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Selection of possible sites for the location of nuclear waste repositories
strongly depends on the reliability of the estimates of the permeability of
the host rock. In the case of the Canadian Nuclear Fuel Waste
Management Program, a specific target for permeability has been set,
above which the site is not acceptable as a repository location. The target
permeability is, of course, very small so that the migration of radionuclides
to local structural features such as faults will be limited. Unfortunately,
measuring the permeability of low-permeability rock is very difficult, both
experimentally and by way of interpretation. In this paper, a semi-
analytical model is presented which accounts for many of the processes
which might influence a hydraulic test conducted in low-permeability
rock. Problems related to the non-uniqueness of the test results are '
investigated. It is concluded that although it may be possible to accurately

- measure permeability by properly accounting for the appropriate test

processes, it is more likely that errors in permeability on the order of one
magnitude or greater are more common. Differences in average
permeability of one order of magnitude might mean the difference between
the acceptance or rejection of a possible repository location. '

Environment Canada is responsible for reviewing the concept of deep
geological disposal of nuclear waste and this issue may ultimately become
very significant in the acceptance of a given repository site.

The model developed for this study is relatively unique. Presently,.
hydrogeologists investigating potential repository sites, worldwide, are
using less sophisticated methods without the error estimation.

Study is complete. Model may be marketed. Value estimated at
approximately $20K per copy.
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ABSTRACT

Hydraulic tests conducted in low-permeability i_nedia are subject to numerous influences
and processes, many of which manifest in a non-unique fashioh. To explore the acciiracy and
meaning of the interpretation of hydraulic tests conducted under such conditions, a semi-
analytical model is developed in which finite skin, double porosity, fractional flow processes,
variable wellbore storage, temperature, and test method are considered. Resalts show that slug
test results are normally non-unique when conducted in material of low-permeability. The
interpretation can be improved only for the case of finite skin, and only at the cost of
significantly increased test duration, by conducting the test using an ppen-hole period followed
by a shut-in period (similar to a drill stem test). In practical terr;m, using )exi'sting testing methods,
a degree of uncertainty in transmissivity ranging from a small factor to several orders of
magnitude can be anticipated depending on the test method and the interpretive model used. The

i

uncertainty is case specific and must be defined by using the range of possible models. (



INTRODUCTION

As part of the process of the siting of hazardous waste facilities such as nuclear waste
repositories, investigations are undertaken on t/he‘ viability of the geological environment to host
such wastes. The decision to accept a given geological environment is usually based on the
ability of the medium to limit groundwater flow. Thus, measurements of the in-situ permeability
of such environments must be carefully conducted so as to provide reliable estimates of
groundwater /ﬂux and velocity. Errors in these measurements could lead. to significant
misinterpretation of the viability of a given waste facility.

Measuring the hydraulic properties of media of lower permeability (eg. hydraulic
conductivity < 10""° m/s) is usually conducted in-situ under shut-in conditions where a small pulse
of water is instantaneously injected or withdrawn from an isolated length of borehole (Bredehoeft
and Papadopolus, 1980; Neuzil, 1982). Under shut-in conditions, there is no free-water surface

present in the testing apparatus, thus the transient storage of water in the borehole is very small.

This significantly shortens the test‘duration and diminishes the radius of influence relative to slug

tests conducted under open-hole conditions. Slug tests conducted under open-hole conditions in

low-permeability material may take many months to complete (Novakowski, u‘npublishé\d data)
whereas tests conducted under shut-in conditions may require only hours to complete in rock of
similar permeability (eg. Pickens et al., 1987).

During the drilling of boreholes in rocks of low-permeability, drill cuttings or ;irilling mud
may invade the formation resulting in a zone of reduced permeability immediately adjacent to
the borehole (Earlougher, 1977). This is known as a skin zone and in the case where drilling
mud 1s used to lubricate t}\16 drilling process, the skin zone develops as a filter cake (Abboud and

Corapcioglu, 1993). More commonly, particularly in crystalline rock, drill cuttings invade the
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microcracks and open po‘re,s., clogging the pathways that form the buik of the rock permeability.
Unlike the filter cake, the outer boundary of thev skin zone in this case, is poorly defined. To
account for this in the interpretation of hydraulic tests, the skfn zone may be repreee'nted as a
zone of infinitesimal thickness (Sageev and Ramey, 1986) or of finite thickness (Moench‘ and
Hsieh, 1985; Novakowski, 1989). For 'hydra,ulic tests conducted in low-permeability rock, where
the radius of influence is small relative to the scale of the borehole, ac_counﬁng for a skin zone
of finite thickness is most representative.

When conducting hydraulic tests in sparsely-fractured rocks of low-permeability, the -

exchange of fluid between the fractures and the unfractured rock may influence the results of the

test. This is known as double porosity and is accentuated during slug tests conducted under shut-
in conditions where a minimal volume of water is injected or withdrawn. There are several
analytical models for slug tes'ts.which account for dual porosity (Dougherty and Babu, 1984;
Sageev and Ramey, 1986), however, none account for the additional effects of a skin zone of
finite thickness.

The traditional assumption that flow to or from a boreﬁole occurs in a uniformly radial
pattern d4uring a hydraulic test, has been recently challenged. Barker (1988) developed a more
generalized model for n-dimensional radial flow. The governing equation for this model is based 
on the radial flow equation wheré r is raised to a noh,int,egral value which may range from 1.0
to 3.0. Both infinitesimal skin and dual porpsity‘ were incorporated for constant-rate p'umpiﬁg'
tests, slug tests, and sinusoidal tests. It was concluded that the interpretation of slug tests is
independent of dimension (nonunique results are produced for different dimensions).

Non-uniqueness among slug test models has long been recognized as a limiting factor in

the interpretation of field results (Barker and Black, 1983; Dougherty and Babu, 1984). For

»
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example, each of thé processes described above may manifest in the test data in a similar fashion.
Karasakl" (1990) suggested that by prematurely terminating an open-hole slug test and interpreting
the following shut-in period, a more reliable and unique estimate of the 'l;ydra,ulic properties of
the formation is obtained. This concept was originally developed by Co’rea. and Ramey (1986,
1987) for rigorous interpretation of Drill Stem Tests (DSTs), a standard well-testing technique
used in the petroleum industry. In the case of low-permeability media, the open-hole period is
effectively of constant hydraulic head and simply acts to increase the radius of influence of the
hydraulic test to which the following shut-in period will be se‘nsitivé.

'i‘he objective of this paper is to extend the work of Barker and Black (1983) to conditions
more typical of those encountered when conducting hydraulic tests i"n_media of low pe‘:me,ability.
To achieve this, the use of shut-in slug tests and DSTs in deténninihg unique and accurate
estimates °f_ the hydraulic properties of low-permeability media is explored. The models are
developed using the Laplace transform technique and additional effects due to changes in
temperature and wellbore stor_agé are considered.

MODEL DEVELOPMENT

In the following, the complete bouridary value problem for radial flow in the formation
is devéloped and solved using the Laplace transform method. It is assumed that potential effects
due. to partial ;;enetrat'ion are negated by the use of isolated test sections of substantial length
relative to the borehole diameter (Hayashi et al., 1987). The formulation for double porosity

follows that of Barker and Black (1983). An equation of state for the wellbore is developed

independently and solved such that the general solution for the formation can be obtained by

) N .
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(1989) for a pumping test conducted in the presence of finite skiﬁ. Definition of the
dimcnsionless_parameters used in the solutions.can be found in the notation.
Radial Flow in the Formation
Flow in the formation for the radial dimenéion of 2 is given by:
§+?5=7’_§ rwsr's§ [1)
where p is pressure in the formation, ¢ is time, r is radial distance, r, is the well radius, § is

storativity, and T is transmissivity. For a slug test condition, the mass balance equation for the

wellbore, modified from Cooper et al. (1967), is given as:

ap dp,
2nr T=| =C—=-Cp,6(t-t, : 2
mr, T, ] 7 CPo (t-t5) | [2]

r-rw

where -C is the wellbore storage factor, and p,, is the pressure in the well. The solution to [1]
according to [2], assuming #,=0, and an initial condition whereby p,(0)=0, is given in the Laplace
domain by:

- CK
B, ()= oKolVS) 3]

[CpsKy(Ws)+VsK, (V)]

* The dimensionless pressure in the wellbore is given by p,,, , s is the Laplace variable, Cj, is the

dimensionleés wellbore storage coefficient, and K|, and K, are modified Bessel functions. This
solution will be used in the following deyelopmem for more complex conciitions in the wellbore
and formation.
For shut-in conditions, the wellbore storage factor is given by:
C-Vp,og

where V is the volume of the isolated section, B is the total compressibility of the fluid and the



borehole instrumentation, and pg is the specific weight of the borehole fluid.
For radial flow, where finite skin and fractures perpen‘dicular to the orientation of the

borehole are present, the following governing equations are required:

az 3 S 3 K/a /
pzl+1, R O r,<r<r, [4]
orc . r ar Tl at Tl az 2=0
32' 3 S 8 K'B "
7Py 1°P2_ % °P 2-'2;5,—2-—113 r>r, 5]
or* raor T, at T, 9z
2 2 2=0

where the subscripts 1 and 2 denote the skin zone and formation, respectively, the skin is of
thickness r,, K’ is the hydraulic conductivity of the matrix (skin and formation) in the vertical
direction z, and n, is the number of fractures of identical transmissivity intersgcting the wellbore,
all of which are equally spaced. The transmissivity used in éqﬁations [4] and [5] represents the
total transmissivity of the isolated'sectivon of the wellbore. The remaining equatibns required for

the general solution of equations [4] and [5] are given in the following:

3| S, op;

—_— O<z<L [6]
Py Kll_,at - sz<L, |
2/ / !
S.,d

2:-“3_& OSZS‘L" . [7]
azz KZ/ ot

P(RO=py(r,0)=0 [8]

pl(f 3st)=p2(r s’t) : (9] '



6
5/ 5
Trﬂ = 2_!2 [10]
al‘ T=ry ar r=r,
a / /
ﬁ =% =0 [11]
aZ 2=L, aZ z=Ln
!
p[(ra Z) —p1/(09r: t) [12]
pz(r, t) =p2(0a r, t)
Pi(@7,0)=p,(z,7,0)=0 [13]
P00 | 4]
p,®=p,(r,,0) [15]

where L, is the half-spacing between the fractures. The solutions to [4-15] for pressure in the skin
zone and in the formation are found in terms of the pressure in the well, which is as yet

undefined. In dimensionless form, the solutions are given for the skin zone and formation

respectively, as:

P—DW(S) 1/J2

DT ps2psS) = 1 rA -Ky(d2rpA,] [16]
_ Do, Y
ppz(rD’zDss)- Ko((bz rD) ) . [17]
Ds

where pp,, pps» and p,,, are dimensionlesé pressures. I, is a modified Bessel functi‘on of ordet
zéro, and all other dimensionless variables are defined in the notation.
Fractional Flow in the Formation

For the case where the flow in the formation is not perfectly radial, a non-integral

formulation of equation [1] is required. Because the non-integral formulation leads to non-integral
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dirhensionality, dimensionless parameters are not developed. The governing equation for flow in
the formation is given by (Barker, 1988):
K 3( ) g 0P | , !
Sl F LR < Y Y 2 r <rgo {18]
r”'lar[ or * ot v
where n is the dimension of the flow system, K is hydraulic condﬁctivity, and S, is the specific
| storage. The solution to [18] in terms of the pressure in the well, is obtained using the continuity

condition between the well and formation and is given by?

_ P,S)r'K (Ar)
pr.s) B ——
r, Kv(l-rw)

where K, is a modified Bessel function of fractional order, v is equal to 1-n/2 and A? is equal to

[19]

sSJ/K.
Equations' of State for the Wellbore

The equation of state for the wellbore which simulates a DST is obtained using

superposition:
(

2 TP —c 1-BE-0) 22+, HE-01 P2 -C. p 6 () [20]
" or r a ? e V0

rer,,

where C, and C, are independent wellbore storage factors for the open-hole and shut-in periods,
respectively, T is the duration of the open-hole period, and H is d;e Heaviside step function.
Equation [20] represents the general case where pressure changes are observed during both the
open-hole and shut-in period. For the specific case where the open-hole period is of constant
pressure, the first term on the right hand side is eliminated.

When a shut-in slug test is conducted after a long open-hole petiod, the drift in the shut-in

[

—
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pressure due to the remnant pressure from the open-hole period will influence the result of the

slug test (Pickens et al., 1987). To accommodate this, a variation of equat_io_n [20] is used:

. ‘ Ldp, d m
2nr, _gﬂ =C1[l-'H(t-t)]%+€2[H(t—t')]—5t‘1—Clpoé(t)—CZZpiB(t-ti) > [21]
i=1

r=r,

'whe_‘,re t; is the time at which the slug of magnitude p; is applied. Multiple slug inputs of differing

magnitude, can be simulated using equation [21]. The Laplace transform of equation [21],

expressed in terms of the dimensionless pressures in the wellbore and formation, is given by:

- 1 dpy| 1
Pp,8)=— +
DS erlrfl Cp,

S(CDZ—CDI)pr(tD) exp{~st )}

*p

1

+E'_(C p2-Cpp) f expl~st,tp,, (1) dt,, [22]

D2 0 ) .
CDI

1.2
e expl-stp}
C,s Siglpm Xpt=Sip,

Note that equation [22] requires knowledge of p,,, in real sp;éce. Since this is unknown, thev
i‘nversion\of equation [3] is used as an approximation, for the uniform flow case. For the case
where other solutions (i.e. finite skin) are used with [22], the appropriate solution should also be
substituted for pp,.

Under testing conditions where a gas phase is present in the isolated test interval, the
wellbore storage coefficient may become a function of pressure. This is often encountered in
petroleum wells where natural gas may form a highly-compressible free phase. Closed-chamber
theory has been used to formulate a conceptuzil model for this problem, and numerical methods
are required for simulation due to the non-linear r}atu_re of the equation of state (Mfonfu and

Grader, 1992). When testing in low-permeability rock, the free-phase may arise due to the

/
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entrapment of air during the packer inflation process. Down-hole equipment may also deform in
a non-liﬁear fashion, resulting in a v‘ériable wellbore st_ofage cdefﬁc‘ient./

An alternative to closed-chamber theory isr the approach used by Fair (1979) and
Hegeman et al., (1993), where it is assumed that the variability in the wellbore storage coefficient
can be developed as an additional term in the equation of state. In the following example, the
pressure term p, represents the change in pressure due to the change in wellbore storage:

. ap| _.)ap, dp, ,
2nr, T  =C{=—2-—51-Cpd(t [23]
e {dt dt} Pa®) - |

where C is the wellbore storage coefficient as before. The expression for p, can be given a
functional form of any type provided that the function can be Laplace transformed. In the

example provided by Fair (1979), an exponential function was used:

p=C,(1-exp{-fle.}) (24]
where C,, is a constant which determines the magnitude of the change in wellbore storage and
the constant o, determines the rate at which the pressure changes due to changes in the wellbore

storage. The forward Laplace transform of [23] and [24] r:sults in (in dimensionless form):

1 dl;nl +CDw-1_
Cps dry| .S
rp=

< 5Dw(s) =

s .1 | [25]
s+tHa, | s '

where Cp,, and o, are defined in the nomenclature.
A similar approach can be used to account for changes in the wellbore pressure due to

changes in down-hole temperature. Changes in borehole temperature can result in significant

. departures from the ideal response to a hydraulic test conducted in very-low-permeability material

(Pickens et al., 1987). Such changes can arise due to differences between the drilling fluid

=

i i
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temperature and formation temperature (Pickens et al., 1987) or through heat conduction and/or

“heat development in the borehole instrumentation (Beauheim, 1994). To account for this, the

equation of state for the wellbore is formulated to include the change in volume due to change
in pressure (i.e. slug input) and the change in volume due to change in temperature. The change
in volume due to change in temperature is developed following the derivation of Bear and

Corapcioglu (1981) for mass conservation in a heated aquifer. The equation of state is given as: .~

ap dp,, drT, ‘
2nr, T==| =C—=2-VA,—-Cp,d(t 26
rw ar dt "H dt - po ( ) [ ]

r=r,,

- where T, is temperature, and A, is the thermal expansion coefficient for the borehole fluid.

Although virtually any function of temperature can be used in [26] (C. Neville, 1990, unpublished
notes), an exponential function will be employed for the present study. The function has similar

form to equation [24] and is given by:

T,()=T,~(T,~T,)exp {—ai} [27]
T

where T; i$ the initial temperature; T, is the final temperature, and o, is the rate of temperature
change. The initial témperature can be smaller or larger than the final temperature. Combining

[26] and [27], the forward Laplace transform is given by:

1 dEDI N Cpa
Cps drp, Cps

"D-'-

p_ Dw(s) =

s 1
o 1)[1 s_+1/am} s (28]

where T}, is the ratio of T,, over T, 0y is the dimensionless rate of temperature change, and Cp,
is the dimensionless coefficient of thermal storage.

In many practical situations, it may be possible to eliminate the effect of changing
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wellbore storage (i.e. equation [23]) but very difficult to isolate the test zone from temperature

changes Thus, a useful equation of state can be constructed by combining [21], and [26]:

anwT—g!; =C,[1-H(- 1:)]—+ ,H(- 1:)] ~VigpgT
r=rw | dt [29]
-C, poﬁ(t)—sz pd(-t) 1>
i=1

and the forward Laplace transform is found using [27] and application of the shift theorem:

dp| | 1

pp (8)=—— (C;,-C expf-
pr() CDZS erLIj:l CDZS\ D2 DI)pr(tD) P S‘tD}
) . L
1
+——(Cpy-Cp,) [ expl=st}p, (2) dt
. p2~ s f Dw D _ [30]
Cps
+—=(T, -1exp{-t s} 1— '
Cpzs om N 1/°‘DT

CDI -
+= expl=st,}
Cpp$ sgpm Pt

Equations [29] and [30] are formulated such that the temperature change only has influence on

the pressure during the shut-in period. Normally, C, predominates the pressure response during

the open-hole period and temperature has negligible effect. A complete derivation of the |

particular solution using equations [4]-[15] and equation [29] is given in the Appendix.

For conditions of fractional flow, the equation of state is developed using hydraulic
conductivity and geometric factors b and &, which relate to the linear thickness and spherical
surface of the source, respectively. For standard slug test conditions, the equation of state is given

as (Barker, 1988):
dpw

Kb*E 1" % ~C=22-Cpyp() [31]

(
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The forward Laplace transforin of [31], in dimensioned form, is given by:
 3-ap -
12 @:Mﬂ’_ P [32)
v Cs dr|.., s

w

To find the equations of state for the fractional flow case equivalent to [20], [21], [23], and [26],
substitute Kb*"€,r,*' for 2nr,T. To find the forward Laplace transforms, substitute for the
dimensionless variables in [22], [24], and [27].

To develop particular solutions, the derivative with respect to r of equation [16] or [18]
is éubstituted directly into each equation of state. Determination of the solution in real space is
;clchieved using a numerical inver'sio’n scheme based on ti; DeHoog et al. (1982) algorithm. In
cases where equation [30] is used in conjunction with [16] or [17], equations [16] and [17] are
used both prior to and following the point of shut-in. The particular solutions were verified by
using at least two methpds to solve each problem and by algebraic reduction to less complicated
models.. |

Implementation of the particular solutions was conducted using a double-precision
cofnplex formulation of the necessary Bessel functions (Amos, 1986). Gauss quadrature is used
for numerical integration. Best results were found with 256 Gauss points; and the number of terms
in the inversion routine set to 32. Instability in the solutions was observed in some cases at either

\

very early or very late time. This is easily avoided by manipulation of the time range for the
simulation. | |

In the discussion to follow, several example simulations are illustrated in comparison to ,‘
one another. To facilitate the comparison, a numerical optimization scheme following the method

described by Piggott et al. (1995), was implemented. In each case, one particular solution was
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selected as the baseline and the other particular solutions were forced to fit using the optimization
scheme. in most cases, only T and § were varied to achieve the .ﬁt-, although in some, additional
parameters were allowed to vary
RESULTS AND DISCUSSION

During tl;e drilling of a well in low-permeability rock, it is easy to conceptualize how drill
cuttings might invade the surrounding pore space to limit the permeability local to the well.
Recognising that shut-in slug tests have a very limited radius of investigation, it can be surmised
that DSTs might prove to be more effective in detecting the presence of finite -thicl_(ness' skin
simply because the radius of investigation is increased. To explore this, a comparison was
conducted between shut-in siug tests and DSTs having various open-hole periods. Figure 1
illustrates the resﬁlts of slug tests and DSTs conducted where the uniform value of T is equal to
102 mz)s and 10""* m*/s and for the case where a finite skin of 0.1 m thickness is present. The
T, for the formation ranges to values as much as four orders of magnitude greater than the skin,
where the skin is present. A uniform value of § equal to 5XIO'6, a well radius equal to 0.0465
m, a casing radi_‘us equal to 0.0185 m (riser pipe), and test section length of 10 m was used for
all simulations. The radius of the riser pipe and the compressibility of the water were used to
calculate C, and C,, respectively. The results are presented in a semi-logarithmic format with
dimensionless pressure plotted versus elapsed time in seconds.

Figure la illustrates the results of shut-in slug tests conducted under the co;;di;ions
described above. The effgct of the skin of lowér permeability is to steepen the dimensionless

pressure at late time. The effect is most pronounced whére the difference between T,and T, is

only one order of magnitude. Thus, a ski“n thickness of this magnitude can be detected (provided
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this response is unique) using the shut-in slug test method. Unfortunately, for lower values of T, |
such as the case for T=10""* m%/s, greater than 10 days test duratioﬁ are required fo collect enough
data such that the depatture from the uniform medium curve would be observed. In many cases,

this test duration would be impractical.

Figure 1b illustrates the results of simulations conducted under conditions identical to

]

Figure 1a, except that the borehole was exposed to an open-hole pressure for a period of 10 days
and then shut-in. The effect of the open hole period, is to move forward, in time, the point at

which the pressure for a finite skin departs from tbe_ curve for a uniform medium. In addition,

the early-time portion of the curves for the case where a finite skin of T=10"2m?s is present, are

distinctively steep and decline over a similar time period to the case for the shut-in slug test.

Thus, at this transmissivity there is no real advantage to conducting a DST in favour of a shut-in

slug test. At lower transmissivity, conducting the DST is a disadvantage because the effect of the

open-hole period extends the duration at which the p,, remains near unity, rendering the test
impractical using standard testing methodologies.

Figure 1c illustrates the extreme case where the open-hole period is extended to 100 days.

At higher T, the shape of the curves for finite skin are even more distinctive with a significant

break in slope at late time. The shape of the curves in the case of ‘Iower T is similar to that for
open-hole periods of lesser duratijon, although the departure from uniform flow occurs at an even
earlier point in time. Note that greater than 100 days are‘required to return to near-equilibrium
conditions at a T of lO'”.bFor standard testing equipment such as described by Pickens et al.
(1987) which is used only temporarily in a testing borehole, tesf durations such as this are

completely impractical. However, tests of this duration are easily conducted using permanent
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casing completions such as that described by Black et al.(1987). In this case, the test is éonducted
by opening access ports to one or more intervals and exposing these to the casing water level for
the desired period of time. After closure of the access port, pressure in the isolated interval can
" be measured continuously or periodically depending on the transmissivity of the formation.
‘Where the T of the interval is low, periodic measurémeﬁs of interval pressure over exterded
- periods of | time will provide enough data to interpret the results for the presence of a finite skin
of lower T.
To explore the issue of uniqueness raised above with respect to slug test results, Figure
2a shows the results of a comparison conducted between the particular solutions for finite skin,

fractional flow, and a uniform medium. The particalar solution for finite skin was used as the

baseline case. The values of T, and T, for the baseline case are 10> m%s and 10! m¥s, -

respectively. Other parameters are identical to that used for Figure 1. The agreement between the
solutions is quite good for‘this combination of parameters, although the e;‘rors incurred by using
an inappropriate particular solution are not large. For example, the T obtained using the particular
solution for uniform flow reflects more closely the value for T, than T7,. This is similar to what
was observed by Barker and Black (1984) for the double porosity case.

Figure 2b illustrates the fit achieved with the solution for uniform flow for the case of a
DST Wheré the open-hole period is 10 days. In th‘is‘casev, the agreement between the solutions
is poor, although the interpreted value of T more closely reflects the transmissivity of the
formation than for the shut-in slug test case. As illustrated in Figure 1b, this is a functio'n of the

increased break-in-slope imparted by the preséncc of the skin. Thus, as observed by Karasaki

(1990) for open-hole slug tests, the use of a modified DST will also improve on the uniqueness

.
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of the interpretation for finite skin in the shut-in case.

The effect of double porosity is similar to that for finite-thickness skin, i.e. the slope of
the recovery curve is steepened. For exampl;a, Figure 3a illustrates the case where slug tests are
conducted using an isolated test section of 10 m length. The baseline condition is established
using the solution for double porosity Where the test section is intersected by 20 fractures. The
cumulative T and S are as for the previous Figures. The K and S for the matrix are 1x10™"* m/s
and 5x107 1/m, réspectively. A fit using the solutions for a uniform medium and fr‘actional‘ flow
was obtained using only slightly different values than that for the baseline case. Thus, the effect
of double porosity is of marginal importance under conditions of low perméability.

It is interesting to note that the non-uniqueness between the solutions for a uniform
medium and double porosity is not diminished by conducting a DST (Figure 3b). This is likely
because the effect of double porosity on the shape of the recovery curve is so minimal.

Hydraulic tests conducted in low-permeability material are commonly plagued by_the
effects of changing temperature. Figures 4a and 4b illustrate the effect of a rise in temperature
of 0.1° C during a slug test and DST, respectively. In both cases, the effect of temperature
manifests in a similar fashion, creating a significant hump in pressure at early time. The case for
a finite skin of lower T is also shown. It is interesting to note, however, that in comparison with

the similar curves shown in Figures la and 1b, the time at which the solutionv for finite gkin
dnverges from that for a uniform medium is approximately the same. Thus, it is not necessary to
eliminate temperature effects from test design when conducting tests in the presence of a finite
skin of lower permeability.

Figures 4a and 4b also show the effects of a finite skin of larger permeability than the
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formation for the slug and DST case. The inflection point on the curve shown in Figure 4a occurs
at the. pbint where the advancing pressure front encounters the 16Wer permeability of the
formation. This inflection point does not appear in ngura 4b, which illustrates tﬁat the radiuis of
~ influence is significantly largér for this test relative to the slug test case.

The solution for fractional flow was found to fit well to the slug test solutions for both

finite skin and double porosity (Figures 2a and 3a). Although the equivalent solution for a DST

was not coded, it can be surmised that the solution will behave in the same fashion (i.e. fit well
to the other solution;). This is because virtually any slope of the recovery curve can be obtained
depending on the combination of K, S,, and n. Data thvat\ exhibit strong inflection points at mid-
time can not be interpretedv using this solution and thus should possess some uniqueness.
Figure 5 illustrates the comparison l;‘etween the slug tcsf solutions for "/ﬁnite skin and
variable wellbore storage. The solution for finite skin .was used as the base case and two
- examples are given, one with a wellbore 'siorgge factor, C, slightly greater than water, and the
other with C two orders of magnitude greater than water. In both cases, the solution for variable
wellbore storage is observed to fit well to -the solution for finite skin. Where the skin
permeability is greater, the fitted value of T undérestimates the true T by one order of magnitude.
Conversely, where the skin permeability is smaller, the estimated T is greater by more than %
an order of magnitude. In both cases S is underestimated. Note that the increased wellbore
* storage factor results in a significant delay in the initial decline in pressure (compare to Figure
1a). Thus, the discussion above regarding test duration must be‘tempered considering that it is

unlikely to find a testing apparatus that is entirely incompressible. It should also be noted, that

because the form of the solutions for variable wellbore storage and temperature effects are so
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similar, the manifestation of the soluﬁons ‘will also be similar. In this case, however, it is
relatively easy to determine the need’ for the temperature model, provided temperature
measurements from the test section are available.
CONCLUSIONS

A semi-analytical model Was developed for hydraulic tests conducted in low-permeability
media, in which processes such as finite-thickness skin, double porosity, temperature effects, and

variable wellbore storage are considered. The model was formulated to account for hydraulic tests

- conducted in the traditional slug or pulse test configuration, and where an open-hole period is

followed by a shut-in period (similar to a drill stem test). The model was developed using a
forward Laplace transform and a numerical scheme for -the inversion of the transform.
Verification was conducted by finding the solhtions through at least two different solution
methods.

To investigate the uniqueness of each solution, a comparison was conducted using an

inverse form’ulation of the model. It was shown that the effect of finite—thickness skin, double
porosity, fractional flow, variable wellbore storage, ;nd temperature (by analogy), can all
manifest in slug test data in a virtually identical fashion. In some cases, it may be possible to
determine the appropriate model by using geological data (i.e. known presence of fractures), or
measurements of the testing apparatus (i.e. equipment compliénce). More commonly, however,
uncertainty .of some magnitude must expected in any interpretation of this type of test when
conducted in a low-permeability environment. Definition of the degree of uncertainty could be

informally undertaken by inverting all possible models to the data set. More rigorous definition

could be undertaken using stochastically defined parameter sets with each model.



resolve the transinissivities of the skin and formation by conducting the hydraulic test in a DST
format. However, this is only practical under conditions where test durations of several months
are acceptable. For some testing environments, such as in boreholes completed with permanent

* multi-packer casing, this is easily conducted. Resolution of other effects such as double porosity

|
|
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‘ Where a finite skin is present, it may be possible to improve the detection of the skin and

are not improved by conducting the test in a DST format.
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NOTATION
b extent of flow region (refer to Barker, 1988)
C wellbore storage factor, nr,? for open borehole, VB, pg for shut-in borehole, 12,
¢, G, wellbore storage factor [open borehole (ntr,? ), shut-in borehole (VB pe)l, L~
Cp dimensionless wellbore storage coefficient, C/2nr,2S.
Coi» Cp, ‘ dimensionless wellbore storage coefficient, C/2nr,2S,.
Cp, dimensionless pressure parameter, C,/p,.
Cpa dimensionless coefﬁcxent of thermal storage 7% Tpg/27tr“2S Po-
C, variable wellbore storage pressure parameter, M/LT.
g gravitational acceleration, L/T>.
vH Heaviside’s unit step function.
I, modified Bessel function of the first kind and order v.
K hydraulic conductivity of the fonhation, LIT.
K ,K, hydraulie conductivity of the matrix (skin, fermation), LIT.
K, ' modified Bessel function of the second kind and order v.
L dimensionless half spacing between fractures, LJr,.
L, half spacing between fractures, L..
A dimension of the fracture flow system.:
ny '. number of equally spaced fractures of identical transmissivity.
m number of slugs.
P P pressure in the formatipn (skin ‘absenl, skin present), M/LT.
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pressure in the skin, M/LT.

pressure in the matrix (skin, formation), M/LT.

dimensionless pressure in the formation [skin absent ( p/p,), skin present ( p, /p)].

dimensionless pressure in the skin, p, /p,.

dimensionless pressure in the matrix [skin.( pp, /p,), formation ( pp, /p,)]-
dimensionless pressure of slug i, p; /p,.

dimensioniess pressure in the well, p,, /p,.

dimensionless pressure in the well, Laplace domain.

change iﬁ pressure due to change in wellbore storage, M/LT

pressure of slug i, M/LT.

initial pressure, M/LT.

pressure in the well, M/LT.

radial distance, L.

dimensionless radial distance, r /r,.

dimensionless skin radius, r, /r,.

skin radiu,s, L.

well radius, L.

Laplace variable.

storativity of the formation (skin absgnt, skin present), dimensionless. -
storativity of the skin, dimensionless.

specific storage of the formation, L. .

specific storage of the matrix (skin, formation), L/T.
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time, T.
t-1, T
dimensionless time, T, t/Srt
time at which slug i is applied, T.
transmissivity of the formation (skin absent. skin present), L*/T.
transmissivity of the skin, L¥T.
ratio of the final temperature over the initial temperature, T, /T,
initial temperature, °C.
final temperature, °C.
temperature, °C. |
order of Bessel function.
volume of the isolated section, L’.
vertical distance, L
dimensionless vertical distance, z/7,,.
ratio of the storativity of the formation err the storativity of the skin, §,/5,.

rate at which wellbore storage is modified, T-. ~

~ dimensionless rate at which wellbore storage is modified, T o / r,’S.

dimensionless rate of temperature change, T o / r,S.

rate of temperature change, T .

total compressibility of the fluid and borehole instrumentation, LT*M.
(

ratio of the transmissivity of the formation over the transmissivity of the skin,

T/T,.
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Co - Cor

Dir‘gc function.
L&), - (o)A,
Y& Ko (Barn ) Ky (8170,) = B Ko(irp ) Ky (f575,)

VO K (YOarp M (fi7pg) — &ulo(fbyrp ) K, (f&y7p,)
sS, /K.
thermal expansion coefficient of borehole fluid, °C ™.

area of a unit sphere in 7 dimensions, 2t*%/T(n/2).

fluid density, M/L>.

duration of the open-borehole period, T.

dimensionless duration of the open-bor_e\hole period, Tt /Slr‘j,
5+ 0,8 tanh( AN

@YS + ©y/Y,S tanh(,/P,5L)

SaTVS\K',.

S'2TV/S,K

2n K", /T,

2n, K'or, T,
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APPENDIX: SOLUTION METHOD

The solution method is illustrated by(* solving [4]-[15] using [29] as the equation of state for the
wellbore. The governing equations and associated boundary and initial conditions are first made

dimensionless using the groupings provided in the notation. The dimensionless form of the
governing equations [4]-[7] are, respectively

A

& 18 or apy,
Pz;z 1 ppl - %Pp; _ lﬂ lsrpsrp [Al]
ary  Tp 9rp oty 9p lz,-0
3 s,
a’pgz o 1% P Doz Tos<rp [A2]
ar, Tp 9rp 9ty " %pleymo
Pppy . op, ’
Ppr _ ¥ Por O0<z,<L [A3]
2 1 D
azD atD ’
Fp! anl..
pD2 =_‘p pDZ OSZ’SL . [A4]
3 2753, D
azD tD

The dimensionless form of the remaining boundary and initial conditions, [8]-[15], are given

respectively by
pp](rpao) = ppz(rps'o) =0 [A5]

Ppi(Tpgstp) = ppy(rpesty) - [A6]
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apDI - apDZ [A7] !
orp |, ., or, rosr
DI = 4D =0 [A8] l
02p lpyer  O2p by oy :
Ppi(rpstp) = Plgz(O,fp,‘tD) [A9] '
pDZ(rD’tD) = PI/)Z(OarDJD) [AIO] l
pl)z(wstp) =0 » [A12] '
_ppw(,tp) = ppl(l',tp) ! [A13] '
Application of the Laglace transform to [A1]-[A4], and the subsequent substitution of the initial u
conditions [A5] and [A11], leads to the following equations n
Fop 1 Py - o, '
Por L% i+ 0, B2 L 1srpsr,,  [Al4]
arp rp Orp 92p,,-0 ' '
#5. D, e,
pD.Z + iappz - d'YSEDz + (02._@ = () ",-Dr<r [A15]
2 r, or Znl. . s D
arp p 9p Dizp=0

\ N




“ ’ - _
-. H l.
: t

2%
az.—'/ h _ ‘
POl yshpy = 0 0<zp<L [A16]
aZD
*py _
POt o ysBh =0 Oszpsl AT
dzp :

where the overbar denotes the Laplaéc transformed parameter and s is the Laplace transform

variable. Application of the Laplace transform to the remaining boundary conditions [A6]-[A10]

and [A12]-[A13] gives, respectively

Ppi(TpssS) = Ppy(TpgsS) [A18]
Y P . %P [A19]
arD rp=r arD Tp=rps
a.-.—'/ a—/
Il Porl P2l g [A20]
02p |p-1 92p 1, .1
| ﬁDl(rD"s) = p_ll)l(oyrl),S) . [A21]
l! Ppa(FpsS) = Ppa(0,7p,S) [A22]
‘ Ppy(=,s) = 0 [A23]
Ppy(S) = Pp(1,8) [A24]
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The derivatives in [A14] and [A15] are obtained by solving the matrix equations [A1‘6] and

[A17]. The general solution to [A16] is given by

Por = alexp(\/ll}'_l's-zb) + blexp(—\/w_l.vzb) 0szps<L [A25]
where a, and b, are arbitrary constants. The constants a, and b, are found using [A20], [A21]
and [A25] to generate two equations with two unknowné. The résulting equations are then solved
using Cramer’s rule and a, and b, are then substituted bgc’k into [A25]. The resulting derivative,

after simplification, is found to be

G _ __ - .
a_zﬂ = ~Pp(rps5),/¥;5 tanh( qusL) [A26]
b _

ZD=0

Similarly, the derivative in [A15] can be shown to be

3Ppa
dz,

= ~Ppa(rp»5)yf,s tanh (/5 L) [A27]

ZD=0

Substituting [A26] into [A14] and [A27] into [A15] gives

*5 3p, _ |
orp, o °p '
azﬁpz . _1_‘350,2

arp - Tp a"p

- ‘bzﬁm =0 ps<Tp [A29]

where

1
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b, =5 + o, tanh(,[F5L) [A30]
b, = ays + 0, /W, tanh(|/F5L) [A31]
The general solutions to [A28] and [A29] are given by
Ppi(rpss) = a1y (\fb,1,) + b, K (/&;rp) | [A32]J
502(_’”’3) = a1, (\f,rp) + b;Ko(\/ﬂ)_zrD) [A33]

where a,, a;, b, and b, are arbitrary constants. Using [A23] to bound the solution, [A33] is

reduced to

N

Ppa(TpsS) = b3K0(\/$;rD) [A34]
Substituting [A33] and [A34] into [A18], [A19] and [A24] produces three equations with three

unknowns

a1 () + byKo(([Byrpg) = byKy(fB;rp,) [A35]

Y B, Bim0) = ¥ baB K, (fBrr) = by B, K, (B [A36]
a1 (f8)) + bK (/8)) = Pp,(s) [A37]
Again the constants a,, b, and b, are found by solving [A35]-[A37] using Cramer’s rule. The

constants are then substituted back into the general solution [A32] and [A34]. The resulting

solutions, after simp’lificat_i_'on{, are



Pp(7p,5) = pQZ(S_) [Io(\/ETD)Ax - Ko(\/‘_ﬂ’b)Az]

PDW( )Y

Ppa(rp,s) = Ko(\@;fp)

where

[
!

[
[M
[

= 1 B Ko (Borp) L, (Birn,) - VO To (/8. 75) K, (&, 705)
A = Io‘(\/ib—l)Al - Ko(\/dTl)Az

1 = Y\/EKO(\/de’Ds)Kl(\M’—l’m) - \/‘—Fz-Ko(\/‘lTl"bs)Ki(\/‘_b:rDs)
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'[A38]

[A39]

[A40]

[A41]

[A42]

The solution for dimensionless pressure in the well is obtained by substituting the derivative of

[A38] into the equation of state for"the wellbore [30] and re-arranging for pp,,(s). The required

derivative is given by

_ Ppuls )‘/_[”\/—)A - K8,

Substituting [A43] into [30] gives

[A43]




Fou(s) = P2 )‘/—[I(F)A © K (B,

AC

(Cp; ~ Cpy)
+—_— = t)exp(-st
Cos Pp,(t)exp(-57)
T
c, -C ‘
v o2 = Co) f Po (1) exp(=st,)dt),
Cpz ’
0
.\ CoaTpm = 1) | - s’
Cp2s + 1/%7
1 Cp,
< 2 Poiexp(-sip) +
A =1 D2s
/ -
re-arranging for pp,(s) provides the final solution
- (Cp, - Cp))
§) = ——— t)exp(-st
Pp,(8) ¥ Cors Pp,(t)exp(-st)
. T
(Cp; = Cpp) [ ‘
+ prbw(t,,)e)cp(—stb)dt,,
xCpy
A ,
+ —————CDA(TD"' _ 1)e:xp{—ts} 1 - —3
X Cpys s+ lapy
1 « 7%
+ — Y pyexp(-sty) + —2L
‘Xsiz=1: b . xCp,s

where
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[A44]

[A45]



o
ACp,s

I (\/471) A + K (1/471)’32]

31

[A46)
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FIGURE CAPTIONS

Figure la

Figure 1b

Figure 1¢

Figﬁre 2a

Figure 2b

Figure 3a

Figtfre 3b

Comparison of resuilts for shut-in slug tests using the uniform medium and finite skin

models. The comparisons are made for 7=T,=10"? m*/s and 7=T, =10 m’/s.

Comparison.of results for DSTs using the uniform medium and finite skin mode}ls.

The comparisons are made for © = 10 days, 7=T,=10""> m%/s and 7=T,=10""* m?s.

Comparison of resﬁlts for DSTs using the uniform medium and finite skin models.

The comparisons are made for T = 100 days. 7=T,=10"? m%/s and T=T,=10" m’s.

Optimal fits for the fractional flow and uniform medium models to a finite skin

baseline case. The comparisons are for the slug test case.

Optimal fit for the uniform medium model to a finite skin baseline case. The

comparisons are .for DSTs with t = 10 days.

Optimal fits for the fractional flow and uniform medium models to a double porosity
baseline case. The comparisons are for slug tests with baseline parameters 7=10""

m%s, S=5x 10%, K=10"* m/s, and §, =5 x 10" m™.

Optimal fit for the uniform medium model to a double porosity baseline case. The
comparisons are for DSTs with © = 10 days and baseline parameters 7=10"* m/s,

$=5x10% K=10"m/s. S,=5x 10" m", and C,=1.08 x 10° m’.



Figure 4a

Figure 4b

Figure 5

[Hustration of the potential impact of a positive skin (T}> T) or temperature tise on
shut-in slug tests. The comparisons are made with p, =98040 Pa, Ag= 4x10%°C",

and o; = 29000 sec.

Illustration of the potential impact of a positive skin (Ty\> T,) or temperature rise on
DSTs. The comparisons are made for t = 10 days with p, =98040 Pa, A, = 4 x 10

°C*!, and ;= 29000 sec.

Comparison of the solutions for finite skin and variable wellbore storage for two

different values of the wellbore storage factor, C.
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