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ARTICLE INFO ABSTRACT

Keywords: The pulse-decay method is a widely-adopted transient technique for measuring the permeability of tight mate-
Porous media rials. Given that the gas pressure within the pulse-decay apparatus during the measurement is much higher than
Permeability

atmospheric pressure, gas leakage is usually inevitable, more or less, which may potentially introduce significant
errors in the permeability measurements. The data is always discarded and unpublished once a leakage is
remarkable. There lacks reasonably explained and conveniently applicable approach for data processing at
present. This study proves that the data with slight gas leakage during measurements are still useful and recover
the correct value of permeability. To achieve that, a mathematical model accounting for gas leakage is developed
and solved. The analytical solution unveils that when gas leakage is present, the logarithm of bilateral pressure
difference deviates from a straight line, which depends on the leakage rate and the size of the two chambers. A
new data processing method for calculating permeability is proposed by using the unilateral pressure difference
over a given time interval. The method corrects the permeability by eliminating the redundant term due to
leakage in the analytical solution and is validated by experimental data. The applicability and reliability of pulse
decay measurement data will be significantly enhanced.

Pulse decay method
Data processing
Leakage

1. Introduction

Tight porous materials are widely used in geological, chemical, and
aerospace fields, such as unconventional oil and gas extraction [1,2],
carbon dioxide sequestration [3-5], nuclear waste disposal [6-8], and
spacecraft lubrication [9-11]. Permeability, a key parameter in the
characterization of tight materials, represents the ability of porous
media to allow fluids to pass through [12-14]. The pore size of tight
porous materials typically measures on the nanoscale, and the perme-
ability (<1071 m?) is significantly lower than that of conventional
porous media [15,16]. As the permeability of porous media decreases,
the time required for laboratory permeability measurements increases,
along with an increase in the difficulty of the measurements [17-19].

Laboratory permeability measurement methods can be divided into
two categories based on their time characteristics: steady-state methods
[20] and unsteady-state methods [21,22]. The latter category includes
the pulse-decay method [23], the Gas Research Institute (GRI) method
[24,25], and the pressure oscillation method [26,27], among others.
Compared with steady-state methods, unsteady-state methods are
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generally considered more suitable for measuring the permeability of
low-permeability porous media [28-31].

The pulse decay method is one of the most popular transient mea-
surement techniques [32-34], where the core sample is typically con-
nected to chambers with finite volumes at both ends [23,35,36]. After
achieving initial equilibrium, some gas is injected into the upstream
chamber, thereby creating a pressure higher than that in the down-
stream chamber. This pressure difference drives the gas to flow from
upstream through the sample to downstream, leading to a decrease in
upstream pressure and an increase in downstream pressure. Hsieh et al.
[37] and Dicker and Smits [38] highlighted that if the applied pulse
amplitude is small enough, the pressure difference between both sides of
the sample (hereafter referred to as “bilateral pressure difference”) will
decay exponentially with time after a sufficiently long period, and this
decay rate can be utilized for permeability evaluation [39,40]. Recently
the large pressure amplitude scheme has been attempted to be utilized
and relevant solutions have been proposed [41-43]. Subsequent re-
searchers have proposed various improved pulse-decay experimental
schemes, such as maintaining a constant pressure at one end of the
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sample [29,44-49] or sealing one end [50,51]. There are also many
theoretical data processing methods proposed for different effects [35,
52-54]. Compared with the GRI method and the pore pressure oscilla-
tion method, the pulse-decay method, with its capability to apply
confining pressure simulating the subsurface stress environment and
simple experimental setup, is more prevalently used [55].

In most previous studies concerning the pulse-decay method, it was
presumed that there was no gas leakage during the measurement, or that
the impact of leakage could be disregarded [51,56-59]. However, the
experimental setup contains multiple components such as joints and
valves [60-62], and the pressure inside the setup is typically much
higher than atmospheric pressure. Consequently, gas leakage is inevi-
table during the general measurement. Besides, as the sample perme-
ability decreases and the measurement time increases, the impact of gas
leakage on the pulse decay process may become more significant. Song
et al. [63] investigated the measurement uncertainty during pulse decay
by setting up an experiment in which the upstream chamber volume was
adjusted by opening and closing two valves. They found that the mea-
surements when the valves were not operated to change the volume
were closer to the true value, which may be related to the small leakage
of the valves. Boulin et al. [64] observed in their experiments that when
leakage is present in the upstream chamber, the downstream pressure
may eventually exceed the upstream pressure. Heller et al. [65] noted
that gas leakage during testing causes the logarithm of the bilateral
pressure difference to present as a curve, rather than a straight line, in
the late-time stages. Therefore, if gas leakage is ignored and the curve is
fitted directly, utilizing the fitted slope value for sample permeability
calculation may yield significant errors. Both Boulin et al. [64] and
Heller et al. [65] suggested adding a linearly increasing correction term
to the pressure data measured in the leaking chamber and using the
corrected pressure data for permeability calculation, yet neither pro-
vided a rationale for this approach.

According to the above analyses and previous reviews, gas leakage
during pulse decay is unavoidable and cannot be ignored. Meanwhile,
there is no reasonable and easy-to-use correction method so far. In light
of the aforementioned issues and objectives, this work is organized into
the following sections: In Section 2, the governing equation and
boundary conditions in the presence of leakage are provided. A new
method of data processing and correction is proposed based on the
analytical solution. In addition, the effects of different upstream and
downstream volumes and leakage rates on the pressure profile are
analyzed. In Section 3, the proposed correction method is validated
using experimental data from the literature. Finally, conclusions are
presented in Section 4. This work holds significant importance for data
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processing of various pulse-decay experimental schemes in low perme-
ability porous media.

2. Mathematical and physical model

Combined with the physical process of pulse decay method, a
reasonable mathematical model can be obtained. After rigorous solving,
new data processing methods can be considered from the perspective of
analytical solutions. In this section, the mathematical and physical
model of the pulse decay process in the presence of leakage will be
carried out from the fundamental governing equations. The analytical
solution obtained will guide the new data processing method and the
analysis of the effects due to gas leakage.

2.1. Governing equation and analytical solution

In the original pulse-decay method proposed by Brace et al. [23], a
cylindrical porous media sample is situated in a holder, with chambers
of finite volume connected at both ends of the sample, as depicted in
Fig. 1. Given that the lateral side of the sample in the experiment is
typically enclosed in foil or casing and is compacted by a confining
pressure pump [33], it can be assumed that there is no leakage on the
lateral side. Consequently, gas leakage only takes place at both ends of
the sample, specifically within the upstream and downstream chambers.
When the initial pressure difference between the upstream and down-
stream is adequately small, Brace et al. combining Darcy’s law with the
law of mass conservation, derived the governing equation for the
pulse-decay process in a homogeneous sample as follows [12,66,671:

2
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where P [Pa] is the pore pressure, k [m?] is the permeability coefficient,
Bp [Pa_l] is the fluid compressibility, p [Paes] is the dynamics viscosity
of the fluid, ¢ is the sample porosity, x [m] and t [s] are the spatial and
temporal coordinates, respectively.

According to the law of mass conservation, the reduction in gas mass
within the upstream chamber should equate to the sum of the mass flow
rate into the sample and the leakage from the upstream chamber:
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where p [kgem ~ 3] is the density of the fluid, V, [m®] is the volume of
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Fig. 1. The scheme of the standard two-chamber pulse-decay test. Q, and Qq indicate that there may be leakage in the chambers on both sides. V,, Vg, V}, represent
the upstream chamber, downstream chamber and porous sample volume, respectively. The spatial coordinates are 0 at the upstream and sample boundary and L at

the sample and downstream boundary.
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the upstream, A [m?] is the sample’s cross-sectional area, Q [m3es ~ 1]
is the upstream leakage flow rate. By rewriting the above equation in
terms of pressure P as the independent variable, the expression for the
upstream boundary condition can be obtained as follows:

o
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Similarly, the downstream boundary condition can be derived as
follows:

Pk AOP

o _ Q.
ot =L ﬂpﬂ Vd ox
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Here, L [m] is the length of the cylindrical sample, Vy4 [m?] is the
volume of the downstream, Qq is the downstream leakage flow rate.
Given that leakage in the pulse-decay experimental setup typically oc-
curs at valves or joints, it falls within the category of small-hole leakage
[68]. Both theoretical analyses and experimental results suggest that at
this juncture, the leakage rates Q, and Qq can be approximated as con-
stants [65,68,69]. The assumption of constant leakage rate holds to a
significant extent when the pressure is far greater than the ambient
pressure, primarily due to the occurrence of subsonic choking [70,71].
When both upstream and downstream leakage rates are zero, Eqs. (3)
and (4) reduce to the typical boundary conditions for the pulse-decay
process as outlined in the literature. The initial conditions of the
pulse-decay process depend on the way the initial pulse is applied.
Without loss of generality, here the initial pulse is assumed to be applied
by pressurizing the upstream side:

(€3]
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where P(0) [Pa] and P4(0) [Pa] represent the pressures within the up-
stream and downstream chambers at the moment the pulse is applied,
respectively.

To facilitate analysis and solution, it is necessary to introduce the
following non-dimensional variables:
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where Vyp and Vqgp are the ratios of the pore volume to the upstream and
downstream volume, respectively. Combing the above dimensionless
parameters, the non-dimensional form of the governing equation, and
the boundary and initial conditions can be obtained as follows:
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Here, the non-dimensional upstream and downstream leakage rates,
Qup and Qqp, are defined as follows:

OuuL
KA[P,(0) — Pa(0)]

QapL

Qw = KAPL(0) — Pa(O)]

, Qap = an

Egs. (7)-(10) constitute the boundary value problem for the pulse-
decay process in the presence of gas leakage. Compared to the sce-
nario without leakage, the emergence of gas leakage introduces inho-

mogeneous terms, proportional to the leakage rate, into the boundary
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conditions of the pulse-decay process. It should be noted that these
inhomogeneous terms also depend on the ratio of the pore volume of the
sample to the volumes of the upstream and downstream chambers.

This boundary value problem can be addressed by dividing the so-
lution into two parts: the first part being a particular solution that
complies with the inhomogeneous boundary conditions, and the second
part being the general solution satisfying the homogeneous boundary
conditions. By combining these two components, an expression for the
pressure distribution within the sample, in the presence of gas leakage,
can be derived:

M ©
PD()CD7 l[)) = MZD + ?XZD + NJC[) + C() + Z C,,,X,,,(xD)exp( — 0,2ntp), (12)

m=1

where Cp, (m > 1) is a constant coefficient related to the specific initial
conditions, X, is the eigenfunction corresponding to the homogeneous
boundary conditions, ¢, is the mth positive root of the transcendental
Eq. (13), and the expressions for M and N are as shown in Eq. (14):
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The detailed solution process can be found in the appendix.

The upstream and downstream pressures can be deduced by setting
xp = 0 and xp = 1 in Eq. (12), respectively. Upon analysis, it is evident
that in the absence of leakage, both M and N equate to zero, and the
upstream and downstream pressures are composed of only a constant
term and a series of exponential function terms. Conversely, when gas
leakage is present, an additional term manifesting a linear decay with
time appears in both the upstream and downstream pressures. The first
two terms in Eq. (12) offer a theoretical basis for the suggestion made by
Boulin et al. [64] to introduce linear correction terms to the upstream
and downstream pressure data in the presence of gas leakage. Further-
more, it is determined that, while the correction terms for upstream and
downstream should increase at the same rate, they should differ by a
constant value.

After a sufficiently long duration from the beginning of the experi-
ment, in the absence of leakage, the pressure at each point in the sample
will converge to the equilibrium pressure. Nevertheless, in the presence
of leakage, Eq. (12) reveals that the pressure distribution within the
sample can be expressed as:

M
PD(XD,fD) ~ Mtp +EX2D+NXD+C07 (fD>>1) (15)

This indicates that the typical concept of equilibrium pressure may
no longer be applicable when leakage occurs. In such circumstances, the
pressure at each position within the sample will continue to decrease
over time, and after a sufficiently long period, a stable pressure gradient
will be maintained within the sample, which suggests the continued
existence of directional gas flow within the sample at this stage.

When one side of the sample is connected to a gas pump to maintain
constant pressure, it can be construed that this side is connected to a
chamber with an “infinitely large” volume. In this case, the ratio of the
sample’s pore volume to the volume of that side’s chamber becomes
zero. Substituting Vyp = 0 or Vgp = 0 into Eq. (12) yields:

Pp(xp,tp) = —Qapxp + Co + Z Cme(XD)CXP(—e,Z,,lD)7 (Vup=0) (16)

m=1

Pp(xp,tp) = Qupxp + Co + Z Cme(XD)eXP(—gfnlD)7 (Voo =0) a7)
m=1

It should be noted that although there may be a leakage in the up-

stream chamber, only the downstream leakage flow rate, Qqp, is re-

flected in Eq. (16). Since a gas pump continuously feeds gas into the
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upstream chamber, the upstream pressure maintains a constant.
Consequently, changing the upstream leakage rate affects only the
power of the gas pump and not the value of the upstream pressure. When
the downstream pressure remains constant, a similar conclusion can be
drawn from Eq. (17). Furthermore, in contrast to the scenario where the
volumes of the chambers at both ends are finite, there is no more than a
linear decay term over time in the system. Hence, the linear correction
method is ineffective for processing leakage data when the pressure is
constant on one side. From Eqs. (16) and (17), it can be inferred that
after a sufficient amount of time, the system can reach a steady state in
which the pressure within the system shows a linear distribution from
upstream to downstream.

2.2. Data processing and correction method

Brace et al. [23] and Dicker and Smits [38] analyzed the pulse-decay
process in the absence of leakage and found that by taking the logarithm
of the bilateral pressure difference, a straight line is obtained during the
late-time stage of the experiment. The slope of this line correlates with
the permeability of the sample. However, in the presence of gas leakage,
the expression for the bilateral pressure difference, derived from Eq.
(12), is as follows:

APy (tp) = —%VI —-N+ i Cn[X,(0) — X (1)]exp (=62 1p). (18)

This shows that when gas leakage is present, the bilateral pressure
difference, APp, consists of not only exponential terms but also a con-
stant term. Consequently, the direct application of the logarithm to the
APp will result in a curve, rather than a straight line, in the late-time
stage.

The detailed expression for the constant term is:

(VuoVap + 2Vap) Oup — (Vap Vap + 2Vup) Oup
2(VupVap + Vb + Vap) '

_N= 19

This reveals that the value of the constant term is dependent on the
volume ratio Vyp,Vgp and the leakage rates at both ends Qup,Qdp-
Therefore, the constant term in Eq. (18) invalidates the logarithmic
bilateral pressure difference approach. Several researchers proposed the
introduction of time-increasing linear correction terms to adjust the
pressure data in the leakage chamber, and then use the corrected pres-
sure data for permeability calculation [64,65]. However, it often re-
quires multiple trials in practice to determine the best-fit values of the
correction terms, making the process inconvenient.

In the authors’ previous publication [40], it was highlighted that in
addition to the commonly used bilateral pressure difference, the “uni-
lateral pressure change” can also be utilized for permeability calculation
in pulse-decay measurements without leakage. As illustrated in Fig. 2,
the unilateral pressure difference, APyp or A.Pqp, refers to the absolute
value of the pressure change on the upstream or downstream side of the
sample within a specified time interval, At. According to Eq. (12), the
late-time expression for the upstream and downstream unilateral pres-
sure difference in case of gas leakage is:

APy (in) = —MAT + C1X,(0)[1 — exp(—6; A7) |exp(—6im), (20)

APap(tp) ~ MAT + C,X; (1) [exp(—6} At) — 1]exp(—67tp), (21)
where the symbol “~ ” indicates that the equality holds mainly in the
late-time stage. It can be observed that when gas leakage is present, the
unilateral pressure difference also contains a constant term in addition
to the exponential term. However, as the constant terms in Egs. (20) and
(21) are opposites, their sum cancels out the constant term:

AP (tn) + APap(tn) = C1[X;(0) — X(1)][1 — exp(—67 A7) Jexp(—6itp).
(22)
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Fig. 2. The scheme of the dimensionless unilateral upstream pressure differ-
ence A.P,p and the dimensionless unilateral downstream pressure difference
A.Pgp. The pressure difference at a specified time interval t is defined as the
unilateral pressure difference.

As illustrated in Fig. 2, A;Pyp(tp) + A:Pgp(tp) represents the sum of
the unilateral pressure difference in upstream and downstream pres-
sures over the time interval At. Since the late-time expression of
APyp(tp) + ArPgp(tp) contains only a single exponential term, its log-
arithm will yield a straight line in the late-time stage.

Taking the logarithm of Eq. (22) and converting the time to a
dimensional form yields:

In[A.Pup(tp) + APap(tn)] = f + at, (23)

where f and o represent the y-intercept and slope of the late-stage linear
section, respectively:

f=1n{C[X;(0) —X(1)][1 —exp(—6;A7)] }, 249
Gk
B upL* @5

By transforming the expression for the slope «, an expression for the
sample permeability can be derived:

_BudL?

k=
0

(26)

This suggests that in the presence of gas leakage during the pulse-
decay process, the sum of the unilateral upstream and downstream
pressure difference within a given time interval can be used to calculate
the permeability of the sample.

Specifically, in the case where the upstream pressure is maintained
constant (Vyp = 0), the unilateral upstream pressure change A.Pyp will
be zero. In such a scenario, the sum of the unilateral upstream and
downstream pressure difference, A;Pyp + APgp, will be equivalent to
the unilateral downstream pressure difference APqp. Likewise, when
the downstream pressure is kept constant (Vqp = 0), A;Pyp + APgp will
reduce to APyp.

Contrasting with the method that adds correction terms, the appli-
cation of the sum of the unilateral upstream and downstream pressure
difference simplifies the process and eliminates the need for multiple
trials. It is notable that Eq. (22) also remains valid in the absence of
leakage. In addition, the correction method is also applicable in prin-
ciple if a liquid is utilized as the measuring medium and the data de-
viates due to leakage.
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2.3. Influence of leakage on pressure curve

The theoretical analysis of the pulse decay process with gas leakage is
carried out based on the analytical solution obtained above. Firstly,
without loss of generality, the influence of leakage on the pulse-decay
process is analyzed when the upstream and downstream chamber vol-
umes are equal, and the results are depicted in Fig. 3. Fig. 3(a) display
the upstream and downstream pressure curves over time, when there is
only upstream leakage (Qup > 0, Qqp = 0). Upon comparison to the case
with no leakage, the upstream leakage leads to a drop in upstream and
downstream pressure, and the drop is proportional to time and the
leakage rate. The upstream pressure reduction surpasses the down-
stream one, leading to the downstream pressure exceeding the upstream
pressure after a sufficiently long duration, which is consistent with the
experimental observations made by Boulin et al. [64]. Fig. 3(b) consider
the case where only the downstream chamber experiences leakage (Q,p
=0, Qqp > 0). Both the upstream and downstream pressure also show a
decrease compared to the no-leakage case, but the decrease in down-
stream pressure exceeds the decrease in upstream pressure. As a result,
the upstream and downstream pressure difference remains stable and
positive after a sufficiently long duration. Fig. 3(c) consider the situation
where both the upstream and downstream have leakages of equal
magnitude (Qup = Qgp > 0). Compared to the no-leakage scenario, gas
leakage leads to an equivalent decrease in the upstream and downstream
pressures. The upstream and downstream pressures eventually converge
to be equal. If there is leakage both upstream and downstream and the
leakage rates are not equal (Qup # Qap > 0), the pressure curve will
decrease compared to the case without leaks. However, the relative
magnitude of the upstream and downstream pressures ultimately de-
pends on the relative magnitudes of the leak rates, as shown in Fig. 3(d).
This is equivalent to the superposition of equal leak rates and unilateral
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leaks (Fig. 3(c) superimposed on Fig. 3(a) or Fig. 3(b)).

Gas leakage has caused the deviation of the bilateral logarithmic
pressure difference from a straight line as shown in the Fig. 4. If there is
only upstream leakage, according to Eq. (19), the term — M/2 — N would
assume a negative value. Consequently, the logarithm of the bilateral
pressure difference yields an upward concave curve as shown in the
Fig. 4(a). Conversely, if there is only a leak downstream, taking the
logarithm of the pressure on both sides will produce a concave curve, as
shown in the Fig. 4(b). The degree of concavity is related to the
magnitude of the downstream leakage rate. According to Eq. (19), due to
the equal volumes of the upstream and downstream chambers and
equivalent leakages, the impact of leakage on the upstream and down-
stream pressure cancels each other out when calculating the bilateral
pressure difference. Therefore, a straight line can still be achieved in the
late-time stage after taking the logarithm of the bilateral pressure dif-
ference as shown in Fig. 4(c). However, ensuring equal upstream and
downstream leakage rates in practical measurements is exceedingly
challenging. When the leak rates are not equal, the concave or convex
orientation of the logarithmic bilateral pressure difference curve de-
pends on the relative magnitudes of the leak rates, as shown in Fig. 4(d).

Subsequently, based on the Egs. (18) and (20-22), the bilateral
pressure difference APp, the unilateral upstream pressure difference
AP,p, the unilateral downstream pressure difference A Pgp, as well as
the sum of the unilateral upstream and downstream pressure difference
ArPyp + APgp under the condition of leakage can be obtained as shown
in Fig. 5. It is evident that irrespective of the leakage rate variations, the
logarithm of APyp + A.Pqgp yields a straight line in the late-time stage,
while logarithms of the other quantities yield curves.

Furthermore, the impacts of leakage on the pulse-decay process are
analyzed when the pressure on one side remains constant, as depicted in
Fig. 6. Fig. 6(a) illustrates the pressure curves in upstream and

®) . , . . .
—Qup = 0.0, Qup = 0.0
S QI[D = 0.0, Q(IU =0.1 |
""" Qup = 0.0, Qup = 0.2
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= QI[U =0.2, QdL} =0.1 |
""" QHD = 0.1, Q:lD = 0.2

0.2

Fig. 3. The impact of gas leakage on the upstream and downstream pressure curves when the volumes of the two chambers are equal (V,p = Vgp = 1). (a) Leakage
exists only upstream (Qup > 0, Qqp = 0); (b) Leakage exists only downstream (Q,p = 0, Qqp > 0); (c) Leakage exists both upstream and downstream, and the leakage
rates are equal (Qup = Qap > 0); (c) Leakage exists both upstream and downstream, and the leakage rates are not equal (Qup # Qap > 0).
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Fig. 4. The impact of gas leakage on the logarithmic bilateral pressure difference when the volumes of the two chambers are equal (Vyp = Vgp = 1). (a) Leakage
exists only upstream (Qup > 0, Qqp = 0); (b) Leakage exists only downstream (Qup = 0, Qqp > 0); (c) Leakage exists both upstream and downstream, and the leakage
rates are equal (Qup = Qap > 0); (d) Leakage exists both upstream and downstream, and the leakage rates are not equal (Qup # Qap > 0).
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Fig. 5. Logarithm curves of the bilateral pressure difference APp, the unilateral upstream pressure difference A P,p, the unilateral downstream pressure difference
A-Pap, and the sum of the unilateral upstream and downstream pressure difference A.P,p + AP4p versus time, when there is leakage (V,p = Vgp = 1). Only the

logarithm of A.Pyp + A Pqp yields a straight line in the late-time stage.

downstream when the upstream pressure is held constant with different
gas leakage rates. In the initial stages of the experiment, the bilateral
pressure difference results in a gas flow from the upstream to the
downstream, surpassing the downstream leakage and thereby leading to
a continuous increase in the downstream pressure. When the pressure-
driven flow is equal to the leakage flow, the downstream pressure is
stabilized. The magnitude of the eventual bilateral pressure difference
depends on the magnitude of the leakage. The downstream volume ratio
Vap, only influences the rate of pressure increase in the downstream but
does not alter the magnitude of the eventual bilateral pressure difference

as shown in Fig. 6(b).

Fig. 6(c) demonstrates the pressure curve under the condition of
constant downstream pressure with different gas leakage rates. In the
initial stage of the experiment, the upstream test gas continued to flow
into downstream and leaked to the outside, causing the upstream pres-
sure to drop. After the upstream pressure drops to equal the downstream
pressure, because of the presence of leaks and the upstream pressure
remains greater than the ambient pressure, the upstream pressure con-
tinues to drop, and the gas flows backward from downstream to up-
stream. When the gas flow from the downstream to the upstream equates
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Fig. 6. The pressure curve when pressure is kept constant on one side. (a) V,p = 0: Upstream pressure is maintained constant with different leakage rates; (b) V,p =
0: Upstream pressure is maintained constant with different volume ratios; (c) Vgp = 0: Downstream pressure is maintained constant with different leakage rates; (b)
Vap = 0: Downstream pressure is maintained constant with different volume ratios.

to the gas leakage from the upstream, the system achieves a steady state.
The eventual pressure difference between the upstream and downstream
is proportional to the magnitude of leakage and independent of the
upstream volume ratio Vyp as shown in Fig. 6(d).

Fig. 7(a) and (b) present the change of the logarithmic unilateral
downstream pressure difference, InA;P4qp, when the upstream pressure is
maintained constant. The results show that taking the logarithm of the
unilateral downstream pressure creates a straight line in the late-time
stage. The magnitude of the leak rate does not affect the slope of the
straight line, as shown in Fig. 7(a), indicating that the correction method
proposed in this study has eliminated the influence of leaks. The
downstream volume ratio Vgp affects the slope and intercept because it
appears in the expression for parameter . Similarly, Fig. 7(c) and (d)
illustrate that when the downstream pressure is kept constant, the
change in unilateral upstream pressure APyp can be utilized for
permeability calculations. The upstream volume ratio V,p affects the
slope and intercept of the straight line in the late-time stage.

3. Experimental validation

The method proposed above for processing data in the presence of
leakage needs to be validated by experimental data. However, in all
permeability measurement experiments, gas leakage is avoided as much
as possible. Deliberately creating leakage in experiments is uncontrol-
lable and unreasonable. When presenting experimental data, most re-
searchers assert that there is either no gas leakage, or that its impact can
be ignored. Data exhibiting significant gas leakage might be considered
unusable and consequently discarded. Therefore, the amount of data
available for validate the methodology data is minimal.

This section employs experimental data reported by Heller et al. [65]
to validate the proposed data processing method. The samples tested by

Heller et al. were sourced from Eagle Ford Shale in the United States,
and a gas pump was utilized to maintain a constant upstream pressure
throughout the experiment. The author kept the number of pipe fittings
and valves to the minimum and used relatively small downstream vol-
umes to reduce the impact of leakage. However, the pressure curves in
the experimental results still showed the existence of leakage. For a
comprehensive introduction to the experimental setup, the tested sam-
ples, and the measurement procedures, readers are suggested to refer to
the original publication by Heller et al. [65].

Fig. 8(a) illustrates the pressure curves of upstream and downstream
in the presence of leakage. The experimental pressure trend is consistent
with Fig. 6(a) analyzed above, as the downstream pressure cannot reach
the upstream pressure due to the presence of gas leakage and there is
always a pressure difference between the two sides. At this pressure
difference, the gas flow from upstream to downstream is equal to the
downstream leakage rate.

Fig. 8(b) illustrates that due to gas leakage, the direct logarithmic
application to the bilateral pressure difference APp results in an upward
concave curve, which is consistent with the theoretical prediction of Eq.
(18). Based on the proposed method in the previous section, because the
upstream pressure remains constant, the sum of the unilateral upstream
and unilateral downstream pressure difference, A;Pyp + A Pqp, will be
equivalent to the unilateral downstream pressure difference APqp.The
downstream pressure data are substituted into Eq. (21) to calculate the
unilateral downstream pressure difference APgp, which generates a
straight line at the late-time stage, thus validating the above theoretical
results. Through the fitting of the logarithm of the unilateral down-
stream pressure difference in the late-time stage, the slope can be ob-
tained by Eq. (23). The apparent permeability of the sample is
determined to be 10.6 nD according to Eq. (26). Heller et al. used early-
time data (1-3 h) and estimated the permeability by correcting the
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Fig. 8. Experimental measurement results from Heller et al. (a) The upstream and downstream pressure. It is an unequal equilibrium. (b) Logarithms of the bilateral
pressure difference and the unilateral downstream pressure difference. The bilateral pressure difference deviates from a straight line, and the unilateral pressure
difference conforms to a straight line. The relative error between the permeability calculated from the proposed method and the one without correction exceeds 30 %.

assumed leak rate, ranging between 9.4-11.7 nD. The calculation result
of the processing method proposed in this study is consistent with the
original author’s estimates, and is supported by reasonable explanations
and physical principles. If a gas leakage is overlooked and the late-time
data is directly fitted with the logarithm of the bilateral pressure dif-
ference, the calculated permeability will yield a relative error exceeding
30 % compared to the true value.

4. Conclusions

In permeability measurements of low-permeability porous media

such as unconventional natural gas reservoir rocks, gas leakage can
significantly influence the results. This study models and solves the
pulse-decay process under leakage conditions, subsequently developing
related data processing and correction methods.

It was determined that when leakage is present, a stable trend of
pressure decline and spatial pressure gradient occurs within the system,
thus yielding a curve rather than a straight line when taking the loga-
rithm of the bilateral pressure difference in the late-time stage. The
concavity of this curve is associated with the leakage flow rate and the
chamber size at both ends. Ignoring the impact of leakage and directly
fitting the slope of the curve for permeability calculation can lead to
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significant errors.

Through theoretical analysis, it was established that in the presence
of leakage, the unilateral pressure difference over a given time interval
can be utilized in the straight-line method for permeability calculation.
The method corrects the permeability by eliminating the redundant
term due to leakage in the analytical solution and is validated by
experimental data from the literature. This provides a robust data pro-
cessing method for permeability measurement by pulse decay method
regardless of whether or not there is a leakage.
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When the initial pressure difference is small enough, the boundary value problem of the pulse-decay process with gas leakage is constituted by Eqs.
(7)-(10). The solution process is given in this appendix. Due to the presence of non-homogeneous terms in boundary conditions (8) and (9), the
solution can be decomposed into two parts: the first part corresponds to the non-homogeneous boundary conditions, while the second part corre-

sponds to the homogeneous boundary conditions:
PD = P] + Pz.
When P; is being solved, the following assumption can be made:

P, P

oy

Hence, P; can be written as follows:

M 2
P, (X]:MID) = Mtp “rEXD + Nxp.

(A1)

(A2)

(A3)

By substituting Eq. (A3) into the non-homogeneous boundary conditions, the expressions for M and N can be obtained (see Eq. (14)).
When solving for P,, only the homogeneous boundary conditions need to be considered, that is, the leakage issue does not need to be considered.

The impact of P; on P, is only reflected in the initial conditions:

1, xp =0

P5(xp,0) = M
—7x12) — Nxp, 0 <xp <1

(A4)

Based on the separation of variables method [72], the expression for P, can be obtained from the governing equation and homogeneous boundary

conditions:

Py(xp,1p) = Co+ Y CuXo(xp)exp( — Otp),

m=1

where X, represents the eigenfunction:

X = 0,,8i0(0,,xp) — Vypcos(0,xp), m > 1.

(A5)

(A6)

Here, 6,, is the mth positive root of Eq. (13). For any functions P and Q defined over the interval [0, 1], we define the inner product as:

1

(P, Q) = VioVao / P()Q()dx + VinP(1)(1) + VarP(0)Q(0).

0

(A7)

Cn, represents the coefficient obtained from the orthogonal expansion of the initial condition of P, with the eigenfunction set X, as the basis:

(P> (xp, O),Xm>A

Cn=
(Xons Xn)

m > 0.

(A8)

Finally, by superimposing Eq. (A5) and Eq. (A3), the comprehensive expression for P is obtained, as demonstrated in Eq. (12).
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