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MANAGEMENT PERSPECTIVE 

MEASUREMENT OF THE HYDRAULIC PROPERTIES OF LOW- 
PERNIEABILITY ROCK. 

K. Novakowski and G. Bickerton 

Submitted to Water Resources Research 

Selection of possible sites for the l_ocation 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 
penneability 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

u 

investigated. It is concluded that although it may be possible to accurately 
measure permeability by properly accountingfor the appropriate test. 
processes, it i_s 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 s0phis,tic;ated 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 rnedia are subject to numerous influences 

and processes, many of which manifest in a non-unique fashion. To explore the accuracy 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. Results 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 open-hole period followed 

by a shut-in period (similar to a drill stem test). In practical terms, using existing 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 

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

As part of the process of" the siting of hazardous waste facilities such as nuclear waste 

repositories, investigations are undertaken on the 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 

/i \ 

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 < l0"° mls) 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_d_uration and diminishes the radius of influence relative to slug 

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

low-permeability material may take many months to complete (Novakowski, unpublisheii data) 
whereas tests conducted under shut-in conditions may require only hours to complete in rock of 

similar permeability (eg. Pickens et al., I987). 

During the drilling of boreholes in rocks of low-permeability, drill cuttings or drilling mud 

may invade the formation resulting in a zone of reduced permeability immediately adjacent to 

the borehole (Earlougher, I977). This is known as a skin zone and in the case where drilling 

mud is used to lubricate the drilling process, the skin zone develops as a filter cake (Abboud and 

Corapcioglu, I993). More commonly, particularly in crystalline rock, drill cuttings invade the
5
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microcracks and open pores, clogging the pathways that form the bulk of the rock permeability. 

Unlike the filter cake, the outer boundary of the skin zone in this case, is poorly defined. To 
account for this in the interpretation of hydraulic tests, the skin zone may be represented as a 

zone of infinitesimal thickness (Sageev and Rqmey, 1986) or of finite thickness (Moench and 
Hsieh, 1985’; Novakowski, l989). For hydraulic tests conducted in low-permeability rock, where 

the radius of influence is small relative to the scale of the borehole; accounting 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 tests which account for dual porosity (Daugherty 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 borehole occurs in a uniformly radial 
pattem during a hydraulic test, has been recently challenged. Barker (1988) developed a more 

generalized model for n-dimensional radial flow. The goveming equation for this model is based 
on the radial flow equation where r is raised to a nonintegral value which may range from 1.0 
to 3.0. Both infinitesimal skin and dual porosity were incorporated for constant-rate pumping 

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 lnimiting factor in 
the interpretation of field results (Barker and Black, 1983; Daugherty and Babu, I984). For

r
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example, each of the processes described above may manifest in the test data in a -similar fashion. 

Karasaki (E1990) s_ugges,ted that by prematurely‘ termi'nating an open-hole slug test and interpreting 

the following shut-in period, a more reliable and unique estimate of the ‘hydraulic properties of 

the formation is obtained. This concept was originally developed by Corea and Ramey (1986, 

1987) for rigorous interpretation of Drill Stem Tests (DSTs), a standard welletesting technique 

used in the petroleum industry. In the case of low-perrneability, 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 fol-lowing shut-in period will be sensitive. V

» 

The objective of this paper is to extend the work of Barker and Black (1983) to conditions 

more typical of those encountered when conducting hydraulic tjests in media of low permeability. 

To achieve this, the use of shut-in slug tests and DSTs in determining unique and accurate 

estimates of the hydraulic properties of low-permeability media is exp1ored.- The models are 

developed using the Laplace transform technique and additional effects due to changes in 

temperature and wellbore storage are considered. 

MODEL DEVELOPMENT -

’ 

. In the following, the complete boundary value problem for radial flow in the formation’ 

is developed and solved using the Laplace transform method. It is assumed that potential effects 

due to partial penetration are negated by the use of isolated test sections of substantial length 

relative to the borehole diameter (Hayashi et al., I987). 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 

direct substitution. The solution method for the formation is sirnislar to that used by Novakowski 

fir
l 
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(1989) for a pumping test conducted in the presence of finite skin. Definition of the 

dimensionless parameters used in the solutions,.can be "found in the notation. 

Radial Flow in the Formation 

Flow in the formation for the radial dimension of 2 is given by: 

rwgr-goo 
gr? r 8r T at .

. 

where p is pressure in the formation-, t is time, r is radial distance, rw is the well radius, S 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: ' 

a 41>» 
2nrwT?€ =c-J; -cpoao-:0) 

< 

[2] 

where -C is the wellbore storage factor, andpw is the pressure in the well. The solution to [l] t 

according to [2], assuming*t0=O, and an initial condition whereby pw(0)=0, is given in the Laplace 

domain byz. ' 

[3] 
[CDSK0(»/5) *\/§K1(fi)] 

The dimensionless pressure in the wellbore is given by fi,,,_, , s is the Laplace variable, CD is the 

dimensionless wellbore storage coefficient, and K0 and ;K, are modified Bessel functions. This 

solution will be used in the following development for more complex conditions in the wellbore 

and formation. ~ ' 

For shut-in conditions, the wellbore storage factor is given by: 

C = VB T P8 
where V is the volume of the isolated section, Br is the total compressibility of the fluid and the

l
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borehole instrumentation, and pg is the specific weight of the borehole fluid. 

For radial flow, where finite skin and fractures perpendicular to the orientation of the 

borehole are present, the following governing equations are required; " 

L 

azpzl +lap1= S‘ agp1—2nJ,-K1 an rw-srsrs [4] ar .r 6r T1 at T18z F0 

Hzpz +l 6p2= S2 6p; _A2n K; 6p;
" 

1 I 
, r>rs [S] 6,1 r 8r I, 6: fr: 6z F0 

where the subscripts 1 and 2 denote the skin zone and formation, respectively, the skin is of 

thickness rs, 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 intersecting the wellbore, 

all of which are equally s_paced.- The transmissivity used tin equations [4] and [5] represents the 

total transmissivity of. the isolated section of the wellbore. The remaining equations required for 

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

ea»: S1, an 
i

t 

0$zS.Ln 

2 / / , /
' 

OszsL [7] 
62-2 K; at

n 

P10.’ =p2(rs 0) =0 

1>1(r‘,,r)=p,(r,,r) I91

\
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yxafi =T_a!2 
I er r=r 

2 ar r=r 
[10]

t 

/ / % 2 =() [11] 
az z L, az z L, 

p,(r, 1) =p1'(0,r, I) 

p2<r,r>=p2’<0,r,¢> 

p{(z,r.0>=p,’<z,r,0>=0 I131 

[12] 

p2<~,r>=0 
y 

[141 

. pw(t)=P1(rw,t) [151 

where Ln is the half-spacing between the fractures. The solutions to [4-l5] for pressure in the skin 

zone and in the fomiation 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:
' 

_ 
' 0 

PD,(rD,zD,S)=!%S[IO(¢i/2rD)A1-K(,(<l>i'2r,,)/12] I161 

1?,,,tr,,.z,,,s)=-'3;és—)3Ko<<t>;”r,,) 
_ 

[111 
Ds 

where 150,, 501, and 50,, are dimensionless pressures. 10 is a modified Bessel function of order 

zero, 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 [l] is required. Because the non-integral formulation leads to non-integral

\
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dimensionality, dimensionless parameters are not developed. The governing equationfor flow in 

the formation is given by (Barker, 1988): 
A

~ 

VK5»-1aP_aP 0°. Fir" E)-SS-a—£ TWSFS 

where n is the dimension of the flow system, K is hydraulic conductivity, 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 theiwell and formation and is given byz’ 

,;(,,,)=_17»l_”5“_’) [19] 
' 

r,:'Kv(k-rw) - 

where K, is a modified Bessel function of fractional order, v is equal to 1-n/2 and 7&2 is equal to 

sS_,/K. 
'

r 

Equations’ of State for the Wellbore
_ 

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

superposition:
( 

a dpw dpw. 21:r T— =C1[1—H(t—1:)]?+C2[H(t—r)]E——C1p°6(t) [20] 

where C, and C2 are independent wellbore storage factors for the open-hole and shut-in periods, 

respectively, 13- is the duration of the open-hole period, and H is the 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 

pressu'r'e,, the first term on the right hand side is eliminated. 

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

T
l
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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 equation [20] is used: 

. , d d "* 

znrwr-32 =c,[1-H(:-t)]%+c,[11(z-1)]-if-c,p0a(r)-czzpiaa-¢,) ¢,>¢ [21] 
r 

,-W x l r= '= 

where t, is the time at which the slug of magnitude pi 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 div 1
_ pm(s)=§dTp +E;;(Cm—CD1)pDw(rD)exp{~srD} 

rD=1 
‘D

1 +-_(c,,,-cm) f expi -S1,; pDw(¢,,) 111,, F221 
CD2 Q 

/ C01 In 
+___~_~+-1 p iexp{'—s-t ii Cms s§ D D 

Note that equation [22] requires knowledge of pm, in real space. Since this is unknown, the 

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 pm. 
2

, 

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 conceptual model for this problem, and numerical methods
W 

are required for simulation due to the non-linear nature of the equation of state (Mfonfu and 

Grader, l992). When testing in low-permeability rock, the free-phase may arise due to the
/

'\
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entrapment of 9 air duri_ng the packer inflation process. Down-hole equipment may'also deform in 
. 

- -

/ 

a non-linear fashion, resulting in a variable wellbore storage coefficient. 

An altemative to closed-chamber theory is 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 pt represents the change in pressure due to the change in wellbore storage: 

- 
r 

‘dim <1P _

l 

21crwT_-H =c{?-E2}-cposrt) [23] 

where is the wellbore storage coefficient as before. The expression for pc 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:
l 

A 

pc(t)=Cw(l—eXp{-t]ozc}) [241 

where Cw is a constant which deterrnines the magnitude of the change in wellbore storage and 

the constant out determines the rate at which the pressure changes due to changes in the wellbore 

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

_ d C 
4 
pDw(S)=_1__p_Q -ll 1__+s____}+l . [25] 

CDs drDrD=1 s s+1/am s 

where CDW and am. are defined in the nomenclature. _ 

A _sim_ila_r 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-pen_neabil_i_ty material 

(Pickens et al., I987). Such changes can arise due to differences between the drilling fluid

I 
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temperature and "formation temperature (Pickens er al., I987) 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 includethe 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: 

a 111%. <17" 

211:rwT>(€ =c-(F -vat”?-' —Cpo5(t) [261 

where T, is temperature, and 1,, is the thermal expansion coefficient for the borehole fluid.
¢ 

Although virtually any fiinction 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: 

Ti(t)=Tm—(_Tm—7})exp [271
T 

where K is the initial temperature, Tm is the final temperature, and (1.7 is the rate of temperature 

change. The initial temperature can be smaller or larger than the final temperature. Combining 

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

_ 1 (113 C 1 pm(s)=TF° +l(TD [23] 
0 0 ,D s _1 Cbs "' s_+1/am 

where TD," is the ratio of Tm over Ti, otm is the dimensionless rate of temperature change, and Cm 
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, auseful equation of state can be constructed by combining’ [21], and [26]: 

<1 d 2nrwT—@ ='C1[1—H(t—1:)]&+C2[H(t=17)]&-VkHpg£' 
' drmwt dt e dt 4;’ 

[29] n . 

' 

*C1p°6 (t) —C2Z pi5(t—t',.) ti > t 
i=1 

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

- _1dP_/D 1 __.,__ ____ Ce, _(_~ {_ P,,,,(s) CNS drn '15:: cD2s( 
D, ,,,)p,,,,(t,,)<=XP S1,) 

7 

10 , 

1 _ ___ , a(c,,, Cm){exp{ stD}pDw(tD)dtD 
[30] 

CD1 S i" T -l {- } l‘“CD2s( Dm )6XP 1-‘D-ll 
s+.1/“D71 

C01 1 
n" +-—¢+— p .exp{-—st .}

_ 

_ C-Dzs S2 Dz D1 

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 

panicular solution using equations [4]—.[l5] 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 fin 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): 

-,, ,.- a dim- Kb3 -Enrw ‘gr? =c-A? —Cp05(t) [31]

M
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The forward Laplace transform of [31], in dimensioned form, is given by: 

3-rt "-1 

£2 [32] Cs drmw s
, 

To find the equations of state for the fractional flow case equivalent to [20], [21], [23], and [26], 
substitute Kb3“"ZIj,,,rw"" for 21tr[_-,T. To find the forward Laplace transforms, Substitute for the 

dimensionless variables in [22], [24], and [27].
l 

To develop particular solutions, the derivative with respect to r of equation [16] or [18] 
is substituted directly into each equation of state. Determination of the solution in real space is 
. 

. / 
achieved using a numerical inversion scheme based on the DeHo0g et al. (1982) algorithm. In 

caseswhere equation [30] is used in conjunction with [l6] or [17], equations [16] and [l7] are 

used both prior to and following the point of shut-in. The particular solutions were verified by 

using at least two methods to solve each problem and by algebraic reduction to less complicated 

models- l 

Implementation of the particular solutions was conducted using a double-precision 

complex 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 tenns 

in the inversion routine set to 32. Instability in the solutions was observed in some cases at either 

very early or verylate 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 Piggort et cl. (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 S were varied to achieve the fit, although in some, additional 
parameters were allowed to vary. V 

RESULTS AND DISCUSSION 
During the drilling‘ of a well in low-permeability ‘rock, it is easy to conceptualize how dr-ill 

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 -thickness. skin 

simply because the radius of investigation ijs i_ncrease_d. To explore this, a comparison was 

c’on_ducted between shut-in slug tests and DSTs having various open-hole periods, Figure l 

illustrates the results of slug tests and DSTs conducted where the uniform value of T is equal to 
10'” mz/s and 10"“ m2/s and for the case where a finite skin of 0.1 m thickness is present. The 
T2 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 S equal to 5x10‘, a well radius equal to 0.0465 
ni, a casing radius 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 C2, 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 conditions 

described above. The effect of the skin of lower permeability is to steepen the dimensionless 

pressure at late time. The effect ijs most pronounced where the difference between T, and T2 is 
~

l 

only one order of magnitude. Thus, a skin thickness of this magnitude can be detected (provided

1

5
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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=l0"“ m2/s, greater than l0 days test duration are required to collect enough 

data such that the departure from the uniform medium curve would be observed. In many cases, 

this test duration. would be impractical. - 

Figure lb illustrates the results of simulations conducted under conditions identical to 
' \\/ 

Figure la, 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 the curve for a uniform medium. In addition, 

the early-time portion of the curves for the case where a finite skin of T=l0"2 ml/s is present, are 

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

Thus, at this t-ransmissivity 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 pm, remains near unity, rendering the test 

impractical using standard testing methodologies.
_ 

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

At higher T, the shape of the cu_rves 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 lower T is similar to that for 

open-hole periods of lesser duration, although the departure from unifomt 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 10"‘. For standard testing equipment such as described by Pickens er al. 

(1987) which is used only temporarily in a testing borehole, test durations such as this are 
1 

,

' 

completely imprac-tical. However, tests of this duration are easily conductedusing permanent

I l
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casing cornpletions such as that descvribed by Black et al.(l987)-.~ In this case, the test is conducted 

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 measurements of interval pressure over extended 

periods of time will provide enough data tointerpret the results for the presence of a finite skin 

Of lOWéf 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 particular solution for finite skin was used as the 

baseline case. The values of T, and T2 for the baseline case are 10'“ m2/s and 10'“ mz/s, 

respectively. Other parameters are identical to that used _for Figure l. The agreement between the 

solutions is quite good for this combination of parameters, although the errors 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 T2. 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 where the open-hole period -is 10 days, In this case, the agreement between the solutions 

is poor, although the interpreted value of T more closely reflects the transmissiv'ity_ of the 

formation than for the shut-in slug test case. As illustrated in Figure lb, this is a function of the
I 

increased break-in-slope imparted by the presence of the Skin. Thl1S, as 0bS¢l'V.¢d 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. 

Theeffect of double porosity is similar to that for finite-thickness skin, i.e. the slope of 

the recovery curve is steepened. For example, 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 1xlO"" rn/s 

and 5><10‘7 l/m, respectively. A fit using the solutions for a uniform medium and fractional 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 permeability. 

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 i_n low-permeability material are commonly plagued by the 

effects of changing temperature. Figures 4a and 4b illustra_t_e the effect of a rise in temperature 

of 0.l° C during a slug testand 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 

Va 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 lb, the time at which the solution for finite skin 

diverges 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 i_n the presence of a finite 

skin of lower permeability. 

Figures 4a and 4b also show the effects of a finite skin of larger perme_abi_lity than the
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formation for the slug and DST case. The inflection point on the curve shown in Figure 4aoccurs 
at the point where the advancing pressure front encountersvthe lower permeability of the 

formation. This inflection point does not appear in Figure 4b, which illustrates that the radius of 

influence is significantly larger for this test relative to the slug test case. 

The solution for fractional flow was foundto 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 solutions). This is because virtually any slope of the. recovery curve can be obtained 

depending on the combination of K, S,, and n. Data that exhibit strong inflection points at mid- 

time can not be interpreted using this solution and thus should possess some uniqueness. 

Figure 5 illustrates the comparison between the slug test solutions for ‘finite skin and 

variable wellbore storage. The solution for finvite skin was used as the base case and two 
examples are given, one with a wellbore ‘storage 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 Tunderestirnates the true Tby one order of magnitude. 

Conversely, where the skin permeability is smaller, thevestirnated T is greater by more than ‘/2 

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 

la). 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

1
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similar, the manifestation of the solutions “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 

van'a_ble 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 transfonn. 

Verification was conducted by finding the solutions through at least two ‘different solution 

methods. '

V 

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

inverse formulation of the model. It was shown that the effect of finite-thickness skin, double 
i 

_
/ 

porosity, fractional flow, variable wellbore storage, and 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 compliance). 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.
/

2 

..l. ,.
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Where a finite skin is present, it may be possible to improve the detection of the skin and I 
resolve the transrnis_sivi_t_ies of the skin and formation by conducting the hydraulic test in a DST I 
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 m 
multi-packer casing, this is easily conducted. Resolutio_n of other effects such as double porosity

' 

are not improved by conducting the test in a DST format. 
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CDW 

CD1. 
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K 
K’, , K’, 
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I1 
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extent of flow region (refer to Barker, I988) 

wellbore storage factor, nrw’ for open borehole, VB, pg for shut-in borehole, L2. 

wellbore storage factor [open borehole (1tr,_.l ), sh_ut-in borehole (VBTpg)], L2. 

dimensionless wellbore storage coefficient, C/21tr,,2S. 

dimensionless wellbore storage coefficient, C/21tr,_,2S,. 

dimensionless pressure parameter, C,/p,,. 

dimensionless coefficient of thermal storage. V1,, T,pg/21rr,,,2S pn. 

variable wellbore storage pjressure parameter, M/LT. 
: I ‘ 

gravitational acceleration, L/T2. 

Heaviside’s unit step function._ 

modified Bessel funct_ion of the first kind and order v. 

hydraulic conductivity of the formation, L/T. 

hydraulic conductivity of the matrix (skin. formation), L/T. 

modified Bessel function of the second kind and order v. 

dimensionless half spacing between fractures, L,/r,_.. 

half spacing between fractures, L.- 

dimension of the fracture flow system.‘
; 

number of equally spaced fractures of identical transmissivity. 

number of slugs. Z 

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

\ ,



P 1 A 

P ,1? ‘P '2 

PD’ Pp: 

Pm 

P Ion P ,02 

P01 

Pow 

pDw 

Pt- 

Pi 

Po 

pw

F 

'0 

rD.t 

r3‘ 

ru-

5
I 

S, S2 

51 

3;! . 

S’_\.,, S’_,2 

pressure in the skin, M/LT. 

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

dimensionless pressure in the formation [skin absent ‘( p/pa), skin present ( p2 /p°)]. 

dimensionless pressure in the skin, pl /pa. 

dimensionless pressure in the matrix [skin,( pm /pa), formation ( pm /p°_)]. 
dimensionless pressure of slug i, p,- /pg. 

dimensionless pressure in the well, pw /pa. 

dimensionless pressure in the well, Laplace dornain. 

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

pressure of slug i, M/LT. 

initial prespsure, M/LT. 

pressure in the well, M/LT. 

radial distance, L.
_ 

dimensionless radial distance, r/rw. 

dimensionless skin -radius, rs /rw.' 

skin radius, L. 

well radius, L. 

Laplace variable.
h 

storativity of the fomiation (skin absent, skin present), dimensionless. ' 

storativity of the skin, dir_nensionless_. 

specific storage of the formation, L". V 

specific storage of the matrix (skin, formation), L/T. 
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T, T, 

Tl 

TDHI 

Tr 

,T"* 

T1

V

V
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Z0 
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ant: 

“or 
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time, T. 

2 - 1:, T. 

dimensionless time, T, t/S|rw2. 

time at which slug i is applied, T. 

transmissivity of the fonnation (skin absent. skin present), L2/T. 

transmissivity of the skin, L2/T, - 

ratio of the final temperature over the initial temperature, Tm /_T,. , 

init_ial temperature, °C.
‘ 

final temperatu_re, °C. 

temperature, °C. 

order of Bessel function. 

volume of the isolated section, L3. 

vertical distance, L. 

dimensionless vertical distance, z/rw. 

ratio of the storativity of the formation over the storativity of the skin, S2/S,. 

rate at which wellbore storage is modified, T~. / _< 

dimensionless rate at which wellbore storage is modified, T otcl r“, S. 

dimensionless rate of temperature change, T 0tT / r,,2S. 

rate of temperature change, T. 

total compressibility of the fluid and borehole instrumentation, LT’/M. 
» r 

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

T,/r,.
' 

I \
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CD -A CD,-. 

Dirac function. 

Io(i/E) A1 ‘ Ko(\/E) A2. 

v¢$iKo<¢<F;rD,>K1<¢Y€r,,> - ¢<'r>2K<,<,/Er,,..>K1<\/P4?;r,,,>' 

sS_,. /K‘.
A 

thennal expansion coefficient of borehole fluid, °C". 

area of a unit sphere in n dimensions, 216"”/I"(n_/2). 

fluid density, M/L3. " 

durastionof the "open-borehole period, T. 
- \ 

dimensionless duration of the open-bor_ehole period, T11: /S,r;,,2.v 

S + 0.171‘/IE tanh(\/REEL)‘ 

aiys + 002‘/'1j;§ 
i‘ 

S"_\_|T,/Si,K',. 

SQQT,/S|K'2. 

2n, K',rw/Tl." 

Zn] K '22}, /T2. B 

23 I 

Y \/_$1K0(\/-‘E"bs)I1(\/dT1rn;) " \/$z;Io(\/$i'n.v)K1(\/E’rDY.s)'
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APPENDIX: ‘SOLUTION METHOD 

The solution method is illustrated byie solving [4]-:[l5] using [29] as the equation of state for the 
wellbore. The governing equations and associated boundary and initialiconyditions are first made 
dimensionless using the groupings provided in the notation. The dimensionless form of the 
goveming equations [4]-[7] are, respectively 

. 

\ , 

a= a‘ a ’ pg] + 1 app! = P P1 - min] ISTDSTDS [A1] 6rD '0 arr: eta azn z,,=o 

a a a ’ 

+ lag = ,,,P_»: - (,,2_@z [A2] 8rD '0 8'0 at» azo =,,=o
\ 

szDsL A3] 
32 P121 -_ 317141 ' ——2- - \|:1——- 0

[ 
62,, atn 

‘J 

_/ I 82%” =.¢2@' ()5zD5L \ [A4] 
62,, 6'0 I 

The dimensionless form of the remaining boundary and initial conditions, [8],-[I5], are given 
respectively by 

pD1(rDa0) = pD2(rp§0) = 0 

pD](rD_‘-stp) t pp2(rmstD) '

/

(



Application of the Laplace transform to [Al]-[A4]-, and the subsequent substitution of the initial 

811,, 61> 
\ 

Y__ =_1>= 
6rD 10:,“ 6rD 

apt’): = 517122 

azn zD=L azn ’ -1.

J 

pD1(rDatD) = pl/)](Osrl_)a‘tD)
/ 

pD2(rD9tD) = PI/)2(0$rD9tD) 

Pt/>1(Zn"'n’O) = Pl/i2(zo>»"m0) = 0 

pD2(°°stD) ; 

Zn- 

‘ Pnwun) = P0_1(1'>tz>) 

conditions [A5] and [Al 1], leads to the following equations 

a-254 D1 
“2 

6rD 

a2_ 
Pp; 
Srg 

-lw

+ 

1 aim 
l 

- 513131 l 

'n='m 

25 

[A7] 

[A3] 

[A9] 

[A10] 

[Al 1] 

[A12] 

[A13] 

——l -V spm + to‘-—-+ = 0 lsr sr [A14] 0 on rD 8rD 6zD =0 e’ 
Zn 

.1 _-I 
_~ 

1 app; 
_ 

-,- apbi - ayspm + <o2~— = 0 rDs<rD [A15] I rD 8rD 8zD ZD=°

\
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[A16] 

[A17] 

where the overbar denotes the Laplace 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 _ 

5p1(rD_.,-is) = 5pg(rDS:s) 

Y 
6P0: ~= apoz 
ar-D rD=rm arD rD=rDS 

@551 = 65,32 0 
azD zD=L _azD zD=L 

fiD,<r,,,s) = i,3,<0,r,,,s> 

§p2(rDas) = 5£2(0srDsS) 

13,>2(===,s)_ = 0 

PDw(8) = I3D,(1,S)
l 

[A18] 

[A19] 

[A20] 

[A21] 

[A22] 

[A23] 

[A24]

\J
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The derivatives in [A14] and [A15] are obtained by solving the matrix equations and 

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

R 

5,3, = a1exp(\/\|iT¢zD) + b1exp(—\/¢_1.szD) 
’ 0szD5L [A25] 

where a, and bl are arbitrary constants. The constants a, and bl are found using [A20], [A21] 

and [A25] to generate two equations with two unknowns. The resulting equations are then solved 

using Cramer’s rule and all and b, are then substituted back into [A25]. The resulting d,eri'vati"ve,] 

after -simplification, is found to be -

' 

i a" _ -2 , . 

T] We 
= —pD,(rD,s)m tanh(‘/YQL) [A261 

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

, 
—/ 

365;-‘P1 

T 

= -i,,,<r,,,s>,/$;§ taunt/¢—,SL) [A171 
D zD=0 

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

62* a“ _ " 

‘TL? * ' ¢iP01 = 0 i 1SrDSrDs [A-28] 
arb rn arr) '

A 

62- 6' _ 
._.¢_p§’ + ._1_vL‘?? - 

¢2p,,-2 = 0 rDs<rD [A29] 
Bro - -'0 5'12

' 

where 

1'

i



(bl = s + mu/T|T§ 

_ (b2 = ays + CO2‘/IIIZS 

The general solutions to [A28] and [A29] are given by 

P-tD1(rD.»s) = a2Io(\/firs) + b2K0(\/air») 

51>2("n’S) = asIo(t/$2-'0) * b3Ko(\/Hire) 
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[A30] 

[A31 ] 

[A32] 

[A33] 

where a2, a3, bl and bi are arbitrary constants. Using [A23] to bound the solution, [A33] is 

reduced to ' 

.51);(rDsS') = b3K0(\/Ifigrpl) [A34] 

Substituting [A33] and [A34] ijnto [A18], [A19] and [A24] produces three equations with three 

unknowns ‘ 

aiI0(\/$i"m) * b2Ko(\/Harv») = b3Ko(\/_‘F2"0s) [A35]- 

Yazt/$i11(\/$1"0.s) _ 
Ybzt/$1K1_(\/?¢’—1'0;) Z ‘bat/-dT2K1(\/$;"ns) [A36] 

¢2lQ(\/$1) + :
\ 

[A37] 

Again] the constants a2, b2 and b3 are found by solving [A35]-[A37] using Cramer’s rule; The 

constants are then substituted back into the general solution [A32] and [A-34].» The resulting 

solutions, after simp’lificat_i_on;, are



K 

i,,,<w> = [Ion/<ir»>A1 - Ko<\/¢T1r»>A2] 

Epg(rps5') = ) 2 0 
. Arm 

where 

s A1 =1‘/EK.,<¢<F,r,,,>K1(\/4'>"1r,,,) - 
[/$§K0(,/?firD,)K1(‘/7l>i§r,,,)v 

, l 

A2 = +3‘/?pjK°(‘/?4§rn,)I1(\/Kira?) 9 ‘/'<F;IO(‘/ZfirD_7)K1(‘/$;rDs) 

A = I.,<\/ml - I<°<\/<I>A2 
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[A38]

I 
[A39]

U

I

I 

[I 
[A41] - 

[A40] 4, 

[A42] 

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

derivative is given by . 

lg I70“-(-3.‘);/(I 
, 1 1 

rD=l 

Substituting [A43] intb [30] gives 

= ——T— [mt/EA, + K (W )-'12] [A431 
K ' 

[A38] into the eq‘uation of state for the wellbore [30] and re-arranging for ;§Dw(s). The required H

r
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+

+

+

/ 

" 
<> ¢

‘ 

[llwm + KWA4 
‘(C02 _ Cm) 

PDw(T)°XP( ST)

T

P 
C02 

30 

._ 
l

9 

J 
Dw(,D)e,_<p(_S,D)d,D [A44]

0 

Cm(Tnm ‘ 1) 
1 _ s’ 

V 

CD28 5/ + 1/(‘Dr 

1 
" C 

+ -2-pDiexp(-stbi) +i 
S i=1 - CD25‘

/ 
re-an'anging_,f0r pD,,(s) provides the final solution 

where

\ 

._ C —C 
p,,,.<s> = 5-‘E-i) p,,,,<r>exp<-st) 

X CD28 

U » t 

c - c ‘ 

ll 

+ ("%C—"#)f11,,,,(r,,)¢Xp(-sr,,)dr,, 
X 02

[ 
' 0 

|| + 

I 1 
n Cm + -- p ,.exp(—st l.) 

+ ‘- 
XS 12: D D Xcpgs 

Cm (Tom * ——i-;)exp{—rs} 1 - 
Xcozs [ 

S * 1/anr] 
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11(‘/q">])/.\1 + K1(‘/<iT1)A2] [A46)
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FIGURE CAPTIONS 

Figure la 

Figure lb 

Figure 1c 

Figure 2a 

Figure 2b 

Figure 3a 

Figiire 3b 

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

models. The comparisons are made for T =T, =1 0"’ m2/s and T=T, =l0"" m2/s. 

Comparison of results for DSTs using‘ the unifonn medium and finite skin models. 

The comparisons are made for r = 10 days, T=T, =10": m2/s and T=T, =10“ m2/s. 

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

The comparisons are made for 1: = 100 days. T-‘=T, =10“ ml/s and T=T, =l0"“ ml/s.
/ 

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

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

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

comparisons are for DSTs with r = 10 days. 

Optimal fits for the fiactional flow and uniform medium models to a double porosity 

baseline case. The comparisons are for slug tests with baseline parameters T=10"2 

In:/S, s=5 X 10*,1<=1o-" m/s,iand s,. =5 X 10-’ m“. 

Optimal fit for the uniform medium model to a double porosity baseline case. The 

comparisons are for DSTs with r = 10 days and baseline parameters T=10"2 ml/s, 

S=5 x 10*’, K=l0‘“ m/s.S_‘ =5 x IO" m", and C,= 1.08 x 10° ma.
v



Figure 4a 

Figure 4b

\ 

Figure 5 

Hlustration of the potential impact of a positive skin (T, > T2) or temperature rise on 
shut-in slug tests. The comparisons are made with po =98040 Pa, 1,, = 4 x 10*‘ °C', 
and ot,~= 29000 sec. 

illustration of the potential impact of a positive skin (T, > T2) or temperature rise on 
DS'I‘s. The comparisons are made for 1: = 10 days with pa '=98040 Pa, It” = 4 x 104 
°C', and oz,-= 29000 sec. 

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

differentvalues of the wellbore storage factor, C.
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