTIONS

ider a continuous
ggc?ng in an infinite plane alon :
stant velocity v, as shown in Fig. :
a particular location and time due to t e'E it
at the position z = £, ¥ = 0 and time ¢ =
expressed as

Qdr

- i o L{—_E_in_f] )
@yt = =)

dc(t—17)

where x and ¢ are permeability and hydraul;'c tc:if:ialtsi:':fg-
i i tively and £ = vr. Integl
e i T th reipect to 7 yields the

(1) from time at —co to t wi e
solution for moving continuous line source

Q v(z — vt)
— exp [—T}

Pd("""l Y t) & oKk
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where the subscript cl refers to “continuous line” source
and K, is the modified Bessel function of the second
kind (Abramowitz & Stegun 1964). This solution was
originally given for the problem of heat conduction
in solids by Carslaw & Jaeger (1959). Introduce the
following moving coordinate and a dimensionless pa-

rameter

T -t Y va
X = == = —
A a’V 2 &

where a is the radius of influence of the Jet stream
pressure. We can then write (2) as

X, Y) = 3% ep(-VX] Ko [VVETET (1

The time-dependent effect does not enter j
ter in (4
thus _the prob]?.m can be considered steady—statc(: i)n:nhg
movbllng ccs:rdmate' system (see Fig, 2b),
. bee’;‘t(;un; soluhon' for a movir_lg segmental source

Figure 2: Moving fluid source in an jpfi.:
fixed cartesian coordinate (z, y) and 1(12’-)1,::? Plang; (a)
dinate (X, Y) oving cop,.

(b)

Figure 3: Moving segmental source: (
] v : (a) fixed A
sian coordinate (z,y) and (b) moving comdci::l:::e

(X,Y)

to b. Defining Z = ¢/a, g = b/a, and d¢ =
we obtain the pressure distribution due to aie;miﬂgi
source in the moving coordinate system (Fig. 3b) as

A 8
Pa(X,Y)= 2= [G(X - 2,¥)dz ®)
28

where the subscript es stands for “eontinuéus séynm-

G(X,¥)=

tal” source and the kernel of the integral G is given by
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gmental
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egmen-

where
= ' GX =2 Y)dz
= 10
nxY) l "

; I sign in (10) is remaineq as the ¢|
Ig}"tf: integration does not exist and j ha: t?;s;:
fol e numerically. Equation (10) will e used i

a mpt to solve the boundary valye Problem of our

?"t:::t as described in the following Section,
in

4 NUMERICAL SOLUTION

olution for the pore pressure distribution e
hm;.;[ane permeable rock can be obtaineq by SDM“;
ﬂ:a following integral equation

Pmm=jumcw—zmﬂ (1)
where P(X, 0) i_s, defined similarly as (8), the known
poundary condition of the pressure on the rock syrface
and A (X) the unknown d1st1_'|!3ution of the strength
of fluid source. Once the fictitious strength A (X) js
known, it can be substituted back into (1) to compute
the pore pressure field P (X, ¥) in the medjum

The integral equation (11) can be approximately
solved using boundary element method. Considering
the problem in the moving coordinate system as de-
picted in Fig. 4, the surface boundary is divided into
n elements of equal length. Assuming a bell-shaped
pressure distribution, the boundary condition can be
written as

P(){,o)={J"(X)=((]1"X2)2 }f(]'f% (12)

O Caleulaion of pore pressure
can e made wing (16), The RLER

Strmgth A
Ly ang 1", " exteny
.::1;“ nwrll:'ﬂml! Seli::zd ‘nui:]:h:tc:ndw ':li‘,""'ﬂ"uﬁon
o e
Elemeny 'y (X,0) can be Wﬂmam Pressure op th:
Megral equagiqn T Of n algebraic g 1 of
M (1) can e Staighgy - " forthe
P(X l|0) ] i 2
&M M- x
p (Xz.ﬂ) ~

gl\i H{Xz - X'.’ 0)

3 R

P Lof0) Ty
( 0) ~ gAin(Xn‘XhO) (13)

Upon rep]acir;

Written i mau'?x?o:;ﬂalsthe R, (13) can pe
(B} = m) (a,) (14
where :
E=Pwmhm=m&—am (15)
The unknown fictitious strep, i

! lcti Aiin(14
using Gguss elimination andg:.hhe poré pr)e:sa:r:e astnlwd
Position in the medium jg given by T

H&nthmx—&n) (16)

i=1
4 RESULTS AND DISCUSSION

4.1 Verification of numerical scheme

In order to verify the numerical scheme presented pre-
viously, a simple case of which the analytical solution
is available will be used for comparison. Consider a
limiting case where V. — 0 and the jet stream pres-
sure on the boundary is uniformly distributed as

1 ,|X]<1
Poco={5 ' 51 i

is simple case corresponds to a stationary problem
El?n?fgt:n pressure on the surface of porous medium.
Following the boundary element technique, ﬂ; 'sjn's-
face boundary is discretized from X = —§8 to V__
with 80 elements. The dimensionless velocity V' =

0.001 is chosen. The plot of distribution of fictitious

b r< given in Fig. 5.
A, is given in Fig SN, 5 sl

ical solution for

| in Appendix (A9). Compar-



pressure

Figure 6: Comparison between analytical and numer-
ical results.

and numerical methods at different depths (¥ = -0.5,
-1, -2) are shown in Fig. 6. In general, both results are
in very good agreement except for the region far be-
yond X = +5. This could be attributed to the fact that
the analytical solution is derived for the infinite extent
of boundary in X-direction while in numerical model,
we discretize the boundary up to certain points. It is
found that improvement on the results can be obtained
if the extent of the discretization L, and Ly is made up
10 X = +10 even if the number of elements remains

4.2 Pore pressure Sfield

This section presents the Pore pressure field due to the
Water jet moving with varioys values of dimension|ess
velocity V. The bo condition js Prescribed as
Pressure P for dif.
= 0.01, this can be

Ay and steady-state as pore pressurg

in (12), The contour plots of pore

femanaregweninF' 2
considered ot 8. 7. For v/

es a symmetrical property (Fig. 7).
;ﬁc‘:;l](liy,p (:ts srepresZnts a situation where the | ) :l]llt)t':r
and the water jet move extremely slowly or the i
permeability is very high. For larger values of v
is shown in Fig. 7b and Fig. 7c that the regio, infly.
enced by diffusion process is where the water jeg s
been passing by. The region ahead of the water jog ;¢
hardly perturbed by the process.

It is, however, (_)f greater concern for pra Ctical g,
plication to determine the induced pore Pressure af gh
vicinity of rock cutter. Consider the fo]low.'ng tent,
tive values of the parameters: a = 1 cm, Cutting dois
d = 1 mm, and the lag between the nozzje and cutte,
2 em, which corresponds to X = —2 apnq y _ i
Fig. 8 shows the contour plots of the pore Pressure i
the region of the rock cutter. These plots can be ygeg
to find the optimum value of V such that the induceq
pore pressure is the largest at the desired location, o,
example, at X = —2and Y = —0.1, the largest pore
pressure is obtained (P = 0.12) Ifo,. V = 100, The
contour plots also show that appllcat{on of the water
jet in rock cutting may not be effective for the rock
that has very small hydraulic diffusivity, Taking the
value of ¢ ~ 107% m*/s, which is typical for shale,
and the velocity v ~ 2 cm/s, these yield an extremely
high value of V' (~ 10%). The induced pore pressure at
(=2,-0.1) is completely negligible (P ~ 10719 gy
such a high value of V.

5 CONCLUSIONS

In this paper, a numerical scheme based on boundary
element method have been presented for solving the
problem of pore pressure distribution due to a moy-
ing water jet. The characteristic of pore pressure re-
sponse depends mainly on the dimensionless parame-
ter V = va/2¢. To increase the performance of rock
cutting, the pore pressure at the vicinity of the cutter
can be made larger by suitably adjusting the Igcatmn
and speed of the nozzle with the help of numerical re-
sults presented here. The results also indi_cate that the
use of water jet technique in rock cutting is not/appro-
priate for the rock of very low hydraul I
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A STEADY-STATE SOLUTION FOR STATIC UNI-
FORM PRESSURE

diffusion equation for pore pressure in

urier Transforms, International
lied mathematics, McGraw-

The governing
moving coordinate system (X,Y) is given by (Detour-
nay & Atkinson 2000)
PP BEY 98, g
axztarE) "X (AD)

As the static problem is of concern, we are dealing
with the limiting case where va/2c — 0, and thus

(A1) becomes

#p o

ox? o T (2)
The boundary condition of the jet strea

the rock surface is given in (1 7}Jas e

e
P(X'O)"{O {X}fi (A3)

Because of the symmetry of thi
t : is problem, we ¢ -
\Tl)[(h th; Fourier cosine transformation (Sneddon ?SSalp)
spect to X, to the governing equation (A2) ’

2

(=%
ot

-w?P +

|

% (Ad)

(=9
i

where
ﬁ(w;}’ = - i
)== Dj P(X,Y)cos(wX)dX, w> 0 (A3)

The general soluti di |

tion (A 1 ution to the ordinary differential equa-
P= AECP(WY) + ngp(_wy)
The solution (A6) has to be bound s §
P, ooj o A it

then we have P (w; —00) = 0. This leads 1o 2
Nelyge

that B = 0. Next, apply the sam
the boundary Y = 0 and we find ﬂfattr ansformatigy, i
£ 2 si
Pw;0) ===

(A7)

Therefore, we have now solved for A
in the transform domain is given by and the Solutigy,

PwiY) = 25 exp(uy) -
B

The pore pressure distribution is th

. . . en i

plying the inverse Fourier cosine trans?c?::::t‘?d by ap.
: ion

Il

/:of’ (w;Y) cos(wX) duw
% [arcta.n (X; 1)

XYJ'r 1) ] (A9)

P(X,Y)

Il

— arctan (
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