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Abstract: There exits a great challenge to evaluate the flow properties of tight porous media even at
the core scale. A pulse-decay experiment is routinely used to measure the petrophysical properties of
tight cores including permeability and porosity. In this study, 5 sets of pulse-decay experiments are
performed on a tight heterogeneous core by flowing nitrogen in the forward and backward directions
under different pressures under pore pressures approximately from 100 psi to 300 psi. Permeability
values from history matching are from about 300 nD to 600 nD which shows a good linear relationship
with the inverse of pore pressure. A preferential flow path is found even when the microcrack is
absent. The preferential path causes different porosity values using differential initial upstream and
downstream pressure. In addition, the porosity values calculated based on the forward and backward
flow directions are also different, and the values are about 1.0% and 2.3%, respectively, which is the
primary novelty of this study. The core heterogeneity effect significantly affects the very early stage
of pressure responses in both the upstream and downstream but the permeability values are very
close in the late-stage experiment. We proposed that that there are two reasons for the preferential
flow path: the Joule–Thomson effect for non-ideal gas and the core heterogeneity effect. Based on the
finding of this study, we suggest that very early pressure response in a pulse-decay experiment should
be closely examined to identify the preferential flow path, and failure to identify the preferential flow
path leads to significant porosity and permeability underestimation.
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1. Introduction

Permeability measurements could be performed by steady-state and transient methods. Gas
and liquid permeability are different, partially due to the Klinkenberg (gas slippage) effect [1–3].
The transient pulse-decay experiments have been frequently applied to measure the permeability
of tight porous media [4–7]. Table 1 chronologically lists representative work of exploring transient
flow properties using the pulse-decay method since 1968. Ignoring the fluid compressibility storage
effect, Brace et al. [8] developed the abbreviated version of the analytical solution. Hsieh et al. [9] and
Ning [10] developed comprehensive analytical solutions taking into account the fluid compressibility
storage effect, regarding parameters of “hydraulic head” and “pressure”, respectively. The fluid
compressibility storage effect is more important for gas than liquid because its compressibility is
higher. Ning [10] developed an in-house numerical simulator to history match pressure curves in
order to obtain permeability for both un-fractured and fractured cores. To overcome the operational
difficulty of comprehensive analytical solutions, Dicker and Smith [11] provided an approximate
analytical solution based on Hsieh et al.’s work. Their solution achieved excellent accuracy when the
upstream and downstream reservoirs were smaller than the pore volume. Cui et al. [12] analytically
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explored solutions for adsorptive gas, which is important for the advancement of understanding of
transportation behavior of coal bed methane, shale gas. Jia et al. [13] showed the complex relationships
between adsorption and permeability after performing a series of pulse-decay experiments for three
types of gas. It is recognized that most of the previous literature regarded the core sample as a whole
and obtained a single permeability value through one experiment, but the heterogeneity effect of
influencing flow behavior has not been comprehensively investigated.

Among the previous literature, the work by Kamath et al. [14], Ning [10], Cronin [15], Bhandari
et al. [16] and Alnoaimi [17] are highlighted here as they explored heterogeneity and anisotropy-related
petrophysical properties. Kamath et al. [14] combined two separate cores with different values
of permeability and flowed water through them from forward and backward directions. They
provided qualitative evidence that the pressure responses are direction-dependent, implying that
heterogeneity plays a role affecting the pulse-decay experiment. They also demonstrated the
dual-porosity phenomenon in a fractured core. Ning [10] analytically and numerically explored
the dual porosity and dual permeability phenomenon in a fractured core. Cronin [15] proposed a
layered simulator to continuously study the effects of heterogeneity and fracture on the pressure
response in a pulse-decay experiment. Bhandari et al. [16] investigated permeability anisotropy by the
pulse-decay experiments in the Barnett shale. Alnoaimi [17] performed pulse-decay experiments in
fractured shales using helium and carbon dioxide and made efforts to history match the pressure curves.

Table 1. Representative work regarding the pulse-decay method in tight cores.

Author Contribution

Brace et al. [8] Firstly applied pulse-decay method to measure the permeability of granite

Lin [18] Put forward the basic numerical model for the pulse-decay process

Hsieh et al. [9] Presented complete and restrictive analytical solution for pulse-decay process

Dicker and Smits [11] Simplified the complete analytical solution with acceptable accuracy

Kamath et al. [14] Characterized heterogeneity and microcrack of synthetic cores using the
pulse-decay method

Ning [10] Explored dual porosity and dual permeability of fractured cores analytically
and numerically

Jones [19] Proposed valuable recommendations for pulse-decay experimental set-up design, for
example, using cores with a large diameter and short length

Cui et al. [12] Extended the flowing fluid from non-adsorptive gas to adsorptive gas

Civan et al. [20] Incorporated other important variables in the numerical settings of pulse-decay

Cronin [15] Numerically explained the impacts of anisotropy and microcrack on the pulse-decay
pressure response

Bhandari et al. [16] Measured vertical and horizontal permeability of the Barnett shale

Alnoaimi [19] Numerically matched pressure curves of non-adsorptive gas and adsorptive gas
during a pulse-decay experiment

Jia et al. [13] Comprehensively investigated flow behaviors of adsorptive and non-adsorptive gas
in a wide range of pressure in a tight core using the pulse-decay method

Kamath et al. [14] investigated the heterogeneity effect on the pulse-decay result by combing
two separate cores longitudinally. Different pressure responses were observed in their experiments,
indicating that it is feasible to tell which part of the core is more permeable by flowing fluid from
forward and backward directions during the transient flow process, which is the inspiration of this
work. Instead, we used one core but flowed gas from both the forward and backward directions to
observe the different flow behaviors. The specific objectives in this work are as follows: (1) apply
a heterogeneous core in the pulse-decay experiment and observe the direction-dependent pressure
responses; (2) study the very early pressure responses and compare the responses under low and high
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pressures; (3) explore the preferential and secondary flow path in the transient flow process of tight
porous media.

2. Materials and Methods

Sample 30-4, a Cambrian-Ordovician Arbuckle Group dolostone, from depth 4903.95–4904.65 ft of
the well Wellington KGS 1-32, Summer County, Kansas, is applied in this study. Based on Dunham
classification [21]. The sample is recognized as a medium-grained pellet dolo-packstone with white
to light gray color. The sample is horizontally bedded with cm-layers representing deposition in a
low-energy environment [22]. There are pinpoint vugs locally developed and filled by clays. The
sample is highly dolomitized, and X-ray powder diffraction (XRD) results show 94% of dolomite
content, 5% quartz and very few halites (Figure 1a). Nuclear magnetic resonance (NMR) core analysis
was performed on the sample to obtain the transverse relaxation time (T2) distribution. NMR porosity
is 3.7%. The pore size distribution (PSD) (Figure 1) can be estimated using T2 distribution in the
equation:

1
T2

= ρ2
3
r

(1)

where ρ2 is the surface relaxivity (ρ2 = 0.16 µm/s based on BET surface area), and r is the radius of the
pore body. It can be seen that the plot (Figure 1) has two peaks, where peak 1 represents confining
water in small pores, and peak 2 represents bulk free water in vuggy pores. The wide range of peak 1
can be interpreted as a result of coupling among pores with broad a range of pore sizes which indicates
the complexity and heterogeneity of the pore attributes in the sample.
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reservoir U1 and the second upstream reservoir U2. The downstream reservoir, D, is installed at the 
core outlet. Volumes of U1, U2 + D are measured based on Boyle's law after connecting the two end 
caps directly. Afterwards, a dummy core without porosity is placed between two end caps to measure 
the volume of U2. After obtaining all the volumes of the reservoirs, the pore volume of the core can 
be measured conveniently based on Boyle’s law. 

 

Figure 1. (a) X-ray powder diffraction (XRD) result of the sample and (b) pore size distribution of the
core sample based on the nuclear magnetic resonance (NMR) result.

Figure 2a shows three components of the pulse-decay set-up and Figure 2b shows the core plug.
The upstream reservoir is installed at the core inlet which is composed of two parts: the first upstream
reservoir U1 and the second upstream reservoir U2. The downstream reservoir, D, is installed at the
core outlet. Volumes of U1, U2 + D are measured based on Boyle’s law after connecting the two end
caps directly. Afterwards, a dummy core without porosity is placed between two end caps to measure
the volume of U2. After obtaining all the volumes of the reservoirs, the pore volume of the core can be
measured conveniently based on Boyle’s law.

Figure 3 shows an example of the entire pressure curves in a pulse decay experiment on one core
sample without fractures. Initially, the core sample and downstream are saturated with nitrogen under
pressure of 98 psi (pd), and the first upstream reservoir is saturated with nitrogen under pressure of
110.1 psi (pu). Valve V1 is opened at the 10th second. Nitrogen expands freely to the second upstream
reservoir and flows into the core inlet. Heise pressure transducers in this set-up record data point
every second. Upstream reservoir pressure drops abruptly at the 11th second. It firstly drops to the
lowest point and then increases slightly to 106.6 psi (pu’) due to the Joule–Thomson effect. At the same
time, a pressure spike in the downstream is also observed. The downstream pressure is increased to
98.3 psi (pd’) after about 10 seconds. We recorded the reduced pressure as the triangular point after
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replacing the core with the dummy core under the same initial conditions. In experiments under all the
pressures, the triangular point is compared against the reduced pressure, which uses the volume of U1

and U2 and pressure conditions based on the Boyle’s law. This practice validates the accuracy of the
volume of U1 and U2 involved in the calculations and numerical modeling. The validation is important
because the volumes are very small that they need to be precise for the result reliability. It is found that
the reduced pressure is higher than pu’. Besides, the pressure decline from the triangular point to pu’ is
accomplished only in one second; and pressure spike at the downstream needs longer time, about 10
seconds. We propose that the behaviors of pu’ and pd’ are reasons that the early-time solution yields
much higher permeability values than the later solution, as observed by previous researchers [23–26].Energies 2019, 12, x FOR PEER REVIEW 4 of 13 
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In addition, we suggest that preferential flow path and secondary accessible flow path correspond
to the early-time solution and late-time solution, respectively; the volume sum of them could be
estimated by Equation (2) and the volume of the secondary accessible flow path could be estimated by
Equation (3).

puVu1

Zu
+

pd

(
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)
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(
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)
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(
V′p + Vd

)
Z′d
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(
Vu1 + Vu2 + V′p + Vd

)
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(3)
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∅ =
Vp

Vb
(4)

∅′ =
V′p
Vb

(5)

Zu, Zd and Ze are compressibility factors of upstream pressure, downstream pressure and
equilibrium pressure, respectively. Vp is the pore volume, Vb is the bulk volume and φ is the porosity.
The two methods using Boyle’s law could be employed to calculate porosity. The superscript “’”
indicates that the second method using Equation (3) is applied. Equation (2) is formed based on the
pressure of pu, pd, and pe, and Equation (3) is formed based on the pressure of pu’, pd’, and pe. Vu1,
Vu2, and Vd are volumes of the first upstream reservoir, second upstream reservoir and downstream
reservoir, and the values are 3.147 cm3, 0.431 cm3, and 3.183 cm3, respectively. Table 2 lists the
corresponding compressibility factors under the specific pressures and 86 ◦F.

Table 2. Pressure and compressibility factor of data points in Figure 3.

Properties pu pd pu
′ pd

′ pe

Pressure, psig 110.1 98 106.6 98.3 102.3
Compressibility factor, Z 0.9989 0.9990 0.9990 0.9990 0.9990

Intuitively speaking, porosity values estimated from Equations (4) and (5) should be the same.
The estimated porosity using pu and pd (Equation (4)), pu’ and pd’ (Equation (5)), and with the forward
and backward flow directions under all the pressures will be compared.

Continuous tests were performed by increasing the pore pressure from low to high. The effective
stress is kept constant under 2000 psi by controlling the confining pressure. The pulse size is controlled
as about 10% of the pore pressure. After reaching the pore pressure of approximately 300 psi, the
pressure in the system is relieved, and the core sample is reverted and placed in the core holder to
repeat the experiment under the same pressure. We obtained the permeability by history-matching
pressure curves starting from the point that pressure begins to decrease after the Joule–Thomson
effect. We applied the black oil simulator, IMEX, which is the black oil simulator of CMG [27] to
simulate the process. Nitrogen viscosity and density from NIST database [28] were used as input
for the fluid properties. Configurations of the core diameter and length, upstream and downstream
reservoir volumes and core porosity were also given in the simulator. CMOST [29] was used to tune
the core permeability with the range of 1 nD to 0.1 mD to match the pressure curves. We set the
simulation experiments number as 500, and the case with the least matching error was regarded as the
fitting result.

3. Results and Discussion

Based on the pressure responses during the test, we suggest that the preferential flow path exists
in a natural, tight and heterogeneous core even if a microcrack is not present. Gas will choose different
flow paths through the core from upstream to downstream. The flow path is preferential if it is less
tortuous and with higher permeability. On the other hand, the flow path is described as secondarily
accessible when the tortuosity increases and permeability decreases. We examined closely the intact
pressure curves throughout the experiment and found that gas flow in the preferential flow path
occurs at the very beginning of the pulse-decay experiment, which finishes within one second based
on our observation, and it is much faster than that in the secondary accessible flow path. Thus, the
concepts of total and secondary accessible porosity, estimated from Equations (4) and (5), respectively,
are proposed in this work to differentiate the two types of the flow path.

Figure 4 shows two types of porosity calculated from the test at different pressures. A significant
difference exists between the total porosity and secondarily accessible porosity during the pressure
range from 100 psi to 300 psi. Total porosity is approximately 3.5% for both forward and backward
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directions, which is in accordance with the NMR porosity (3.7%). The small difference (0.2%) might be
due to the free water amount in the vuggy pores on the surface in the NMR experiment. Secondarily
accessible porosity is averagely 1.2% and 2.3% in the forward and backward directions, respectively;
the difference is because pu’ is lower in the forward direction, which is caused by the heterogeneity
characteristic of the core. Therefore the preferential accessible porosity is 2.3% and 1.0% in the forward
and backward directions, respectively. This implies that the volumes of the preferential and secondarily
accessible path are also direction-dependent because of core heterogeneity.

Energies 2019, 12, x FOR PEER REVIEW 6 of 13 

 

occurs at the very beginning of the pulse-decay experiment, which finishes within one second based 
on our observation, and it is much faster than that in the secondary accessible flow path. Thus, the 
concepts of total and secondary accessible porosity, estimated from Equations (4) and (5), 
respectively, are proposed in this work to differentiate the two types of the flow path. 

Figure 4 shows two types of porosity calculated from the test at different pressures. A significant 
difference exists between the total porosity and secondarily accessible porosity during the pressure 
range from 100 psi to 300 psi. Total porosity is approximately 3.5% for both forward and backward 
directions, which is in accordance with the NMR porosity (3.7%). The small difference (0.2%) might 
be due to the free water amount in the vuggy pores on the surface in the NMR experiment. 
Secondarily accessible porosity is averagely 1.2% and 2.3% in the forward and backward directions, 
respectively; the difference is because pu’ is lower in the forward direction, which is caused by the 
heterogeneity characteristic of the core. Therefore the preferential accessible porosity is 2.3% and 1.0% 
in the forward and backward directions, respectively. This implies that the volumes of the 
preferential and secondarily accessible path are also direction-dependent because of core 
heterogeneity. 

 

 
Figure 4. Total porosity and secondarily accessible porosity in the core in the forward and backward 
directions. Note the pressures are approximated beginning at 100 psi and with a step of 50 psi. 

Table 3 records the experimental details of all the tests performed, including initial pressures in 
the upstream and downstream, flow direction, porosity and permeability results from history 
matching. 

 

Table 3. Experimental details of each test ranging approximately from 100 psi to 300 psi. 

Properties 100 100 150 150 200 200 250 250 300 300 
Initial 

upstream 
pressure pu' 

(psi) 

106.5 107.5 161.4 162.5 213.
4 

214.9 268.2 271.3 320.8 322.5 

Initial 
downstream  
pressure pd' 

(psi) 

98.3 98.2 150.1 150.2 200.
7 

200.7 251.4 251.2 302.2 302.4 

Initial 
pressure 

differential 
(pu' − pd') 

(psi) 

8.2 9.3 11.3 12.3 12.7 14.2 16.8 20.1 18.6 20.1 

Initial 
pressure 12.1  12.1 16.9 16.9 20.2 20.2 26.9 27.2 30.8 30.8 

Figure 4. Total porosity and secondarily accessible porosity in the core in the forward and backward
directions. Note the pressures are approximated beginning at 100 psi and with a step of 50 psi.

Table 3 records the experimental details of all the tests performed, including initial pressures in the
upstream and downstream, flow direction, porosity and permeability results from history matching.

Table 3. Experimental details of each test ranging approximately from 100 psi to 300 psi.

Properties 100 100 150 150 200 200 250 250 300 300

Initial
upstream

pressure pu
′

(psi)

106.5 107.5 161.4 162.5 213.4 214.9 268.2 271.3 320.8 322.5

Initial
downstream
pressure pd

′

(psi)

98.3 98.2 150.1 150.2 200.7 200.7 251.4 251.2 302.2 302.4

Initial pressure
differential (pu

′

− pd
′) (psi)

8.2 9.3 11.3 12.3 12.7 14.2 16.8 20.1 18.6 20.1

Initial pressure
differential (pu
− pd) (psi)

12.1 12.1 16.9 16.9 20.2 20.2 26.9 27.2 30.8 30.8

Flow direction Forward Backward Forward Backward Forward Backward Forward Backward Forward Backward

Secondarily
accessible

porosity (%)
1.2 2.0 1.4 2.4 1.3 2.4 1.1 2.4 1.1 2.4

Permeability
(nD) 572.5 586.0 473.5 464.5 410.5 397.0 370.0 329.5 338.5 338.5

Figure 5 shows experimental and simulated pressure curves under the initial pore pressures
approximately of 100 psi, 150 psi, 200 psi, 250 psi and 300 psi of flowing gas from the forward
and backward directions. The test durations are about 3 hours for this sample under the current
experimental operating conditions with pulse size about 10% of the initial pore pressure. The test
duration depends on many factors, including the gas pressure, volumes of the downstream and
upstream reservoirs, pulse size, etc. Figure 6 shows the simulation scenarios. The model used for
history matching to obtain permeability is (b), and the model (a) is used to obtain the pressure curves
from the ideal (homogeneous) scenarios using the mean permeability of the forward and backward
flow history matching results. Pressure curves (Figure 5) are shifted regarding the experiment start
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time for better comparison purposes: the system is under equilibrium in the first 10 seconds, and the
experiment starts at the end of 10th second. The pressure at the 11th second in the forward direction
(blue) is lower than in the backward direction (red) in all experiments. This fact indicates that pressure
propagation through the core is flow direction dependent: it is easier for gas transport in the first half
of the core, which directly implies heterogeneity of the core sample that the first half of it is more
permeable than the second half (Figure 7), supported by the higher porosity values reported in the
backward (reverse) direction than the forward direction in Figure 4 and Table 3.
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Figure 5. Experimental and simulated pressure curves in the pulse-decay experiment. Experiment
results include pressure curves by flowing nitrogen in the forward and backward directions, pressure
ranges from 100 psi to 300 psi (from (a) to (e)). The pressure curve is adjusted within ± 0.2 psi using
the same initial downstream pressure pd for better visualization of comparing pressure responses
in different directions. Simulated pressure curves are generated by matching the late-time pressure
response using the secondary accessible porosity, and the homogeneous scenarios are constructed based
on the averaged permeability obtained from the matching results using the total porosity. The black
triangle point is the reduced experimental pressure after gas freely expands from the first upstream
reservoir to the second upstream reservoir if a dummy core replaces the natural core sample.
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Figure 6. Simulation models composed of the high-pressure upstream (red) and low-pressure
downstream (blue) as enclosed by the squares. In the middle of upstream and downstream is the core.
(a) Ideal case (homogeneous) simulation model using average permeability values of the forward and
backward flow history matchings with only U1 under high pressure. (b) History matching simulation
model using experimental data with combined U1 and U2, with the initial upstream pressure of pu’ and
the initial downstream pressure of pd’, as illustrated in Figure 2.
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Figure 8 shows the matched permeability values as a function of the inverse of pore pressures.
A first-order Klinkenberg equation is used to fit the permeability curve as a function of the inverse of
pore pressure. k∞ is the intrinsic permeability independent of flowing conditions which is 235 nD. b is
the slippage factor which is 150 psi.

k = k∞(1 +
b
p
) (6)
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flow directions.

The matched permeability does not differ significantly in the forward and backward flow directions,
indicating the preferential flow path mainly affects the early-stage pressure propagation and fluid flow
processes. The matched permeability ranges approximately from 300 nD (3 × 10−4 mD) and 600 nD
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(6 × 10−4 mD) through the pressure range. Gas permeability is higher in the low-pressure range due to
the gas slippage effect.

By using the matched permeability, an idealized homogeneous scenario is obtained starting from
the initial pressure pu and pd (reduced pressure using dummy core). The simulated pressure curves in
homogeneous scenarios are different from the forward and backward flow-matched curves is because
(1) ideal gas is applied so that no Joule–Thomson will affect the fluid flow and (2) the starting point of
the pressure simulations are different as shown in Figure 6. The three sets of simulated pressure curves
share almost the same permeability and reach the final equilibrium pressure almost at the same time.
However, as the permeability in the preferential flow path is much higher than that in the secondary
flow path based on the fact that the pressure decrease in the preferential finishes within one second.
We could reasonably infer that purely estimating permeability starting at pu’ and pd’ significantly
underestimates both porosity and permeability.

By comparing Figure 5a to Figure 5e it is found that the preferential flow path is more significant
under higher pressure. As pore pressure increases, a larger deviation of pu’ from the reduced pressure
by the dummy core is observed. A more rapid pressure spike is observed downstream, as the difference
between pd’ and pd becomes more pronounced and the time for pd to reach pd’ is shorter and shorter.
For example, in the 300 psi scenario, 300.2 psi increases to 302.3 psi within only one second that this
process takes longer under lower pressure.

Figure 9 shows a conceptual pressure plot in the upstream at the very early stage of the experiment.
Because of the Joule-Thomson effect, when gas expands from high pressure to low pressure that
the volume expands, the local temperature changes cause the over-reduced pressure immediately.
Correspondingly, the downstream reservoir reacts to the pressure change in the upstream reservoir,
as shown in Figure 5. However, the temperature will be quickly warmed up due to the constant
temperature control of the oven, and the pressure will increase in response to the temperature change.
Due to the fact that the gas pressure recovery caused by Joule–Thomson takes time, and the fact that gas
propagates to the lower-pressure pore volume in the core and upstream reservoir at the same time, the
upstream pressure curve will behave suppressed compared with the ideal gas without Joule–Thomson
effect. High frequently data logging is helpful to capture the early-stage pressure response. In our
experiment, recording frequency is every 1 second, which captures the instant response after opening
the value to start the experiment as shown in Figure 5 but a higher frequency recording system could
be expected to record more reduced pressure during the first second after starting the experiment.
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Figure 10 shows the process of constant pressure injection to elevate the system pressure to
98 psi, which is the starting point in Figure 5. Prior to the constant pressure injection, vacuuming is
applied to excavate air in the system. Therefore, the initial downstream and pore pressure is below
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the atmospheric pressure. The pressure pulse between the upstream and downstream is more than
100 psi, which is much larger than the experiments in Figure 5. However, unlike the scenario that pore
space is already under a certain level of pressure, no pressure spike is observed instantaneously at the
downstream reservoir, even though the pressure pulse is more than 100 psi. This observation implies
that the preferential flow path forms in the tight porous media only under elevated pore pressure but
not below atmospheric pressure. The possible explanation is that when the downstream and core are
under (or close to) vacuuming state, negligible gas is saturated in the pore network, causing a pressure
response that is not immediate even though there is a pressure differential of about 100 psi between
the upstream and downstream.
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4. Conclusions

The following conclusions are obtained from this study:

• The preferential flow path exits in a natural, tight and heterogeneous core even when a microcrack
is not present.

• Transient gas flows through the preferential flow path at the very beginning. Failing to take the early
pressure response into account leads to significant underestimation of porosity and permeability.

• The formation of a preferential flow path in heterogeneous porous media is more pronounced
under an elevated pore pressure.

• Performing a pulse-decay experiment in both the forward and backward directions assists
differentiating which part of the core is more permeable.
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