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ABSTRACT

For unconventional gas reservoirs, permeability, an important parameter in the subsurface
evaluation, is typically low (< 10° mD). While several approaches have been proposed
and used, determination of permeability of microdarcy or lower still remains challenging.
In a pore pressure oscillation method, the sample is first stabilized at certain pore
pressure, then a small sinusoidal pressure wave is applied to the upstream side of the
sample, and the pressure response at the downstream side is recorded. Permeability is
deduced from the attenuation and phase shift of the downstream signal. When compared
with other methods, this technique greatly reduces the pore pressure variation, increases
the measurement sensitivity, and results in more accurate characterization. We have
applied this technique in permeability characterization for various reservoirs. The results
provided valuable input in subsurface modeling and production forecasting.

INTRODUCTION

As the energy demand increases, technology and geological knowledge advance,
production from unconventional gas formations, such as tight gas sands, is beginning to
make up larger percentage in the supply. Tight gas sand has very low permeability (< 107
mD) and is often inter-bedded with shale. Therefore communication between sand
pockets is poor, and numerous wells may be required to access the reservoir. Indeed, two
of the most difficult parameters to evaluate in tight gas reservoirs are size and shape of
drainage-area. For such tight formations, permeability is of fundamental importance for
adequate reservoir characterization. It is an important parameter in evaluation of
drainage-area, optimization of well number and location, as well as the drilling and
completion procedures.

In the history of core analysis, several approaches to measure low permeability have been
developed. Those methods are typically split into two main categories: steady state (SS)
method and unsteady state (USS) method. In a SS method, either constant pressure head
or constant fluid flow is applied, and permeability is calculated directly from the Darcy’s
Law. Traditional SS method to measure low permeability samples involves imposing
significant pressure difference between the upstream and downstream of the sample. The
difference in pore pressure causes unwanted stress variations on the sample. Besides, it
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takes time to establish steady flow in a SS measurement. For tight samples, the time can
be days or even weeks. On the other hand, in a USS method, a pressure pulse is applied at
the upstream end of rock sample. Downstream end of the sample is either connected to a
reservoir or open to the air. Permeability is deduced from the pressure transient response
[1-4]. It greatly reduces the experiment duration. However, for very low permeability
samples, measured pressure is very sensitive to the temperature variation and other noise.
As a result, data interpretation from USS method can be complicated and noise sensitive.
Moreover, microscopic heterogeneity may potentially dominate the measured pressure
decay.

The pore pressure oscillation technique can be considered as a hybrid method of SS and
USS measurements. It was originally suggested in the 90's as an extension of a method
for measuring hydraulic diffusivity [5]. Fischer discussed the theoretical background,
design considerations in experiments, and data analysis comprehensively in Ref. [6].
Bernabé et. al. used a different set of dimensionless parameters to solve for permeability
and sample storage capacity, and analyzed their uncertainties in details [7]. The method
has been used in permeability characterization for different materials [8, 9]. It was also
extended by Boitnott [10] to measure the rock sample with high permeability, using
complex pore pressure transients. To our knowledge, little work has been done to apply
this method in unconventional gas samples with very low permeabilities. On the other
hand, measuring very low permeability sample still remains challenging. It is the
objective of this work to characterize the permeability for tight gas samples using pore
pressure oscillation method. We will briefly discuss the theoretical background of this
method, present our results, and discuss its advantages, uncertainties and possible
applications.

THEORETICAL BACKGROUND

In a pore pressure oscillation method, the sample is first stabilized at certain pore
pressure Py, then a small sinusoidal pressure oscillation is applied to the upstream side of
the sample, and the pressure response at the downstream side is recorded. Permeability is
deduced from the amplitude attenuation and phase shift of the downstream signal.
Detailed discussion on the theory of the pore pressure oscillation technique can be found
in Ref. [6, 7].

General flow equation for slightly compressible fluid in one dimensional porous media is

aZP _ /Uﬂs a_P (1)

ox’ k ot’
where P is pressure, k is permeability of the sample, u is fluid viscosity, and S is storage
capacity of the sample — fluid system. It is noted that the more rigorous treatment for gas
flow in porous media is a nonlinear equation. In the derivation of analytical solutions, we
have used the above linear equation and its validity will be discussed later.
Eq. (1) is a one—dimension diffusion—like equation and can be solved for certain initial
and boundary conditions. For the pore pressure oscillation method, those conditions are
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P(x,0)=0, (2)

py=0, [2L| #3592 4 torsso, 3)
ox ), kd ot

P (t) =P ;sin(wt+9). 4)

In above equations, the coordinate x is chosen so that the downstream end of the sample
is at x = 0. Sy is the storage of downstream reservoir. It is defined as volume V,; of fluid at
pressure P, which must be injected/released from the reservoir in order to cause a unit
change of pressure in that reservoir. Besides, the pressure P has been normalized to the
initial pressure in the system so that P(x, 0) = 0. Eq. (2) shows that at the start of the
experiment, the pressure inside the sample is uniform and is normalized to the initial
mean pore pressure Py. Eq. (3) is the mass conservation at the downstream face of
sample. And Eq. (4) expresses the pressure oscillation at the upstream face of sample.

Detailed discussion on solving the above boundary problem can be found in Ref. [6].
Solutions are

P(x,t) = aP,sin(wt+ 68+ 0) + 2P,wk u AL B’
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Where, o is the amplitude attenuation, and 6 is the phase shift, 7, =——¢ and x, = —
are normalized time and distance into the core, respectively, y,, satisfies the following
equation:

BAL
Sa' y/m

tany,, = (6)

Eq. (5) can be re-written as follows for simplicity,

P(x,t)=aP;sin(wt+ 0 + ) + {Transient Response} . (7)
It is clear from Eq.’s (5) and (7) that the pressure response along the sample includes two
parts: a steady sinusoidal oscillation and a transient part with exponential decay. The
steady response of the pressure along the sample will be a sinusoidal oscillation at the
same frequency but with attenuated amplitude aP, and a phase shift 6. Along the sample,
o and 4 has the following relation:

(1+z)\/7cosh[(l+z)xl)\/E +i2§L’?sinh (1+i)xD\/E}

all L n
(1+l)\/7008h|:(1+l)\/7 +i2;L'B°'sinh (1+1')\/E}
aMé i n

In particular, at the downstream side of the sample,

(8)
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ae’ = 11 . . 9)
cosh{(l + i)\/% } + J;_; sinh{(l + i)\/% }
Where 7 and £ are defined as
24k
= wulLsS, ’ (10)
AL
¢-2L (1)

In experiment, when the amplitude attenuation o and phase shift § are measured, # and &
can be solved from Eq. (9), thus both permeability and storage capacity can be calculated
using Eq.’s (10) and (11).
EXPERIMENT
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Figure 1: Schematic of sinusoidal pore pressure oscillation permeameter (SPPOP).

Measurements of gas permeability on tight samples have been performed in an apparatus
called the sinusoidal pore pressure oscillation permeameter (SPPOP). The schematic of
SPPOP is shown in Figure 1. The setup includes two computer controlled displacement
pumps (only one is shown in the figure), a Hassler type core holder, pressure transducers
and valves. For those two pumps, one is used to apply the confining stress, and the other
one, as shown in Figure 1, is to apply pore pressure Py and generate pressure oscillation.

During a measurement, a dry, clean sample is first loaded into the core holder with a
confining stress applied. It is then pressurized to certain pressure Py with nitrogen gas
(N,). After the pore pressure has been stabilized, a small pressure oscillation with its
amplitude equal or less than 5 % of pore pressure is introduced at the upstream face. So
P (t)=P,;sin(wt+0)+ F,, and P4 < 0.05P,. Downstream pressure response Py(f) is

measured. Nitrogen gas permeability (k,) at that pore pressure can be calculated from the
amplitude attenuation and phase shift of the downstream response using the above
equations (9) — (11). The above procedure is repeated to measure gas permeabilities at
four different pore pressures: 100, 200, 300, and 400 psig. An effective confining stress
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of 1000 psi was applied on all other samples tested in this work, except for sample B1
where an effective stress of 850 psi was used. Gas Klinkenberg permeability was
obtained from extrapolation of &, vs. 1/ Py curve to where 1/ Py = 0 or Py —o.

The samples we used in this work were from tight gas sand reservoirs and shale gas
reservoir. They were typically 1 inch diameter and up to 1.5 inch length. They were
cleaned and oven dried at 60 °C. The porosity ranges from about 3% to 12%. Table 1 lists
parameters for those samples.

DATA ANALYSISAND DISCUSSION
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Figure 2: Upstream pressure oscillation with period 7= 1000 s (solid line) and downstream response (dash

line) of sample N1.
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Figure 3: Amplitude spectrum of upstream (thin line) and downstream signal (thick line) for sample N1.

An example of measured raw data P,(¢) and P,(f) on sample N1 is shown in Figure 2,
where the oscillation period (7) was 1000 s, so the frequency was 0.001 Hz. The mean
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pore pressure was 100 psig, and the upstream oscillation amplitude was 5 psi. The
pressure oscillation amplitude was much smaller than the pore pressure. Therefore, the
mean pore pressure along the sample remained constant. It is one of the advantages using
pore pressure oscillation method as compared to the SS method, where a larger pressure
drop has to be applied on the sample of inch long to measure certain flow rate. It
eliminates the unwanted variation in both pore pressure and effective confining stress.

Fourier Analysis

Amplitude attenuation of downstream signal, a, was obtained from the amplitude
spectrum of P,(f) and P,(f), and the phase shift # was obtained through their cross
spectrum. Fast Fourier Transform (FFT) has been used for the above Fourier analysis.
Figure 3 shows the amplitude spectrum of the temporal data in Figure 2. In the figure, the
strong DC components in both upstream and downstream signals were from the mean
pore pressure Py. Two peaks overlap each other at @ = 27/1000 = 0.0063 s represented

the upstream driving signal and downstream response, respectively. The insert in Figure 3
is the same plot with vertical axis zoomed in to show that the downstream response at @
was well separated from other frequency components, such as room temperature
fluctuation at very low frequency, noise from pump and pressure transducers, and other
electrical noise at medium to high frequency. FFT in data analysis works as a filter. This
filtering effect enhances the signal-to-noise ratio (SNR) and results in an increased
sensitivity of measuring very low permeabilities. Those noises, on the other hand, exist in
USS measurements and often complicate the data interpretation.

Transient Response
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Figure 4. Amplitude attenuation « (solid line) and phase shift 6 (dash line) of downstream signal as a
function of time for sample N1.

From Eq.’s (5) and (7), the downstream pressure has a steady response and a transient
part. The transient part decays exponentially with a time constant dependent on sample
dimension, permeability, storage capacity, and fluid viscosity. In experiment, we
typically record data for at least 8 cycles to ensure that the early time transient behaviour
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has vanished. Figure 4 shows the downstream amplitude attenuation o and phase shift 6
as functions of time for sample N1, where o and 6 were obtained using FFT with a
sliding time—window of 4 oscillation cycles long from raw data in Figure 2. It is seen
from the figure that the steady response was indeed achieved after about 3 cycles of
oscillation.

Frequency Dependence
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Figure 5: Relation between oscillation period and downstream amplitude attenuation (diamonds:
experiment data; line: analytical calculation) and permeability (dots).
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Figure 6: Relation between measured gas permeability and oscillation period for various samples.

Fluid flow in a porous medium described by Eq. (1) is a diffusion—like process, with a
diffusivity of k/(x,) . On the other hand, in a pore pressure oscillation measurement, the

gas flow in the sample changes direction at a frequency of w. In experiment, this
frequency has to be carefully chosen so that the gas flow can reach the downstream end
of the sample, and cause downstream pressure increasing to a detectable level before
flowing backward. By comparing diffusivity with oscillation frequency, it is suggested
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that the lower the sample permeability, the longer the oscillation period should be. Figure
5 shows both the measured and calculated downstream signal attenuation as a function of
oscillation period on sample B1, where Eq. (8) was used for the analytical calculation.
Measured signal attenuation agreed well with that from analytical calculation. For this
particular sample, if we need o > 0.01, 7 < 5000 s would be useless, and 7= 10000 s
would be sufficient. On the other hand, as long as gas flow reaches the downstream side
and certain signal-to-noise ratio (SNR) is reached; permeability can be deduced using this
method. Gas permeabilities at a pore pressure of 100 psig with different oscillation period
for sample Blare also shown in Figure 5. More measurements on different samples are
shown in Figure 6. From both figures, the permeability does not depend on the frequency.

Method Comparison and Error Analysis
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Figure 7: Klinkenberg permeability for a tight gas sample N1.

For all samples measured by SPPOP, Klinkenberg permeabilities were obtained to correct
for the pore pressure dependence. Figure 7 shows an example for sample N1 with a
Klinkenberg permeability of 0.004 mD. To calibrate the results from SPPOP,
Klinkenberg permeabilities of S, J and N samples were also measured by SS method,
which was made in the same Hassler type core holder with the atmospheric back
pressure. The flow rate in SS method was measured by a mass flow meter or a bubble
tube burette. Gas permeability was measured under four different delta pressures, i.e. 5,
10, 20 and 40 psi. Figure 8 shows the Klinkenberg permeabilities from both SS method
and SPPOP. From the figure, in the range of 10 to 10” mD where the comparison has
been made, permeability measured from SPPOP agrees well with that from SS method.
More comparative measurements are needed and currently ongoing at the low
permeability side (<10 mD).

In Figure 8, error bars have been included for two samples S2 and S4, respectively.
Errors in SPPOP measurements were estimated based on results with different oscillation
frequencies. They mainly came from errors when solving nonlinear equation (9). Below
we will discuss the associated uncertainties. Firstly, in our experimental setting,
permeability can be measured more accurately than sample storage capacity. From Eq.’s
(10) and (11), k and S, have linear relation with # and £, which are related to o and 6
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through a highly nonlinear equation (9). Therefore impact on k£ and f; due to variations in
o and 6 are the same as that on # and ¢. Figure 9 (a) and (b) show the corresponding
relative errors in k£ and f; for certain change in a and 6, respectively. k varies linearly with
respect to a and 6, i.e. 15% change in a or 8 causes ~ 20% change in k. On the other
hand, f; is greatly impacted by errors in a and 6. In particular, S, can be up to 2.4 times
higher given 15% error in 6.
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Figure 8: Klinkenberg permeability comparison on a set of tight gas samples between SPPOP and SS
methods. Error bars are included for two samples to illustrate the uncertainties from both methods. See text
for explanation.

Secondly, in a SPPOP measurement, both experiment itself and data analysis can
introduce uncertainties in k (through a and #). However, with proper system design and
experimental parameter, most of those uncertainties can be greatly reduced. In data
processing, the resolution in frequency domain is proportional to 1/ATy, where ATy is the
total length of data to be analyzed. In experiments, we typically record at least 8 cycles to
ensure the steady response and better resolution in Fourier analysis. On the other hand,
among those causing experimental errors, downstream storage (S;) and oscillation period
(7) are two most important parameters as they have great impact on a. Decreasing Sy
through decreasing the volume of downstream reservoir, and increasing 7" will lead to
larger a, thus improve the measurement resolution. In experiment, volume of the
downstream reservoir is minimized, and S, has been calibrated at different pore pressures.
For different samples, 7 is chosen so that o > 0.02 and proper SNR is achieved in
frequency domain. Other sources of experimental errors include noise from pressure
transducers, room temperature variations, noise and distortion in pump movement. As
discussed above, by recording data with enough cycles, FFT can effectively filter out
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those noises in frequency domain. With the above mentioned calibration and precautions,
main uncertainty in a SPPOP measurement comes from error solving nonlinear equation

(9).
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Figure 9: Relative change in & and S as results of a relative change in « (a) and € (b), respectively.

In Figure 8, errors in SS measurements were mainly from the measured flow rate. For
samples with relatively higher permeability (~10 mD), uncertainties from both SPPOP
and SS methods are both negligible. As the permeability decreases, uncertainty from the
SS method increases greatly due to the difficulty in measuring small flow rate by mass
flow meter. In contrast, error from SPPOP just increases slightly, and is much smaller.
Therefore, SPPOP yields more accurate permeability characterization than that from SS
method, especially in the micro and sub-micro darcy region.

Finally, as mentioned in the theoretical background section, we have solved a linear
equation for gas flow analytically, with assumptions of small pressure change and
constant compressibility. From the above discussion, during a pore pressure oscillation
measurement, P, < 0.05P,, pressure drop across the sample is very small. For such small
pressure variation, gas compressibility can be approximately considered as constant.
Therefore, those assumptions are valid. Besides, the validity of a linear system
assumption is also supported by the agreement between the measured frequency
dependence of attenuation and that from analytical calculation (Figure 5), and by the
agreement between SS Klinkenberg permeability and that from SPPOP. Research on
more rigorous theoretical treatment is currently ongoing.
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CONCLUSION

We have applied a pore pressure oscillation method in permeability characterization of
tight samples from unconventional gas reservoirs. By introducing a very small pressure
oscillation to the sample, we reduce the large pore pressure variation and are able to
maintain pore pressure along the sample. Introducing FFT in data analysis enhances the
signal-to-noise ratio, increases the sensitivity of measurement, and results in more
accurate characterization. Moreover, pore pressure oscillation technique is non-
destructive and can measure the permeability change continuously. It may find particular
application in the study of permeability stress relation, in permeability assessment during
core flood experiment, and in other physical or chemical process where permeability
change plays a key role.
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Table 1: Core Dimensions and Properties

Length Diameter | Porosity k ss k_sppop
Sample# | (em) (cm) (%) (mD) (mD)

S1 3918 2530 5.9 95x 107 40x 10™
2 2.647 2530 46 83x 107 50x 107
S3 3.360 2533 59 14x 107 3.0% 107
s4 3.198 2531 9.2 3.6 107 3.6% 107
S5 3.830 2532 8.7 23 %107 33% 107
S6 3.853 2.530 7.9 50x 107 3.0% 107
S7 3.861 2.526 8.9 38107 40x 107
S8 1.894 2591 5.7 37x 107 20% 107
Il 2.695 2.528 8.7 72%107 1.6 10~
2 3.837 2516 6.1 9.0x 107 9.7% 10
13 2.495 2.531 4.4 17x10™ 25x% 107
J4 3222 2534 8.6 21% 107 27% 107
N1 3.169 2539 11.8 19% 107 39107
Bl 3.943 2535 \ \ 1.0% 10




