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Permeability, Porosity and Klinkenberg Coefficient
Determination on Crushed Porous Media1

Sandra Profice2, Didier Lasseux2, Yves Jannot3, Naime Jebara4 and Gérald Hamon4

Permeability estimation of poor permeable formations 
like tight or gas-shale reservoirs using a pulse-decay exper-
iment performed on crushed samples has been shown in 
earlier works to be an interesting alternative for it is faster 
and less expensive than traditional transient tests performed 
on carefully prepared core plugs, although it is restricted to 
measurement in the absence of overburden pressure. Due to 
reservoir depletion during production, sample characteriza-
tion over a wide range of pore-fluid pressure is essential. 
If the Darcy-Klinkenberg model is thought to be a satis-
factory gas-flow model for these tight formations, the full 
characterization can be achieved by determining both the 
intrinsic permeability, kl , and Klinkenberg coefficient, b.

In this work, the conditions under which reliable esti-
mates of kl , b and porosity, ϕ can be expected from this type 
of measurement are carefully analyzed. Considering a bed 
of monodisperse-packed spheres and a complete physical 
model to carry out direct simulations and inversion of the 
pressure decay, important conclusions are drawn opening 
wide perspectives for significant operational improvement 

of the method. In particular, it is shown that:
i) The particle size of the crushed sample must be well

selected for a reliable pressure-decay signal record.
ii) The simultaneous determination of both kl and b

by inversion of the pressure-decay signal is very difficult 
because the sensitivities of the pressure decay to both coef-
ficients are correlated.

iii) The porosity of the particles can be accurately
estimated when the experimental setup has been properly 
calibrated (volumes of the chambers and of the porous 
sample). The precision on the estimation of this parameter 
is however strongly dependent on a bias on the crushed 
sample volume.

iv) When identification of kl and b is possible, a very
significant error may occur in the determination of the 
intrinsic permeability due to a bias on the porous sample 
volume. Errors on the estimated values of ϕ and kl due to 
a bias on the chamber volume are not very significant. 
Moreover, b remains insensitive to bias on both the chamber 
and porous sample volumes.
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INTRODUCTION

Gas shales have become a topic of major interest over 
the past 10 years due to the large natural gas resource they 
represent. However, reliable characterization of gas shales 
is a challenging task since these unconventional reservoirs 
have very tight pores and therefore specific flow properties, 
in particular very significant Klinkenberg effects, at least 
after a sufficiently long period of reservoir depletion. These 
special features call upon a careful identification of trac-
table and reliable methods to determine single-phase flow 
properties that are of major importance to evaluate accumu-
lation and production capabilities of the reservoir. Depletion 

of the reservoir may take place over a wide range of pore 
pressure. Assuming the Darcy-Klinkenberg model is valid 
for accounting for single-phase gas flow in such a porous 
medium, a characterization of porosity, ϕ, intrinsic perme-
ability, kl , and Klinkenberg coefficient, b, should provide 
relevant insights in the reservoir properties.

Since the permeability of shales ranges from tens of 
microdarcies to nanodarcies, the time needed to reach 
stationary flow while performing a steady-state experiment 
on such samples is relatively long (it typically varies as 
the inverse of kl) even on short plugs. Whereas associated 
flow rates are small (and difficult to measure), it must be 
noted that the separate determination of kl and b requires 
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several different experiments when performed under steady-
state conditions. Although this technique is widely used and 
despite an alternative quasi-steady method proposed else-
where (Jannot and Lasseux, 2012), methods based on fully 
unsteady techniques are appealing. In the late 1960s, Brace 
et al. (1968) elaborated the pulse-decay technique, which 
consists of applying a pressure pulse at one end of a core plug 
while recording the response at the opposite end. Since then, 
numerous studies have sought to improve the investiga-
tive setup and associated data interpretation methods. More 
recently, Luffel et al. (1993) proposed the use of pulse-
decay methods on crushed samples. It involves recording 
the unsteady step of a pycnometry-type experiment using a 
device schematically represented in Fig. 1.

This option is particularly appealing as it shortens the 
test duration by increasing the medium exchange area with 
the penetrating gas while decreasing the penetration depth. 
In addition, the cost of the test is reduced because a small 
volume of cuttings recovered during the drilling is sufficient 
for the analysis. However, experiments under realistic over-
burden pressures are impossible.

Several variations of this technique were envisaged. 
For instance, Egermann et al. (2003) proposed a technique 
based on the flow of a viscous oil within saturated cuttings 
leading to a compression of the residual-gas content. Luffel et 
al. (1993) and Lenormand et al. (2010), among others, intro-
duced similar methods relying on the gas desorption of entire 
plugs subjected to a suction or vacuum. Recently, Wang and 
Knabe (2010) worked on a pore-pressure oscillation setup 
based on the generation of a sinusoidal excitation at the 
upstream side of a sample that is preconditioned at a given 
pore pressure.

All these transient tests are highly sensitive to the porosity 
of the medium that governs the transient gas flow. If this 
parameter is considered as a given datum in the interpretative 
model, it must be known with extreme accuracy, otherwise, 
estimates of the remaining parameters will be severely biased. 
As a consequence, a method allowing the determination of all 
the three parameters (kl, b and ϕ) from a single experiment is 
highly desirable.

The purpose of the present work is to analyze the capa-
bilities of a pulse-decay experiment performed on a crushed 
sample to achieve this goal. To do so, a physical description 
on a model configuration is implemented and validated by an 
approximated analytical solution. Both the direct and inverse 
procedures are derived, which allows a) investigation of the 
available information in the pressure-decay record that is 
strongly related to the radius of the particles of the crushed 
sample, b) analysis of the possibility of extracting the three 
parameters kl , b and ϕ from the pressure-decay signal using a 
sensitivity analysis and c) study of the impact of the chamber 
and sample volume bias on the estimated parameters when 
inversion is possible.

Fig. 1–Schematic experimental setup for a pulse-decay inves-
tigation of a crushed sample.

PROCEDURE

Modeling

The pulse-decay experiment carried out on the crushed 
sample must be first described by the flow model.

Direct Model

The physical model built to describe the pulse-decay 
experiment on a crushed sample relies on several hypotheses. 
First of all, the gas is supposed to be ideal, a commonly used 
approximation that is appropriate for gases like N2 or He at 
operating pore pressures. Furthermore, the flow is assumed 
to be isothermal and slow enough to prevent development 
of inertial (Forchheimer) effects. At the pore level, a first-
order slip flow is considered, yielding a Darcy-Klinkenberg 
flow model at the macroscale. Lastly, the crushed medium 
is assimilated to a monodisperse-sphere pack, the porous 
material being rigid, homogeneous isotropic and dry while 
pressure is assumed to be uniform in the spaces between 
spherical particles at any time. Under these circumstances, 
the flow within the pack is one-dimensional along the radial 
direction of each sphere of radius R0. By combining the 
mass-conservation equation with the ideal gas law and the 
momentum conservation equation (Darcy-Klinkenberg), it 
is described by the following equation on the pressure P at 
the position r in each particle at time t

    P
t

1
1 1

r2
2

r
r k b

P
P Pϕ  .             (1)

The associated initial and boundary conditions are given by:

P0   (t = 0) = P0i , (2)

P (r    R0, t = 0) = P1i , (3)

P
r r = 0

= 0 , (4)
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P
t r = R0

P
r r = R0

(V0 + DV )
= k1 P0

P0

b
ST

1 +   .    (5)

Equation 3 indicates that the system is initially at equi-
librium with the surrounding atmosphere at Pli prior to the 
emission of the pressure pulse at t = 0 (Eq. 2). The condition 
(Eq. 4) simply results from the symmetry of the problem 
while Eq. 5 expresses the balance between the mass flow-
rate coming in all the particles of total surface area ST and 
the mass flow-rate out of the volume of gas available to the 
particles, V0+DV. The interest is focused on P0(t) = P(r = R0,t) 
which is the pressure in the reservoir V0+DV as measured in 
the experiment.

This initial boundary value problem under this complete 
form has no analytical solution. It was hence solved by means 
of a numerical procedure, specifically an explicit finite differ-
ence scheme of first-order in time and second-order in space, 
inspired from previous works on the pulse-decay experiment 
on core plugs (Jannot et al., 2007). Using ψ = (P+b)2 and 
the notation ψi

n for the nodal value of ψ at r = (i-1)∆r and 
t = (n-1)∆t where ∆r and ∆t are the grid spacing and time 
step respectively, the scheme is given by
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This scheme, in which we have denoted
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Approximated Analytical Solution

The numerical scheme was validated on a simpli-
fied configuration for which an analytical solution can be 
determined. Such a solution is achieved after linearization 
of Eqs. 1 to 5. Noting that for perfect gas, 1/P represents 
the fluid compressibility, denoted βf in what follows, and 
assuming that gas experiences only slight pressure fluctua-
tion during the test, βf remains quasi constant. Under these 
circumstances, the apparent permeability, k = kl (1+bβf), is 
treated as a constant as well and the problem can be solved 
analytically.

The sequence of derivation of the solution splits in 
two parts. The set of equations is first Laplace transformed 
and solved in the Laplace domain. The solution is inverted 
making use of the Cauchy theorem, as detailed by Hsieh et 
al. (1980) in a second step. Following this procedure, the 
analytical solution on P0 (t) is obtained as          

3  KR0
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The ξm are the roots of: 

tan m
m

m

R0
1

2K   .    (16)

In Fig. 2, we have represented the evolution of P0 obtained 
from the numerical method along with the evolution predicted 
by the analytical solution given by Eq. 12. Parameters used 
for this comparison are kl = 10-18 m2,  b = 0 Pa, ϕ = 10%, R0 = 10-2 m,
V0 = 20 x 10-6 m3, V1 = 75.4 x 10-6 m3, DV = 26.5 x 10-6 m3,
P0i = 10 x 105 Pa, Pli = 105 Pa, μ = 1.8 x 10-5 Pa.s, tf = 60 s, 
NP = 1200, m = 500 (see nomenclature for the significance of 
the different parameters).
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Fig. 2–(a) Numerical and analytical pressure-decay curves, 
and (b) residues drawn from the comparison of (P0)1 and (P0)2 
to (P0)3. (P0)1, numerical pressure decay keeping a variable 
βf ; (P0)2, numerical pressure decay for a constant βf ; (P0)3, 
analytical pressure decay for a constant βf).

(a)

(b)

The crushed sample volume V1 was fixed to that of the stan-
dard core plug and the space trapped between the spheres, 
i.e. the dead volume (DV ), was calculated assuming that the
spherical particles are packed according to a perfect face-
centered cubic lattice whose compactness reaches 74%.
Note that for real crushed samples for which particle shapes
may strongly deviate from sphericity, larger compactness,
i.e. smaller DV, may be achieved.

In order to estimate the deviation introduced by the 
hypothesis of a constant compressibility, the numerical proce-
dure was first run without any particular assumption using the 
direct model Eqs. (1) to (5) and the scheme described above, 
yielding P0 (t) represented as (P0)1 in Fig. 2a. In a second step, 

the numerical procedure was run using the same parameters 
with a constant βf equal to 1/Pm , Pm being the time average 
over tf of (P0)1. The corresponding result is represented as 
(P0)2 in Fig. 2a. The analytical solution in this last situation 
is represented as (P0)3 in Fig. 2a.

The numerical and analytical results for a constant βf 
are in perfect agreement since the residue (Fig. 2b) remains 
globally close to 1 mbar for the chosen number of space 
nodes. The matching can even be improved when m is 
increased. This comparison clearly validates our numerical 
procedure. The comparison between the analytical solution 
and the numerical one simulated with a variable βf shows a 
much more significant discrepancy that increases with time 
as suggested in Wu et al. (1998). Hence, even if the pres-
sure decay remains small during the test, the assumption 
of constant gas compressibility may introduce a significant 
error and should be used with great care for further param-
eter identification since uncontrolled bias may be introduced. 
The numerical procedure is now used to analyze the impact of 
the different experimental parameters on the pulse-decay test. 

RESULTS AND DISCUSSION

In this section, the numerical procedure is used to inves-
tigate the impact of the particle size of the crushed sample 
on the pressure decay and to perform a sensitivity analysis 
of P0 (t) to the parameters kl , b and ϕ. An inverse procedure 
based on the direct numerical model is further employed to 
analyze the bias on V0 and V1 on the estimated values of kl , b 
and ϕ when the estimation is possible. 

Duration of the Experiment

Several numerical tests performed with a particle size R0 of the 
crushed sample ranging from 1 mm to 1 cm were performed 
keeping all other parameters the same, namely, kl = 10-21 m2,
b = 68.6 x 105 Pa, ϕ = 1%, V0 = 20 x 10-6 m3, V1 = 75.4 x 10-6  m3,
DV = 26.5 x 10-6 m3, P0i = 50 x 105 Pa, P1i = 105 Pa,
μ = 1.8 x 10-5 Pa.s, tf = 200 s, NP = 2000 and m = 200. 
Results of the simulations are reported in Fig. 3.

From these results, it must be emphasized that the 
period over which the pressure decays and contains useful 
information about the physical parameters kl , b and ϕ is 
strongly related to the grain size. In fact, this characteristic 
dimension determines the test duration as it is reduced by 
a factor of ~10 when the particle radius is decreased from 
1 cm to 1 mm. Thus, the smaller the spheres, the faster 
the decay, an acceleration that can be easily understood 
as the result of an increase of the exchange surface ST in 
conjunction with a reduction of the characteristic dimen-
sion to be penetrated by the pressure signal while reducing 
R0, V1 remaining the same. However, just a few seconds 
of recording (as for R0 = 1mm, see Fig. 3) are insufficient 
to guarantee an accurate post-estimation of the medium 
properties, taking into account actual pressure fluctuations at 
short times induced by valve opening and induced 
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Fig. 3–Pressure decay curves for different R0.

temperature effects resulting from the rapid gas expansion 
from V0 to V0+DV which are not considered in this model. 
Consequently, for a given rock and predefined experimental 
conditions, the mean grain size must be carefully selected to 
provide a usable signal for the estimation of kl , b and ϕ by 
signal inversion. This dimension must be considered even 
more crucial when considering real particle shapes. Indeed, 
the hypothesis of spherical particles implies that the surface-
to-volume ratio is at minimum, hence the time to reach final 
pressure equilibrium is maximum. With particles of arbi-
trary shape having the same average dimension the available 
pressure-decay signal is expected to be even shorter.

Sensitivity Analysis

We now analyze the sensitivity of P0 (t) to the parameters 
that are to be estimated, namely kl, b and ϕ. Several runs 
were performed with ϕ = 10%, R0 = 10-2 m, V0 = 20 x 10-6 m3,
V1 = 75.4 x 10-6 m3, DV = 26.5 x 10-6 m3, P0i = 50 x 105 Pa, 
P1i = 105 Pa, μ = 1.8 x 10-5 Pa.s, tf  = 12600 s, NP = 12600 and 
m = 200. The remaining parameters kl and b were those 
reported in Table 1. Numerical results obtained on P0(t) for 
the different (kl, b) pairs are represented in Fig. 4.

Figure 4, in which all pressure signals are superimposed, 
highlights a key point related to the pulse-decay experiment 
on crushed core plugs, namely, the difficulty to discriminate 
the independent role of kl and b on a given pressure decay. 
Indeed, the direct simulations show that the same signal can be 
obtained from tests performed with different combinations of 
the two parameters kl and b that can be varied over an order of 
magnitude (and even more). The physical explanation of this 
behavior is as follows. Because the pressure decay remains 
small, the Klinkenberg term b/P experiences small variations 
so that kl (1+b⁄P) remains quasi-constant during the test, making
impossible the identification of the separate role of kl and b 
on P0 (t). In other words, this indicates that kl and b appear 

Table 1–(kl, b) Pairs Used for the Simulations of Fig. 4

kl (m2)

2.26 x 10-21

2.12 x 10-21

1.56 x 10-21

1.00 x 10-21

7.89 x 10-22

6.21 x 10-22

2.84 x 10-22

b (Pa)

22.4 x 105

24.8 x 105

38.9 x 105

68.6 x 105

90.7 x 105

11.9 x 106

27.8 x 106

Fig. 4–Pressure decay curves for the different (kl,b) pairs 
reported in Table 1.

as correlated parameters for the signal P0 (t), a feature that is 
more pronounced when kl (and ϕ) are small, as for instance in 
the range of interest for tight or gas shale reservoirs. A clear 
illustration can be made from the sensitivity of P0 (t) to each 
of the three parameters, kl , b and ϕ.

The reduced sensitivity (Sr)i of the measured pressure P0 
to the parameter θi is defined by:

P0

i
i(Sr)i   . (17)

It basically expresses how the evolution of P0 is modified upon 
a slight modification of the parameter θi , all other parameters 
remaining the same. It should be noted that the identification 
of θi from P0 (t) is possible only if (Sr)i is larger than the sensi-
tivity of the pressure sensor used to measure P0 (t). An optimal 
estimation of θi also requires the experiment be designed to 
maximize (Sr)i and minimize the θi to θj correlation. 
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Two different parameters θi and θj are correlated when 
their respective sensitivities (Sr)i and (Sr)j are proportional. 
In Fig. 5a, we have represented the sensitivity curves of 
P0(t) to kl, b and ϕ using kl = 10-21 m2, b = 68.6 x 105 Pa,
ϕ = 1%, R0 = 10-2 m, V0 = 20 x 10-6 m3, V1 = 75.4 x 10-6 m3, 
DV = 26.5 x 10-6 m3, P1i = 105 Pa, μ = 1.8 x 10-5 Pa.s, tf = 1400 s, 
NP = 14000 and m = 200.

Clearly, the sensitivity of P0(t) to ϕ greatly exceeds 
those to kl and b, the latter being the lowest one. The large 
sensitivity to ϕ is indeed expected since the pulse-decay test 
in that case is a pycnometry-type experiment, a result that 
contrasts with the classical pulse decay test performed on an 
entire plug. All the three sensitivities remain large compared 
to the precision of a standard pressure sensor.

Figure 5b points out the correlation of kl and b for 
moderate pressure pulses P0 i (~50 bars and less) through 
the quite perfect straight lines of the graph representing the 
sensitivity to b versus that to kl. Using larger pressure pulses, 
near 100 bars and more, slightly weakens the correlation in 
accordance with the fact that the apparent local permeability 
kl (1+b/P) experiences larger variations over the pressure-
decay period. However, with such an experimental design, 
the correlation remains so significant that the simultaneous 
identification of the three parameters kl , b and ϕ is seriously 
compromised as further analyzed in the next section.

Inverse Procedure

The pressure-decay signal inversion is operated using 
a Levenberg-Marquardt numerical algorithm as in (Jannot 
et al., 2008). This method which is commonly used to treat 
least square curve fitting problems returns the vector of 
parameters Θ ensuring the best correspondence between a 
set of measured data (ti , pi) (here they are generated with 
the direct model) and the estimated values P(ti ,Θ) derived 
from the solution to the direct problem. Optimal estimated 
parameters are found by minimizing the quadratic residues:

          S

NP

i = 1

2pi 
_ P(ti,   )  . (18)

The inverse procedure was run for two configurations of 
permeability and porosity. In both cases, the pressure-decay 
signal was generated using the direct simulation detailed 
above while superimposing a Gaussian noise which ampli-
tude was fixed according to the pressure-decay magnitude 
(see Tables 2 and 3) to guarantee the convergence of the algo-
rithm. Inversion was started giving two different initial sets 
(klin , bin , ϕi n)j. The (bi n)j were chosen according to the correla-
tion proposed by Jones (1972):

 (bin)j = 0.189  (k1in)j  -0.36  , (19)

whereas the (ϕin)j were taken equal to the nominal value ϕ. 

Note that since the final equilibrium pressure Pf satisfies:

P0 iV0 + P1i (DV +    V1)
V0 + DV +    V1)

Pf    . (20)

ϕ can be effectively pre-estimated with accuracy if the various 
pressures and volumes needed for the calculation are measured 
with care and the experiment is long enough to reach final 
equilibrium. Direct simulations and inversions were carried out 
with the following parameters: R0 = 10-2 m, V0 = 40 x 10-6 m3,
V1 = 75.4 x 10-6 m3, DV = 40 x 10-6 m3, P1i = 105 Pa,
μ = 1.8 x 10-5 Pa.s and m = 200. The results of the inversion 
are gathered in tables 2 and 3.

As expected, the strong correlation between kl and b 
explained above justifies the fact that the estimated values 
are dependent upon the starting data. Despite the relatively 
small amplitude of the superimposed noise, errors on kl and 
b are quite large. This analysis clearly shows that: a) conver-
gence can only be achieved if initial values of kl and b are 
close enough to the actual values, and b) when convergence is 
achieved, uncertainty of the estimated values of the param-
eters can be very large.

Although larger pressure pulses could be used to induce 
larger pressure decays, slightly reducing the correlation 

Table 2–Estimates of kl, b and ϕ in Case 1
(P0i = 5 x 105 Pa, tf = 100 s, NP = 1000) (pressure-decay amplitude: 
18.7 mbars; -1.5 mbars <noise amplitude < 1.5 mbars)

Real value Starting value Estimated value Error (%) 

1.0 x 10-19

13.1 x 105

0.01 

3.17 x 10-20

1.73 x 10-20

45.8 x 105

86.0 x 105

0.01
0.01

  
68.3
82.7

249.6
556.5

0
0

  

kl (m2)

b (Pa)

Φ

(klin)1= 10-18

(klin)2
 = 10-21

(bin)1= 5.7 x 105

(bin)2
 = 68.6 x 105

(Φin)1= 0.05
(Φin)2= 0.05 

Table 3–Estimates of kl, b and ϕ in Case 2
(P0i = 5 x 105 Pa, tf = 100 s, NP = 1800). (pressure-decay amplitude: 
42 mbars; -3 mbars <noise amplitude < 3 mbars)

Real value Starting value Estimated value Error (%) 

1.0 x 10-21

68.6 x 105

0.01 

3.51 x 10-21

1.53 x 10-21

17.0 x 105

44.2 x 105

0.01
0.01

  
251
53

75.2
35.6

0
0

  

kl (m2)

b (Pa)

Φ

(klin)1= 5.0 x 10-20

(klin)2
 = 1.0 x 10-22

(bin)1= 16.8 x 105

(bin)2
 = 157.2 x 105

(Φin)1= 0.05
(Φin)2= 0.05 
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Fig. 5–(a) Sensitivity curves to kl, b and ϕ for P0i = 50 x 105 Pa. 
(b) kl-b correlation curves (in absolute value) for different pres-
sure pulses P0i.

(b)

(a)

between kl and b, this may cause experimental artifacts due 
to pressure fluctuations and thermal effects associated to an
abrupt pressure drop at the valve opening as well as mechan-
ical effects on the porous particles. Since the small variation 
of the apparent permeability leading to correlation between 
kl and b is due to a large volume V0+DV compared to the pore 
volume ϕV1, an alternative is to considerably reduce V0 and/or 
DV. In the remaining part of this work, V0 is considered to
be zero (more precisely, in the above numerical model, DV 
is set to zero while V0 is taken as the actual value of DV) so 
that Vs is directly connected to the gas supply. The actual 
experimental situation would be that of Fig. 1, for which the 
valve between V0 and Vs is opened in order to supply gas 
and generate the pulse and then closed so that the available 
gas volume is DV only during the entire test. This configu-
ration is now considered and to reduce V0 (i.e. DV) even 
more, a sample made of a single spherical particle having 

the volume of the standard core plug is chosen. Under these 
circumstances, reliable estimates of kl, b (and ϕ) are obtained 
since inversion yields identical results whatever the starting 
values of the parameters, provided that they lead to conver-
gence. In this situation, the objective is now to investigate the 
error on the parameters kl, b and ϕ estimated by inversion due 
to bias in the volume of the chamber V0 and in the sample 
volume V1 that may always occur due to measurement errors 
in these two parameters. 

To do so, pressure-decay signals were generated with 
the nominal values of V0 and V1 while respective bias of ±2 
% in V0 and ±6 % in V1 were introduced to carry out the 
inversion. It should be noted that a bias in V1 is unavoidably 
reflected in V0 (V0 = DV = Vs - V1). Tests were performed with 
kl = 10-17 m2, b = 2.49 x 105 Pa, ϕ = 10%, R0 = 2.6 x 10-2 m,
V0 = 9.8 x 10-6 m3, V1 = 75.4 x 10-6 m3, DV = 0 m3, P0i = 50 x 105 Pa, 
P1i = 105 Pa, tf = 30 s, NP = 300, μ = 1.8 x 10-5 Pa.s and m = 200.

Results of the inverse procedure are reported in Table 4. 
They clearly show that the estimation of the Klinkenberg 
coefficient is insensitive to bias in both V0 and V1. In addi-
tion, a bias in V0 seems to be directly reflected in kl and ϕ, 
which means that the expected error due to this bias is not 
very significant provided the volume chamber is carefully 
characterized. However, the results show that the bias in 
V1 has a very strong impact on both kl and ϕ, requiring that 
the volume of the crushed sample must be very carefully 
measured if one wishes to extract reliable information on 
both kl and ϕ from the pulse-decay signal.

CONCLUSION

A direct model and the related inverse procedure have 
been proposed to characterize in depth the physical proper-
ties of a crushed porous medium using a pulse-decay test. 
From this analysis, it first appears that the available informa-
tion in the pressure-decay signal is intimately related to the 
particle size of the crushed sample. If small particle radii are 
used, the pulse relaxation time, which is even reduced for 
increasing permeabilities, may be so small that no interpre-
tation of the pressure-decay signal is possible. This suggests 
that a pre-estimation (for instance on an entire core plug) of 
the order of magnitude of both kl and ϕ would provide an 
advantage in defining the appropriate particle mean radius 
for a further pulse-decay experiment on the crushed sample. 

Table 4–Errors in the Estimates of kl, b and ϕ, Due to a Bias 
of 2 % in V0 and 6 % in Vl .

Estimated Values Errors
kl (m2) b (Pa) Δb/b

(%)
Δkl/kl
(%)

ΔΦ/Φ
(%)

V0+ΔV0

V0-ΔV0

V1+ΔV1

V1-ΔV1

0.102
0.098
0.050
0.154

2.0
2.0
48.5
48.0

0
0
0
0

2.0
2.0
50.0
54.0

1.02 x 10-17

9.80 x 10-18

5.15 x 10-18

1.48 x 10-17

2.49 x 105

2.49 x 105

2.49 x 105

2.49 x 105

Φ
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A sensitivity analysis performed on the pressure decay 
indicates that, for a standard experimental design, the iden-
tification of both kl and b is seriously compromised because 
these two parameters are strongly correlated. The physical 
origin of this lies in the restricted variation of the apparent 
gas permeability during the test. Without any pre-estima-
tion (for instance on an entire core plug) of the order of 
magnitude of both kl and b, their estimation on crushed rock 
might be off by an order of magnitude. Conversely, and as 
expected, if volumes of both the chambers V0 (and DV) and 
porous sample (V1) are well characterized, a precise deter-
mination of the porosity can be performed as in a classical 
pycnometry-type experiment. Finally, a quick analysis of 
the impact of the bias in both V0 and V1 shows that when the 
inversion can be performed the resulting estimated values 
of b are unaffected by these bias. The effect of bias in V0 
on both kl and ϕ may not be very significant since it seems 
to be directly reflected as an error in the estimated values 
of these coefficients. In contrast, a bias in V1 induces very 
significant errors in both kl and ϕ, suggesting that the volume 
of the crushed porous sample must be precisely measured 
for reliable identification of these two parameters from the 
pulse-decay signal.
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NOMENCLATURE

b Klinkenberg coefficient (Pa)
DV dead volume (m3)
k apparent gas permeability  k = kl (1+b ⁄P) (m2)
kl intrinsic permeability (m2)
m number of space nodes (-)
NP number of measurement points (-)
P/pi gas pressure/ith experimental datum (Pa)
P0 i initial pressure pulse (Pa)
P0 (t) pressure at r = R0 and t (Pa)
P1i initial steady-state pressure (Pa)
Pm mean value of P0 over tf (Pa)
r radial coordinate (m)
R0 particles radius (m)
ST particles total exchange area (m2)
t time (s)
ti date of measurement (s)
tf duration of the experiment (s)
Vs sample cell volume (m3)
V0 reference cell volume (m3)
V1 crushed sample volume (m3)
βf ideal gas compressibility (Pa-1)

Δr node spacing (m)
Δt time step (s)
ΔX/X relative bias on X (-)
ϕ	 porosity (-)
Θ vector of parameters
θi ith parameter
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