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A new apparatus. is described for determining permeability (water) in geologic materials as a
function of confining pressure (to 200 MPa), pore pressure (to 25 MPa), and deviatoric stress
(500-800 MPa). The samples are relatively large (0.15 m diameter X0.28 m long) and may be
intact or contain a single through-going fracture. Permeszbilities of 10-"'-10-** m? (10-10-"? D)
may be measured, simultancously, with electrical conductivity and acoustic velecity and
amplxtum Crack closure is 2lso monitored for the fractured samples. All experimental control
and data-acquistion functions are performd by a microcomputer. A discussion of data-analysxs

techniques and typical data are also presented.

PACS num 2rs: 91.60. — x, 06.70.Ep

EITRCDVUCTION

Ths safe terminal storage of high-level radioactive wastes
requires that they be isolated from the biosphere for 10°
t> 10® yrs, depending upon waste form. Cne promising
7:othod of accamplisihing this goal involves placing the
w. tes undzrground in stable rock formeiions. The suit-
by '-».'ity of such a geoclogical repository depends in part on

: fluid treasport propcrtics of the surrcurding rock,

s: ¢e water transport of diss!ved toxic isetspas through
1< ok fraciures represents one of the most prabable escape

F‘u 3. . ]
We describs here a new apparatus cagpz>iz of mea-

suring perimezbilitics two to three orders ¢f magnitude
lewer than have been reporied by other investigators. The
measurements 2r. made on large samples \O.IS.m_dil-
amecter X 0.28 m long) at those coafining pressures, pore-
“water pressures, and differential stresses which encom-
pass the range of expected conditions near a repository
construsted to depths of 2 km. Simuliazeously, we de-

termine electrical conductance and compressional wave

velesity and amplitude. The determinatica of a relation-
shi hetween
conductance may be useful .in the nozlsstructive ex-
ploration of potential repository sites, in the monitoring
of repository performance after constraction, and in the
surveitlance of the repository area after emplacement of
the waste. ‘

. TESTIMG TECHMIGUES AND DATA ANALYSIS

Figure 1{(a)is « schematic diagrum of the 0.15-m-diam
by 0.28-m-lonz tost sample. The paramicters to be con-
trolled and thc meusurements to be performed are in-
dicated. The samiple may be intact or may contain an
induced through-going tensile fracture parallel to the
sampte axis. The samplz is first encapsulated using a thin
(0.3 mum) lead jacket and stainless-steel end plates [sce
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Fig. 1(c)]. The jacketed sample is then plac. < - 1 o
pressure vesse) and subjected to confining pressures up
to 200 MPa. An additional load may be applied in the
axial direction which may range up to the failure stress.
Pore pressure (usually water) is supplied through the
sample end plates at values up to that of the confining
pressure. Permeability, conductance, compressional wave

‘velocities and amplitudes, and samplc strains arc mea-

sured simultancously. If the test sample contains a tensile
fracture,.the displacement of that surface is alto mua-
surcd. All tests are pvrformcd at ambient temperatuere,

The permeability is determined by inducing a pore
water pressure gradient across the ends of the sample
and monitoring the subscquent water transport tl.rouch
the sample. The specific technique for deterniining su

-ple permeability depends upon thie value of pcm*ablluv

Permeabilities as low as 1077 m? (107% D) are dster-
mined with a Conventional steady-state flow technique.
After a constant flow rate is established through the sam-
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ple [see Figs. 1(a) and 1(c)], the flow rate through and

pressure drop across the sample are measured. D.urc;’s
Law is assumed to be valid, and sample permeability is

k= QuL[AAP,, (1)

“where k is the pcrm"'ability, Q is the volume flow rate,

p is the viscosity of water, L and A are the lengih and
cross-scctional area of the sample, and AP, is the pressure

. difference maintained across the ends of the sample.

For samples having permeabilities less than 10777 m?,

- the water flow ratcs arc too small for convenient direct

measurcment. Therefore, a transient pulse technigue is
uscd for rock samples having permeabilities between
107" and 10 m?% Reservoirs of known volume ar¢ in-
troduced upstream and downstrcam from the sample [sce
Fig. 2(a)]. The reservoir-sainple system is bronght to
equilibrium at some pore pressure (Po) [see Fig. 2(b),
top left]. At the sume time, measurcment is initiated by
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introducing a step increase in pressure (AP = 2.0 MPa) -

into the upstream reservoir [see Fig. 2(k), lower left].
As the pressurc pulse trzvels from the upstream reservoir
thirough the sample 2nd then into the dswnstream res-

ervotr [see Fig. 2(b), upper right], the grassure-time his- -

tories of the upstrzzm and downstream :zzs2-voirs are
recorded. Measurement is terminated when eguilibrium

(#.} has again been reached in the reszrvsir-sample-res- |

ervoir system [sez Fig. 2(b), lower rizht}. .
For dctermination of permeabilities in ih2 range 1072~
1072 m?, the transient pilse techniqus dasor
is used with a slight modification. With thes2 extremely
low sample permeabilities, the time cons:z2t of the sys-
tem is far too long to wait for cquilib-ium to be estab-
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&3
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T16. 2. Schematiz of transient pulse techaique. (a) Schematic of sam-

Ple-reservoir system for determining permenbility. (b) Pressure profiles
across sample-raservoir system with time.
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dotted lines show the cruck orien-
tation for the fractured samples.

{¢) Sample end cap

lished (2 wecks to 6 months). Therefors, the system is
assumed to be in equilibrium when the pressure in the
upstream reservoir has changed less than 0.1 MPa in 10%
s (~1 week). Similarly, measurement is terminated when
either the pressure in the upstream reservoir has decayed
by 1.0 MPa (50% of the pressure step) or the time has
exceeded 10° s. The nonequilibrated state of the sumple
prior to measurcment introduces an ersor of 10% or less
(0.t in 1.0 MPa) in thc pressure-time data and a cor-

~ respondingly small error in the permeability determi-

nation. .

The cyquation describing the pressure-time history for
water flow through a compressible sumple-rescrvoir sys-
tem is

ax? k-ot’ . )
B. — (1 + ¢.)8,
BT
fort>0,0 4< x < L, and with boundary conditions
P _wvisor

(2)

L@ = @+

x=0,1>0,
ox Ak ot
0P uV,8oP '
OF wBAE 1>,
. ax Ak ot
and initial conditions
P(x,00)=P, O<x=<L,
P(0,0) =Po+ AP,
where
P = pressure,
x = distance from the vpstream end of the sam-
ple, :
¢, = the effective sample porosity,
¢. = the interconnected porosity of the sample,
Low permazbdiiity gaclogic materials 1247
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compressibility of water,
compre mmlmcs of the samv)lz. (bulk and

4= the
the

mineral matriz, respectively),

:

-~ -
Soand 7, =

1% wrd 3. = the volumes of the upstream and down-
stream reservairs, respectively,
AP = the st p increase in pressure, and

¢ = the time since AP was applicd.

e etfective samp{c porosity is related to the net water
stecaze in the sample during measurement. In previous
work .V an identical treatment was used. Because the sam-

«iee was small, however, pore velume was small compared -

o the reservoir volumes, Therefore, the water storage
arpreached zero and Eq. (2) reduced to

&P
== =0,
axt
when sotved with appropriate oounddry condmons thxs
. ‘.:c!ei.s
) LV, la(P, — P
L=(C— “6 172 ( 1 [)’ (3)

/1(V|+;,) t

« here C s 4 constant of integration and P, is the prcssurc
n the upstrean reserveir.! The permeability of a sample
caa then bz Getermined from the slope of a plot of In(P,
- ) vs 1, becanse the rest of tl*e terms are known con-

Frirnmer® est
Veosalid, the ¢

tablished that, for this approximation to

wratus are ~600 times larger than those used by
¢ ¢f gl.} and have effective pon.-volume to reservoir-
piiame ratios of ~10. The larger-sample size facilitates
the cumprcmon 1 velocity and amglitude measurements
<o zllows representative samples of large-grained rocks
1 be prepared. However, the large samples have pore
wolumes that are not small comparcd to the reservoir
walume, Theréfore, the water storage in the rock is sig-

~iif:eant, and Eq, (2) canrot be simplified. An analytical

saiution for Eq. (2) and its boundary and initial condi-
tiens were only recently found,® so the cxperiment was
miedvled using a finite-clement computer code (sec Ap-
pendix A).

A parameter sludy indicated that for a given sdmple
I -o-vv-trv pore fluid, and reservoir volume, the pressure-

inwe h:\tor‘. was a function of permeability and effective
poresity. Therefore, if the cffective poresity of a sample
ie haown, permeability can be inferred by visually com-
r.*rir. eaperimental pressure-time hlsto.xes with nu-
cally generated histories.
rere is too much uncertainty in the reported values

"I,. ﬁ,. and ¢; thus, these values are not useful in de-
:.: iining the d}‘u.tm, porosity. For thos: samples with
l

t
-~
h
!

ne constants small enough to allow sample equilibrium,
= cffective parosity was determined from the reservoir

~
‘
35

ceem e

i,

emies, v, AP, and Py
2 AP, + P (Va4 A4

or

L'l’-'-.-) = PI(VI + VI + AL¢:)

s“:(_f’“'i“'(""'P])V;'*‘(PO—P[)V;» (4)
= Po)AL -
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{Tective por re-volume to reservoir-volume
r.tio mast be less than 0.25, The samples tested in this
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Fi6.3. Numerically zencerated pressure vs log time historics. (a) Effect
of effective pore velame on pressure time historics. (b) Effcet of per-
meavility on pressure time histories. Typical data for Westerly geanite
are shown, . : .

'I.

For samp.=s having txm:. ‘constants too long to allow

- ¢, to be detarminad from Eq. (4), ¢, must be determincd
ing the experimental datz with the numertically:

by comp~.
gencrated cunes. The pressure-time historiss in Fig. 3(a)
were generciz2 using a single permeability vilue and
various effaciive :orosities. Figure 3{%) shows the cﬁ'ect
g the rermcability whiie heiding the 2fectie
porosity coastent. The open circles are typica!
Westerly granite at 17.5 MPa eective pressurs.’ The
effective porosity determines the shape of the curve, whits
the permeability determines its displacement ulong 1
time axis. Thercfore, the effective porosity may be de:

-termined by comparing the experimentz! curves to a fani-

ily of numerically generated curves similar to these in
Fig. 3(a).

Once the cffective porosity has bez.n determined, o
family of curves with the apprepriate efiective porosity
and various permeabilitics is generzted. The jermeability
is then inferred by visually matching the e<nerimental
data to the nunerically gencrated pressure~tinie histories
[see Fig. 3(b)]. The shaded portion of the curves is given

-the most weight in determining permeabilitics for the
following reasons: (1) The thermal transient induced by

the initial pressure pulse has disappeared by this time,
(2) The slope is greatest, a]lowir.g maximum resolutivn,
(3) This portion of the curve is rclutively insensitive to
the water-storage term [sce Fig. 3(2)].

The steepness of the slo)pc and, therefore, the resolution
are also increased by using a lincar-log plot and by plot-
ting dilferential pressure versus time. Motting the dif-
ferential pressure rather than the upstream pressure also

Low parmcabllity geclazic materiais < 1243
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.. 4. Schematic of sample jJChcll"g techrigue for mounting con-
Cutane c. strain, velocity, and amp! litude transducers, and insulating
wne sample and eicctrical leads is also dmgramm:d

reduces the effzcts « 7 diurnal temperaizre variaticn on
t5e sxparimental dec. If the upstream osd downstream
re.covoits experiznce the same thermal history, then a
polot by po'nf subtraction reduces the thermally indnced
o+ wure variations in the data. :

[N -y

{ is necessary to generate only one preszrz-time his-

ory with the appropriate effective porosics, sample and
rescivoir geometries, and pore fluid paremeters. Since
the poemerbility ¢
curve aloag the time axis, the time domaiz data can be

manipulated to produce the pn.ssurc-—txm histories for”

other permeability values. If P'= f(r) is the pressure-
time history associated with perireabilitv. &y, then P.

= f(kt/ko) is the pressurc-tims history associated with

pecmeability, k.

Pairs of ultrasonic transduc srsgx\ctu- change in travel.
Aime and ampiitude for

compressiona! waves [sce Fig.
1(b)]. The pairs are located orthogonal to onc another
and external to the lead jacket. The conductance, G, of
the unfracturcd sample is measured with a pattern of
electiadss on the rock surface; iec, ms.de but isolated
front the jouy ot fsee F:g 1(a)]. The ultrasonic “and con-
ductance tes? s izees ore discussed b) Bo*ncr and Schock,’

Lytle ef al.’ ard Trimmer er al’ Radial sumple dis-
placzments are monitored to £6 pm with a stram gauge
beary sysiene.’

's;;«as::i.z PREPARATION

Test siunnten ars prepared from diamond drill core
anproximai ’.7 m Jiameter. After diamond grinding
the dinnseter to 0.17.:.5, the ends are cut and ground to
form right circular ¢ .‘ mders 0.28 m long [s=¢ Figs. 1(a)

]
slee 2t
Sy v,
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affcets only the displacement of the.

and 1(b)]. The transducer locations are masked and the
outer diameter of the sample is painted with a marine
¢époxy paint (sce Fig. 4). The masking material then is
removed and the conductance clectrodes, acoustic trans-
ducer, and strain gauge beam mounting pads arc posi-
tioncd. The conductance clectrodes (25 mm X 25 mm
platinum foil) arc placed dircctly on the sample. The
acoustic transducer and the strain gauge beam mounting

pads are lead and teflon, rcsp.ctwcl), and are cut to fit
thc sample curvature. The lead pad is cemented to the
sample jacket with conductive cpoxy, while the tefion pad
is placed directly on the sample.

The outer diamecter of the sample then is covered with
.a layer of plastic tape, and windows are cut to expose
the transducers and transducer mounting pads. Strips of
platinum foil are soldered to the platinum clectrodes and
laid on the taped surface. The platinum foil then is cov-
ered with a layer of plastic tapc. The plastic tape serves
to prevent fluid flow at the sample-jacket interface, and
to electrically isolate the conductance electrode leads
from the sample. -

The stainless-steel sample end caps [see Figs.-1(c) and
4] are then placed on the sample, and a layer of silicone
rubber is used to jsoate the conduciance leads from the
sample end caps. A piece of 0.1-mm Mylar is used to
prevent the confining pressure from shenrine the clec-
trode lezds at the sample end-cap interface.

A pizse of 0.3-mm lead sheet is cut approximately 0.30
m X 0..i7 m, with windows cut for the beam strain gauge

mounting pads. The lcad sheet then is. wrapped around

iy WamayBrgyerevEy
AL N B 1O

P

R e TR

Fic. 5. Sample assembly for intact sainple. To the right is a typical
sample (Whm. Lale goeissic granite).
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Fi1G. 6. Schematic of the pressure vessel, The sample assembly and
vessel closure are shown. The moveable piston for application of axial
loads is also shown at the bottom.

the sample, and the seam is soldered. Another layer of .

siliconc rubber is clamped over the sample-end interface,
and the interface region is potted in a flexible epoxy
resin. The acoustic transducers are cemented to the lead

~ mounting pads with a conductive epoxy resin, and the

strain gauge beam mounting fect are placed on the inner

mounting pads. The lead jacket is sealed around the tef-

lon and lead mouating pads with a flexible cpoxy resin.
All critical seal arcas then are covered 'with a layer of
flexible silicone rubber caulk.

A typical encapsulated sample assembly is shown in -

Fig. 5. The jacketed sample with end caps comprises the
lower two-thirds of the assembly, while the load cell and
vessel closure make up the remainder. The vertical posts
scrve to position the sample on the load cell, while the
spiral tube and one similar to it (not shown) connect the
end caps to the vessel closure and, ultimately, to the pore
pressure reservoirs. The conductance clectrode leads exit
the jacket at the top ead cap and arc connected to the

clectrical feed throughs at the vessel closure. The aucoustic

1260 Nav. Sel. Iastrum,, Yel. 53, to. 8, August 1682
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and strain gauge transducers can be seen ncar the middle
of the sample.

Fracturcd samples are prepared by indecing o through-
going tensile crack parallel to the sample axis by the

Brazil method. The sample is then jacketed as described

above, except for 0.1-mm Mylar and 0.2-mm stainless-
stcel shims which are centered over the crack and placed
between the inner and outer tape layers. These shims

prevent the lead jacket from extruding into the crack and

rupturing. All transducers are loceted such that conduc-
" tance, velocity, amplitude, and strain measurements arc
performed nearly parallel and perpendicular to the crack.

L1, APPARATUS

- All measurements are accomplished in a pressure ves-
sel with the vessel walls serving as a reaction frame (see
Fig. 6). Deviatoric stresses are determined from the sam-

- ple cross-sectional area and an axial load cell in series™

with the samgle. Loads on the sample may be applied
with the mov e:blz. pis(on Pore fluid and clectrical feed
throughs are located in the top vessel closure and re-
taining nut. The vessel is capable of confining pressures
"to 200 MPa and deviatoric stresses to SG0-S00 MPa
(depending cn confining pressurc).
An LSI-11 microcomputer is used to control the con-
“fining pressure and deviatoric stress to 0.01 and C.0'3
‘MPa, resr:i::L-'cly The confining pressure and axial lozd
pressire system is shown schematically in Fig. 7.-The
" computer cenzeol system will be discussed in detail later.
The porz Suid system used for low permeability m:2-
surements (<10‘” m?) is shown schematically in Fig. 3
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! pressus
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transcducer
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23] > Prissure
(axiaf lcad)

Fis. 7. Schematic of the prescure rysiem fer condning pv,ss e gt
axial load. .
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:

E]—D [HD [HD

) 1)
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ax -0 temperature variation of 2°-3°C are reduced

i e by enciosing in an insulated izak as muck of
ing system as possible, lhcreby reducing pres-
ﬂ ctuotion during the test. Tne tank is insulated

PR

»- -

y
:1.1

2z is
b 0.1 maf pul}ur.;hane foam. U s2 of the msﬁlateJ ‘
acia
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Tt jower limit for permeability d.tcr:v.ir.:.:ion., was sub-
sequently reduced from 1072 to 10"‘ =.°. The tank is
so designed that it may be filled with water if more ther-
mal stability is required. :
During the course of a pvrmcab:;:sv measurement,
changes in the reservoir pressures are mmonitored by two

Prassure
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F15. 9. Schemaiic of thyr pore pressure system for high permeability
(1077 ne*) mepsurements. The pressure transdecers are also used !or
the Iy pormenbility measucements (sce Fig. &),
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i amase

© reg—

absolute pressure transducers to :£0.01 MPa and a dif-
ferential pressure trunsducer to £0.001 MPa. The volume

_of water (AV) entering or leaving a reservoir for a given

change in pressure (AP) is
AV = APBV, + APYVy,

where B is the compressibility of water, V4 is the rescevoir
volume, and « is the compliance of thz, reservoir and
plumbing system.

The system compliance was evaluated by using a
screw-driven intensificr to induce a known volume change
in the rescrvoir, The resulting change in pressure was
monitored with the pressure transducers. The results in-
dicated that the system compliance was not negligible
compared to the compressibility of water, Therefore, the
effective reservoir volume ¥, was defined as

V, = Vo(l +%)

AV = APBY, .
The cmpmcall) determined effective reservoir volumes
are used as the reservoir volumes for all permeability

determinctions, Forster and Gale® also noted the impor-
tance of svstem compliance by using a similar techinique

and

for field mecasurements; however, they chosc to account .

far this effect by modifying the boundary condiiions
rather than by defining an effective volume.

Effcctive reservoir volumes of 0.005, 0.04, 0.34, and
2.4 | may be selecied depending upon the sample per-
meability (sce Fig. 8). The screw-driven intensifier may
be used to increase these cffcctive volumes up to 0.011
I with infinite resolution. The screw-driven intensifiar is
also used to evaluate effective volumes aad to induce the
step increase in pressure at the beginning of a m

' nent,
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F1G. 10. Schematic of the sxperimentz] control .u‘d dura-acquisition
and reduction system,
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FiG. 11. Complete pcrmcabiliiy ap}amtus. The pressure vessel and
pore pressure system arc to the right. The confining «nd axizl load
pressure system and the instrumentation rack arc on the left. The ter-

miral is in the foreground. The acoustic velocity, amplitude instru-

mentation, and the plotter are not shown.

The systcrﬁ for high—bcrmcability (10°'7-10""" m?)

determinations is shown schematically in Fig. 9. A per-

mcability determination is performed by establishing a
pressure drop across the sample and monitoring the re-
sulting volume flow rate. The pressure is held constant
with the control valves. A separator with pore fluid on

one side and gas on the other is used to damp the pressure,

pulses from the water pump: The flow rate through the

"sample is monitored with a burettc and a stop watch.

The absolute pore pressure and the pressure ¢rop across

the sample are monitored with the pressure transducers -

described above: Thesc - pressure transducers are ceie
nected to the high permecability ‘measurement -.ystem
through grooves in the sample end caps at the cnd-cap/
sample interface; therefore, the flow-induced pressure
drops in the tubing may be ignored. The pressure drops
established across the sample are typically 0.01-0.2
MPa. The permeability is cvaluated at several differeat

pressure drops to verify that the measurements were per-

formed in the Darcy flow regime.
For rocks possessing very low permcabilitics, a per-

" meability determination may last 10°s or more; there-

fore, a means for automatic experimental control and
data acquisition is desired. Experimental control and

data acquisition is performed by an LSI-11 microcom- -

. puter system (see Fig. 10). To operate the coatrol valves,

digital signals from the microcomputcer are converted to
air pressure signals. The experiment is protected with an
analog device which interrupts the control signals during
a power failure or whn pressures violate over/under
pressure set points. Pressure transducer and strain gauge
signals are monitored with a multiplexer and a digital
multimeter to 0.001% or | gV. The conductances are
monitored with a dual multiplexer and an automated
capacitance/conductance bridge. The conductance across
any two sample electrodes may be moanitored. Conduc-
tivities of 1072 to 1072 Q™' may be measurcd with an
accuracy of 0.1% to 10%, depending on the capacitance
and conductance of the sample. The acoustic wvelocity and
amplitude measuring system is described in Trimmer et

1252 Rov. Scl. Instrum., Vol. 53, to. 8, August 1932

_data with the sumcrical pressure-time histories as
i
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Fic. 12. Typical pressure decay cerve fes a very low-perme Soility

material (>10"2 m?). The sample wus intast,

al.? All pressure, strain, aad conductance data are stored

on disc.
The curreat experimental data and the data acquisition
and control paramcters are displayed on the graphics
‘terminal. Experimeatal control and data-acquisition pa-
rameters may te medified during an experiment. All data
reduction, including the generation of numerical pres-
surc-time histories, is perforined on the microcoinputer.
The plotter is used for visually matching experimental
in-

N
dicated in Tiz. 1. The experimental apparatus an

_IV. TYPICAL RESULTS

For samples with permeabilities-of 10732 10 $074
the permeabitity can be determined with an oo rvavy™s!
5% 10 10%. For lower permeabilities, the ¢ code. o o200
to 40% depending ‘an how much of thz presse-e “ooey
curve is preduced within the time allocated for 1L on
Longer tests would cbviously yield higher accurrvies. A

(%)
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F16. 13. Permeability, acoustic velocity, pulse amplituds, ead electrical
conductance data for intact Westerly granite. Data from Nur and ¥im-

mons shown as solid ciccles. '
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Fi5. 14, Permeability, azoustic velocity, pulse amplituds, and electrical
conductivity duta for frzciuzed Westerly grenite.

typical pressure dscay curve for'a sample having a per-
meability of ~107** m? is shown in Fig. 3(b). A typical

pressure d‘-c 3y cuve for a lower permezbility sample

_(~16 ** m?®) is shown in Fig. 12,

Figure 13 shows permeability data a5 well as normal-
ized conductence, acoustic velocity, an? zmylitude data
fer Westerly granite. The acoustic velazizv, amplitude,
#add conductance data exhibit a good correspondence with
the pe m~ab| ity data, However, the veizcity data is of
less interest since the relative changzs arz small, Figure
14 shiows the same type of data for ..;"-A::c’. Westerly
grunnc. As in
and conductance data show a good corrs ;-..o'aden with
the pzrimeability data. We believe :hz: the inflection
points ot 10 MPa for the conductance, acoustic ampli-
tude, and permeabiiity reflect a transizion from the crush-
ing of the asperitics and included grzizs in the fracture
to the qu ,.sxdasuc closmg of tht fracture at higher pres-
sures.

Changes in crack apertures for fractured samples were
monitored with the strain gauge b2 as noted above.
Absolute fracture widihs were estimazzg by plotting per-

sability versus the change in frzcivre width and by

12 ,
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F16. 15,7 Permesbility w3 fracture widih for fructured Greighton gab-
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- extrapolating the curve to complete

the cuse of the intzet rock, the acoustic,
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width was considered to be zero ar ser. pore s
Typical results are shown in ¥iga. 15,

The pulse technique for measurin ;\.--::;-.."-'-,-,
modeled with a finite elemient e NPLISr e
A-1 is a schematic of the sample-reserivr o v
sample is divided into # zones, with the re . :
the 0" and (n ++ 1)™ zones. The fow acre I
interface is ussumed to be constant Sor « sme t - -
ment At. The flow across each vone et

k 1([",' - p
- Y = _f__'f_‘__‘_.*i.). A N A

ul.
' ]\A(PH-I P) . . *
“(0 [ = AL T Qand s,

where vy is the volume flow across the /2, )

interface, P; is the pressure in the 7 zone, o 7,

zone length. The shorter zone length ussd for e
" and #™ to (a + 1™ interfaces reficis

from the reservoirs to the middie of the adigeni - -

zones.
The new pore pressure distribution is l‘::-:
from the nct fluid siorage in each zone:

: . ' Viorg T Vii-y .
Pl(.'-{+At) = (1= + . AL; H r[j ' ’-.:. l’ 'E'.

[= 8

= Pi:z-r) -

fective reservoir volumes, respectively. The

distribution is then used in Eq. (A-1) to deterns

flow for the next time increment, and >3 {onth.
Inputs to the codc arc sample gcn;..un. eifuete

ervoir volumes (V,), effective porosity (0 the - o0

of zones, sample permenbility, and the e in o
The code has been checked for d")')f(\"r!.xl e son.
“time increments and for accurucy aguinst the
code® and against analytical solutions.*
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F16. A-1. Moidel of the sampls reseroir sysisr: biee i3 8.
ment code,
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