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COMPRESSIBLE FLUID FLOW THROUGH ROCKS
OF VARIABLE PERMEABILITY

Abstract -

‘The effectiveness of course-grained
" igneous rocks as shelters for burfing
radioactive waste can be assessed by
determining the rock permeabilities-
at their in aitu pressures and
stresses, We uBed analytical and nu-
merical methods to golve d;fferemtial
equations of one—dimensioﬁéi flﬁid

flow through rocks with permeabiliries

- from 10" to 1 nD.

A In these eaICula-
tions, we used upstream ‘and downstream
‘reservoir yolumes of 5,50 ‘and 500 cm3.
The optimal size combinations of the

two reservoirs were. determined for

measurements of permeability, stress,

“strain, acoustic velocity, and elec-

trical ponductivity on low-porosity,
éoarseegrained igneous rocks.

Introsluction

_Sucgessful'permsnent storage of
'solidified,‘highly radioactive waste

> requires that it he secured and

shielded in a stable environment away
from circulating groundweter. In many
areas of the U.S. and world, coarse-
grained igneous rocks (ranging from
syenites to gabbroes) 1 to 3 km deep
may provide adequate protect;om for
radioactive waste. Before we can
accurately assess the‘efficiency of
these rocks as waste repositories, we
mst First know their permeabilitlas
at the lithostatic pressures and

- To
study this, we have begun a laboratory

stress fields_at such depths,

Program to measure permeabilities of

igneous rocks at their expected in

_measuring methods.
‘bilities from 104 to 10;"0 nD can be

Bifu‘conditions. Since we eipect
tha: the permeabilities of igneous
rocks may range widely (i to _
1010 nD), we will need sophisticated

Although permea—

determined directly from measurements
of fiuld flows and pressure drops-’
across rock samples, permeabilities
from 1 to 10° nD will be determined
by the use of transient methods,
Accurate measurements'with such meth~
ods require, among other determina~:~
tions, precise sizing of upstream andn
&osmstream reservoirs; in turn, the
determination of these volumes requires
the solution of one-dimensional com—

pressible flow equations. In this
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ig. homoge eous and isotropic, secbnd,.~ ’

the flow of fluid is in one direction‘

‘ only, long r.he length of the sample,

and third, the compressibility and

.Aporoaity of the rock sample and the ;

\viscosity and compressibility of the
fluid (water) dre constant during the

- experiment. The third assumption 18

valid only when the pressure increment

(Ap) is a few percent ‘of the initial
pore pressure in the sample (Brace et
al ) A

A typical experimental configura-

tion s schematically illustrated in
Fig. 1. The flow of. water is in the
positive x direction. Following
Darcy s law a.nd the .Law of conserva—
tion of mass, the pore pressure in
the sample varies as a function of
dis.tance x and time t according to
"the pgrtial differential equation

. 2 - ’
g 3—2532%‘% s oL @)

for»t>0andb<x<L

with the boundary, initial, and final

) conditionsz:

" Fig. 1.

- (22);
"for t’>0and x =0 ,

‘

2.,
3x }‘2- Bt ’ (2b)
F 2 c p
" for t>0andx=L . -
P(Oso) = Pi-' s
P(*:O) = PO s
Upstream reservoir wuth
volume v,
15.2 cm 4

v/
Direction of

Length of
sample, [
L=29.2cm .

(Nlmdrlca| rock’ sample

é/’ /// |

Downstream reservoir with
volume v,

\

Schematic diagram of the
rock sample and experimental setup.



and
g B Ap vl
plx,) <ot T >
3 0 vl. V2 + ¢VR
vwhere ap =

P17 P -

The coefficients in these equations

are .
S

where ﬁﬂaﬁd 8 are the ;iscoéit& and
compressibility of watEr, Beff and 33
are the compressibility of tlie whole
rock and its solid matrix, and k, ¢,
and A are the permeability, porosity,
and. cross-section area of theﬁsample,

respectively.

PREVIOUS STUDIES

"Brace et a1l measured the permea~
bility of a thin (L = -1 61 cm)
WESterly granite sample under hydro-
They
also analyied a mathematical_mbdel to

static pressures up to 444 HPa.

closely represent thefr experiment.
"The partial differential egﬁation for
the varliation in pressure with x and
t in thelr model was identical to
Eq. (1). They assumed that a2,= 0
- for B >> Bo¢g and Bg, and ¢ was small.
& .

R SRR RICR N A

'3;{=(pl+pz-2p)(sv/2v)j

-3~

cmz/&yn, Betf

‘8 = 0.42 x 1071
= 0.025 x 107 -10 en’/dyn, B = 0.020
0 10-cm /dyn, and ¢ = 10 2. They

used a reduced form of Eq, (1),
szlax2 = 0, -This meant that the
pressure_gradient was constanf“elong
the length of the sample, afthougﬁ'
the gradient would chang"e with tide.
To check this approximation, Brace
assumed that the entire. pore volume '
vp in the sample was confined to ‘the
middle as shown iIn Fig, 2,
sures py in Vys Py in Vg, and Py in
vb are :elatedvtﬁ:pugh the three dif~
feren:ial equations: ’

4y : A
a3 = ~(py - P8 vR/%vl) s

do -
(&)

dp_

- wvhere S = 4k/BuL2, with the initial

conditidns of Py ™ pi and Py = p Po

cat t = 0,

. Equations (3) have a solution in

the form of

: Pl(t) = p(O’t) = P(Xs‘”):

+ A - B, RO

.

vhere p(x,®) is the finfl pgessure;
as defined before. A, B, o, and f
are all fune;ions of vi» v2"vp' Vg3
k, y, and B.

is usually small, in the range 0.003

The porosity of granite

The pres-
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" Downistréam resérvoir | -
7 with volume'v; -

i

- Fig. 2. .Schemati¢ diagram of the
model of Brace et al,~ The entire
pore volume (v; ). of the rock sampleg
2 dis concentrateg at the sample's
midsection.

o

" to 0.02' therefore, vp << VR since
¢v . For Brace s walculations,
R is small enough (8.05 em” ) that v
«< v, (20 cm ) and v (5 cm ) y-is’
about two orders of magnitude greater

“‘than a, ‘and A and B are approximately'

«: the -same, '

. fied to’ Brace 8 equation

pa e T N o

N, exp (-ak)
vy +v3)

Pe).

'f'(él__

K

T 2 Co- .
: .+'ZP— expl-yt) "

rPore with .

Equation f4) can be simpli-l

~This equation simply relates pl(t) to

k. Thus when v << v and Vs the
P 1 2

l second term of Eq. '(4) decreases much
. faster with time than the third term.
The transient time v depends upon the

'permeability of the rock sample. For

. 'permeabilities from 103‘to 1.0,nD, ¥
- . 1is from 3 to 3 X 103

In this simplified model Brace

assumes that the pressure in the pore
k?,in uniform, and the pressure gradients«_

is constant along the sample 1ength‘ K

Therefore, Eqs. (J) appear to be' the )

consequence: of the approximation

2 = 0 instead of a check of it.

However,‘the_approximation that
= 0 is not strictly correct. In

-{Tahle 1, we show values of az as a

funetion -of permeability k, using the

fseme values of’g,_Beff, ¢,:and W as

those used by Brace‘to.ealculate-az.

S4-

“Table 1. a2 as a function of permea—
bility k. ) 7

az; s/cm2 . k, nD

161 x 10° oA

1.61 x 10° o 10

1.61x 105 102

161 7 10°



2. 0 is valid only ' periments, we are dealing with larger - :

e

The approximation &

" if the measurements are’ taken after . rock samples than Brece's'group“'
the flow has reached a steady state. "(660—f01d ;erger) and thus, their
;Iif..vR is large, o and y in Eq. (4) . simplified equation is no longer

become similar in value. In our ex- valid for our measurements.

Analysis.of the Model

From Eq’.r.\(l)\, the charapteristic . fluid flow reaches a steady state"‘ )

time Te of the flow 18 on’ the order value will be affected by the reser-.

of 12a2,  This is the time for the voir volumes through.boundary condi~ ‘
£luid mov:lng from vy “to v, to reach . tions. . ' ,” o

its steady state, . Table 2 lists the Because the problem was complex,
values of the constants ahow'n in we first attempted to work out a gen-
Eqs. (1) and (2).  These values are erallanalyt‘ical soltitic;h thy considetj—'?‘ ‘
appropriate for the samples and ing only the upstream reseérvoir. Our
apparatus to be used in‘our study. purpose here was to ascertain how the L
_ The calculated values of T based on . upstream reservoir affect:s variations .
the constants listed in Table 2 are in flu:ld pressure at several 1ocations K

Loe
-~

shown in Table 3. The actual time in the sample.

i

Table 2. Numerical values of the constants used in ~t:he_ calculations.,

Constant ) Valﬁe : Remarks

A 1.82% x10% ca® Fig. 1

L. 29.21 cm : Fig, 1

v ’ 5, 50, and 500 ¢m3 Upstrea.m reservoir velumes

v, 5, 50, and 500 em ‘Downstream reservoir volumes

B . 0.42 x 10710 cmz[dyn : Clark’ .

'Bef £ 0.06 x ll).].'0 cqz/dyn Averaged cdmpressibli‘lity of granites
) : : at 10 MPa (Braée)

By 0.02 % 10710 cmzldy-h ) Averaged compressibility of granites

at 900 MPa (Brace)

n . 1,79 % 10“2 dyn/s/o::m2 Brace et al»..l .

¢ . 0.01 . . ’ ’ Porosity of Westerly granite .(Brace)_l'

k 1 to 104 nD ' - Range of expect:ed )etmeabil:i.ty ;
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.

The value of p(x t) is calculate!
'ffrom Eq. (5) by using the numer1ca1

: values of these variables llsted in
. Table- 2,

. The resu1ts for this calculatlon
are shown in Flgs. 3 and & for Ap
= 2 MPa. Eigure_S 1llustrates typical

1inear pressure vs ' log -time plots at

- g " several distances from the upstream
. Laplace transform methods werg used reservoir. _The larger the upstream

_ to. solve Eqs- (1), (2a), ‘and’ initial reservolr volume, the emaller the var-
’ conditions

o iation in pressure over time. Fig-
e ure 4 shows the log pressure vs- time
nplots at x= 0 and, l-= SO,FPS for four
values ' ‘of k¢’ The variations in pres~
sure decrease rapidly with decreasing ~
permeability. From these figures, it

" 1s not possible: to see when the flow

reaches a steady state since the down-

p

a

| Pressure—MPg
' ‘

Fig. 3, . Analytical solutions of pressures over time at various positions in
:.the- sample. x =0 represents the upstream reservoir, x = 29.21 represents
the lower. end of the sample. Permeability is 102 op.

-6~



k=10"17 !

a:n:a:a:x*x:ﬂ:ﬂ::j::‘.

] k= 10"16
R o

=10-18

- Pressure — MPa

| ] 11 )
0 20 40 60 80 100 120 140
Time—s

Fig. 4. Analytical solutions of pres-
" .sure vs time plots in the upstream
‘-reservolr as a function of permea-
bility. v, = 50 em?,.x = 0,

stream reserveir was not incinded in
the anal§ses. However, Fig. 3 shows
that for a rermeability of 102 nD and
v = =5 cm (lover left curve), the
pressure pulse traverses the sample
in about 5 x 10% s (83 min). .
The next step in arriving at an ;
exact solution to this problem in~
volved adding the influences of the
downstream reservolr, vp. We used -
the computer code IRUMPsfto obtain
numericei solutions of the variation
in pressure for both the>upstream and
downstream reserveirs over time, In
these celculations, we assumed that
both the upstreamvand downstream‘rese
ervoirs are part of the systen, and
the boundaries between the reservoirs
and the rock sample are part: of the
To simu~
late actuval reservoirs, we used large
values for permeability (k'=-108 D)
and_porosity (b= 1. 0). We also ueed
the values of. the constants shown in

Table 2 for these calculations.

interfaces of the system.

For

simplicity, we assumed that the res-'-~
ervoirs have the same cross-section

]
areas as the rock sample, - This as-

'sumption should not affect the results

of our calculations as long as the
areas of contact between the sample
and the reservoirs arebtne same as
the cross-section areas of the sample. .
With these eégumptions, we made a ‘\‘
total of 45 calenlatlons:

reservolr volutes, 3 downstream res-

3 upstream

ervoirvvoiumed, and 5 values of perme-
ability. Some. of these results’ are,
shown in Fig. 5. Comparing Fig. 5
with Fig. 3, we noticed that our '

numerical results are consistent with

“our initiai analytical results. We

also plotted these results on log
pressure vs. linear time and‘log

pressure vs. log time scales to see

- 4f linear regions would appear.

Figures 6 and 7 show some of ‘these. .

plnts. Curves in these figures are’

of slmilar shape as those in Fig. 5.
The numer1ca1 results of our calcu-

lations are summarized in Figs. 8 and

9. "In Fig. 8, Ap is defined as’ the

=20

and = in the upstream reservpdr;

pressure difference between £

This 20 s reference time is based
upon the observed transient effects
due tc the temperature increase |

caused by the sudden pressure

1
‘increase in the _upstream reserv01r.

Apm is ‘the amount of preSsure -varia-
tion available for us to measure
within these time limits. In Fig. 9,

=7~ o

s



- Pressure =

Fig. 5. . Numer:l.cal solutions of linear pressure va log time plots at the
upstream (x = 0) and downstream reservoir (x = L) at various permeabilities
and at v, = 50 em3, v; = 500 cm"‘. - .

)
=)
ol

-
o

| SR

" Pressure — MPa
=

0.2 S .
. L ):,‘ " t ‘ ) ‘
o/ . s Fig. 6. Numerical solutions of log
. ! ,’A ! — 1 pressure vs linear time plot of
‘ 8x102 24x10° 4x10° . pressure in the upstream reservoir
// B for k = 102 nD, and for vy = 50 cm3

Time —s

workal;le't:lme (Tw) is defined as the Fig. 5. This figure shows the actual
time when the pressure in the up- © " time available for us to make effec-
strean reservolr is st:|.11 0 °1 MPa ’ tive measurements. A 20 s time mark

. above the final pressure, as shown in is shown in Fig. 9.

.. —B- !



2 7T T T T T LI B S B A O O T T 1

k=10%nD

Pressure — MPa

I ¥

~

W

-

=
o

=

[~)

0_1 1 - Il i ‘ 1 111 ‘ 1 1 Lot 1 i I - - | (]
10! 102 10°
Time —s
Fig. 7. Numerical solution of log pressure vs log time plots in the upstream
reservoir (x = 0) for vy = 50 em3 and vy = 500 cm3 at various permeabilities.
- 2 T 1 T I 1 T L) . r L) 1 LB j L t L)

==&== y, =5cm?

SO \ ‘5.;'500) | ==—O0== y,=5§0cm3
i \\:\:\f’ ,500) _ \\ | e—=tt— y, =500 em3 4
(5,5) \\\\\\}(\(5.50) \0\
: SO0 ~N 1

APm — MPa

o ) | S | 1 l L i
1 101 - 102 108 104
.k~nD .

Fig. B. Pressure difference (Apm) vs k at various combinations of vl and v

(in parenthesis). 2
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(in parenthesis).

‘1 l'l‘:l'.\“vl‘ T
-5A9411=5Cm3 T
3 ~—0—v,=50cm®  _|
a L =t v, =500 em3
c
L
C e 2F
(-]
K] L
1 b
b
0
10 108
w—S
Fig. 9. log k versus workable time (T ) at various combinations of vl and vy

'Discussions and Conclusions

To select the volumes of the res—
ervoirs, both Apm and Tw must be
taken into conslderation. The pres-
sure difference Apu1 deépends upon the
final pressure p £ [= p(x,%)] and the
permeability of the sample. Values
of the final pressure and the results
shown in Figs. 8 and 9 a:-e smarized
in Table 4. .Note that the smaller
the p £ the larger pressure differ-—
it 1= 5 or
50 cm” yileld a greater available
L = 500 en’,
if permeability is not considered.
From Table 4, for k = 10°

ences will be. Therefore, v

pressure difference than v

nD, only

the combination of vy = 500 cm3 withf .

vy = 500 cm3 has a significant avail-
able pressure difference. The: (v s
) combinations (500 50) and (500,

have the greater Tw:

L - ., . _10"_ N 'A r-.i‘.

-

5) have only slim margins of A1:t111 £

All

5 cm3

the entire permeability range.
of the cowbinations with v'13=
are not suitable for k 2 10™ nD.
Values for workable time (Tw) in
Table 4 show thatfor k > 1'03 nD, the
(v)» v,) coibinations (5, 50), (5, 5),
and (500, 5) are not suitable for our

design. The combinations (5, 500)

“and_(50, 5) allow 10 to 16 s (T_-20 5)

for making measurements which is too
short.

to 103 nD, the following combinations
(50, 50), (500,

For measuring permeability up

~50), (50, 500), and (500, 500).

Taking pressure and time into con-

’ sideration, we show in Table 5 the

optitial combinations of v, and 'v’z for .

various permeability rangés: Here; ‘
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Table 4.

Vs and k, for Ap = 2,0 MPa. Pressures are in MPa, Tw in 8.

Final pressuze (pg), pressure differ.nce (Apyp) and workable time (Ty) as functions of v,

Reservolr

voliume, cm3 k, 1 nD k, 10 aD" k., 102 np k, 10° ap k, 10* np
.V-l vy Pe Apm TW . Apm Tw Apm Tw . Apm Tw Apm Tw
5 5 0.158 1.731  10®  1.142 10 0.381  10°  o0.032 = 2 -
50 0.002 1.802 1.7 x 10° 1.221 1.7 x 10° 0.442 1.7 x 10° 0.081  — - -
500 0.018 1.880 3.0 x 10° 1.301 3.0 x 10° 0.522 3.0 x 10° 0.162 3.0 x 100  — -
50 5 0.924 1.073 3.6 x 10° 0.990 3.6 x 10° 0.731 3.5 x 10> 0.220 3.6 x 10> — -
50 0.652 1.331. 8,1 x 10° 1.272 8.1 x 10° 1.002 8.1 x 10° 0.501 8.1 x 10}  — -
500 0.166 1.832 1.8 x 10° 1,750 1.8 x 10° 1.481 1.8 x 10° 0.982 1.8 x 10° 0.085  —
500 5 1.791 0.213 1.5 x 10° 0.200 1.5 x 10° 0.172 1.5 x 10° 0.091  — - -
50 1.658 0.341 8.1 x 10° 0.321 8.1 x 1¢° 0.3i2 8.1 x 10> 0.220 8.1 x 10 0.020  —
5 . '

500 0.949 1.042 7.5 x 100 1.035 7.5 x 10° 1.012 7.5 x 10° 0.931 7.5 x 102 0.535 7.5 x 10>

" 8p < 0.01 MPaorT <20s.
- m w



Table 5.
T of permeability rrnge.
0.5 ¥Pa and T > 80 s.

Optimal combinations of reservoir volumes (vi- and vy) as functions
Asterisks indicate combinations with Apy, >

Reservoir
volume, cm

Permeability range (k), nD

vy v, 1~10

1-10° 1-10° 1-10%

5 5
50

500

50 5
50

500

500 5
50

500 *

% X ¥ ¥ ¥ %

* ¥ ¥ ¥

fp 2 0.5 MPa and T_2 80 s are the
conditions considered necessary to
' collect sufficient data for analysis.
The optimal reservoir combinations
for k < 10° nD are (50, 50), (50,
500), and (500, 500).

~The time scale that we will be
ueing depends upon the rock permeabil-
Iity and the reservior volumes. From
.our calculations, we estimate that
the maxinmm time for a final presaure
to be reached is 106 8 (>250 h) for

= 1 nb, v vy = 500
This is too long to wait between

= 500 cm3, and’ vy
Acm .
experiménts. _Tospeed up the equaliz-
. ing process after one experiment, we
‘have considered three exper:lmenta'].
procedures. In numerically ‘analysing
these three procedures, we have as- .

suned that ‘one experiment is com-

pleted when the pressure in the up-
stream reservolr has decreased to

0.1 MPa above the final pressure.
RELAXATION PROCESS

When one experiment is completed,
the pressures in both reservoirs are
dropped to Py or 30 MPa in our '
analyses.
is then relaxed to a uniform state
in vboth directions; i.e., the maximum

‘The pressure in the sample

'pressure difference in the sample is

not detectable (<0.004 MPa). The

relaxation time ('1‘ ) deper‘ds upon the
permeability as well 88 the regervoir
volimes. .
tion time for the three optimal "pairs

Teble_6 showe the rele_xa-

of reser'voir volumes at k = 1 nD (see:

elso Fig. 11) These are still long

vz
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Table 6. Relaxation time as functions
of vy and Vye
cm3 T,
vy» cm Vs R* S
: 4

50 50 9.2 x 10
5¢ . 500 2.23 x ;05
500 500 4,01 x 10

periods of time (>11 h).
the permeability by ohe order of mag-
nitude (e.g., from 1 nD to 10 nD) de-
creases the TR by the same order of

Increasing

magnitude (e.g., from 9.2 x 104 to
9.2 x 10° 5 or 2.6 h).

EQUALIZATION PROCESS

When one experiment is completed,
at T = 0 for example (here T, instead
of t, is used to represent time in
the equalizing process), the pres-
sures in the reservoirs are dropped
to p6 (pa < po). At T =
pressures in the sample has decreased

Tl’ when the

to a known value, the pressure in the
reservoirs are increased to pi and'pé
for the upstream and downstream res-

ervoirs, respectively, pi and ﬁi may
not be equal, especially when v, ¥ v

bat p1 end p2 may be equal to or

_ greater than Pg+ At T = Tt' the pres-

sures in the sample reach a uniform
state. Figure 10 illustrates this
fall in pressure with time and dis-
tance. In this case at T = 0, the
' pressures in the reservoirs (po) are

dropped to 28 0 MPa, At T = Ti'- :

;137

1.4 x 103 s, the pressure in the up-
stream reservoir is 28.32 MPa, and
that in the downstream reservoir is
28.04 MPa,
started By increasing the pressure in
30.0
MPa and the downstream reservoir to
pE = 29,88 MPa, The total time for
the equalization process 1s Tt =
1.614 x 10% s,
pI, pé, and T, are empirical and
based upon trial and error, Figure 11
illustrates this, For the (500, 500)
system, T. = 3,6 X 103 s with pi =
= 30.25 MPa is the best combina-
tion among these calculations, For
the (50, 500) system; T, = 1.4 x 10
pi = 30.0 MPa with pé = 29,88 MPa
is the best combination. For the (50,
50) system, Tl = 5,0 % 103 s with
p; = Py = 30.0 MPa  the best,
Figure 11 also illustrates that the
equalization procedﬁre is not neces-

The second cycle is

the upstream reservoir to pI =

Determinations of pa,

3
s

sarily better than the relaxation
process. These best combinations,
however, have a Tt smaller than that
in the corresponding relaxation pro-
cedure. The equalization ;ime for
the small permeability (k = 1 nD)
semple ie still ebout 104 é, which is
2.8 h. :

»

RELEASING CONFINING PRESSURE

We may also use either the relaxa-
tion or equalization processes along -
with a relegbe of ‘confining pressure.
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T=103s

- e gl
T=493x10%s f

T=241x103s

vy =50 cm3, vy = 500 cm3
k=1.0nD
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Pressure variations in the system over time.
and 102 are the’ upstream and downstream resetvoirs, respectively
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108 r T—TTT 1 T
(50,500), p:.’ =28 MPe, p, = 30MPa 1
" pl, = 29.88 MPa 1
L. 1
|_—-—-f'———(50,5!)01 |
i &

Y 2

(50,50) =
-{500,500), by, = 20 MPa, |
$1P, =P, =30.25MPs

L~ (50,500}
-‘\ H '\ :\”\(50,50), v}, = 20 MPa. |
v v P, =P} = J0MPa
104 L el i 3 L
1 03 1 04 1 05
Ty—s

1f the sample originally has a low
permeability (i.e., not due to the
increased confining pressure), we may
have to accept a slow process. If
low permeability of the sample 1s due
to the increase in confining pressure,
then we may be able to reduce the
equalization time significantly by
reducing the confining pressure to
increase permeability. As indicated
in the relaxation process, increasing
the permeability from 1 nD to 10 nD
reduces t by’one order of magnitude,
to be within one hour. The amount of

confining pressure that must be re-

Fig. 11. Total time (T¢) of the
equalization process as a function
of middle time (T1). Solid lines
are relaxation times (Table 6).

A is for (500, 500) system,
pa = 29 MPa, pi = pé = 30 MPa.

B is for (500, 500) systenm,
pa = 29 MPa, pi = pa = 30.5 MPa,

¢ is for (50, 500) system,
pa = 28 MPa, pi = pé = 30 MPa.

vy and vy are in parenthesis. The
dashed lines are arbitrary, only to
connect data points. k = 109 .

leased to achieve this increment in
permeability depends upon the indi-
vidual rock sample; this increase may
be significant since, in the smaller
permeability range, permeability

tends to vary slowly with pressute.1
Releasing confining pressure during
an experiment may produce nonuniform
and incoherent deformation of the
jacket on the sample and disturb other
measurements that depend on jacket
contact. This problem may be eased
by using thin and soft jackets, and
releasing the confining pressure

slowly.
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