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Supporting Information (SI)

SI1. Consideration of Non-linearity of Gas and Solutions for a Mixed Gas State

For gas flow, we can use a pseudo-pressure variable to linearize Eq. (1D) as

u and c, are functions of pressure. Thee pseudo-pressure p, is defined as

(Haskett et al., 1988)

pp=2[; —dp (S1)

By combining Eq. (S1) with the ideal gas law, the pseudo-density may be

expressed as

_pM _ p’M
P = %r = UZRT (82)

Because viscosity and compressibility do not change significantly (less than
0.7%) between 200 psi and atmospheric pressures, Eq. (S2) can be simplified
to

2
pp = p°M (S3)

RT
Thus, the density change is replaced by the pseudo-density for a precise
calibration by using pressure squared.
During the GPT experiment, different gases in the reference and sample
cells may complicate the hydrodynamic equilibrium of gas, and consequently

the expression of transport phenomena, as the viscosity and gas

compressibility are in a mixed state. Therefore, during the GPT experiment
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when a different gas exists between the reference and sample cells a, a mixed
viscosity should be used after the gas in reference cell is released into the
sample cell. The viscosity of mixture p,,;, under pressure in Egs. (3A)-(3C)

can be calculated from (Brokaw, 1968; Sutherland, 1895)

=y M
Hmix = X s By + Uy (S4)
ji

B;; is a correction parameter independent of gas composition and can be

ij
expressed as

[1+(Z_;)0.5(AA//II_JL:)O.5] 2

Bij =

(S5)

M
2+/2(1 _Jyos
V2(145)
in which w, is the correction term for the viscosity variation as its changes

with pressure and given by

Pcm2/3
Tem/®

- _ 1.858
.up =1.1x10 8(61.439p,«m —e 1.111pym ) % MmO.S .

(S6)

SI2. Gas Transport in GPT

From Eq. (1D), the transport of gas in the GPT with the "unipore" model
under a small pressure gradient in a spherical coordinate system with laminar
flow is based on the Darcy-type relation. Because the transfer rate of the fluid

is proportional to the concentration gradient, this process can be expressed as:

ap k 20p 9%p
Moo K20y 2oy (S7)
ot cepru T Or or?

We set
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k
ko=t (S8)
k
K, =—
a Ct¢f (Sg)
Then, Eq. (S7) becomes:
ap 20p d%p d 9?
—r = KC7E+ 55 or —(ppr) = Ka55 (ppr)  (S10)
We next introduce the following dimensionless variables:
_r (Pps—Pp2)
SR (Ppo—Pp2) (Sll)
R (S12)
Ppo—Pp2
£=— (S13)
Kqt
=7 (S14)

where p; and p, are the gas density in the reference and sample cells, and
po 1s the gas density outside the connected pore volume (the gas has flowed

from the reference into sample cells but not into samples), and p, is given by

_ V1p1+(V2—Vp)p2
Ve

Po (S15)

where V; is the reference cell volume, V, is the sample cell volume, V,, is
the bulk volume of the sample, V. is the total void volume of the system
minus V, where V. =V, +V, —V,.

If the bulk density of the sample is p; and the total mass of the sample is

Mg, then the total number of sample particles N is:
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Ms

N = . (S16)
Based on Darcy's law, the gas flow into a sample Q is:
Q = —4nR?(k, )N = — 3 Mz 9 (S17)
Sor Rpp Sor

According to mass conservation and in combination with Eq. (S17), for
t >0 and r = R,, we have
3 a ap
~VpKacep =~ ps = Vo=t (S18)
Substituting Eq. (1C) into Eq. (S18), the boundary condition of Eq. (S10),

for & =1, is:

3 dps ap
—~VpKapp 22 = V=L (S19)

Substituting dimensionless variables into Eq. (S10) yields:

dUs _ 92Us
Frialers (S20)
By defining parameter K. as:
Ve
= (s21)
the boundary condition of Eq. (S19) becomes:
Uy _ _ 3 s _Us
Frinia G Tty (522)

From Eq. (S21), K. represents the ratio of gas storage capacity of the total
void volume of system to the pore volume (including both adsorption and non-
adsorption volume) of sample.

The initial condition of Eq. (S20), for 7 = 0, is:
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when 0<¢<1,U;,=0 (S23)

For 7 > 0:
E=0,U,=0 (S24)
§=1Us=Ur=1 (S25)
aUs 02U
Frlarrs ,0<E< 1 (S26)

Replacing the Heaviside operator p = d/dt as p = —s?, Eq. (S20) and

Eq. (S22) then become:

92U P
2°Us _ 2
S+ 57U 0|US=OI€=O (S27)
2 _ 1y = 3 9Us _Us
@ -D =g G- (528)

For these first- and second-order ordinary differential equations, we can
solve Egs. (S27) and (S28) as:

a?sina&

Us = Kic(sin a—acosa)+a?sina (529)
In Eq. (S29), a, are the roots of Eq. (S30):
3a
tana = Tk, (S30)

Defining the numerator and denominator of Eq. (S29) as functions

f(a) and F(a), U, can be expressed as:

_ f(a) © f(an) —an2T
US B aEO F(a) +2 Zn:l anF'(an) e (S3 1)

SI2-1: Solution for the Limited K. Value
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Under the condition of limited K. value, Eq. (S20) is solved with the
boundary condition of 0 < & < 1 at time t, and the gas state on the grain
surface is initially at equilibrium with the gas outside. Using the Laplace

transform, Eq. (S31) is given as (the Laplace transform part can be found in

APPENDIX V of Carslaw & Jaeger, 1959) (Brokaw, 1968; Sutherland, 1895):

, )
K, w Sinéan Kc.e~an™T

US = + 6271:1 : 2 2
Kc+1 sinay 9(Kc+1)+an?K,

(S32)

As the pressure transducer detects the pressure in the reference cell, with

the boundary condition Uy = Ug|s=1, we can calculate Uy as:

K¢

2
K e—an T

+ 63y s
1+K,

=1 9(K.+1)+a, 2K >

U = (S33)

For a convenient expression of «, through logarithmic equation, Eq. (S33)
can be transformed as:

2
Ko (1+K)e~an’T
9(Ko+1)+an2K 2

1-UpA+K)=1-6X7- (S34)

The left side of Eq. (S34) clearly has a physical meaning for the state of
gas transport outside the sample, and we define (1 —Uf)(1+K;) as Fy,
which is less than, but infinitely close to, 1. Parameter Fy represents (1) the
fraction of final gas transfer of V, which has taken place by time ¢, which can
be interpreted as the net change in the density of gas at time ¢ to time infinity
as Eq. (S35), or (2) as the fractional approach of the gas density to its steady-

state in terms of dimensionless variables as Eq. (S36).
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F, = 207Ppf ) (S35)
ppO_pfoc

_1-Up

Pro=Prf (1 + K,) (S36)

Fr =
s 1-Uy Ppo—Pp2

where for 7 — oo, the result of Uy and pg,would tend to be the limiting

value:

U, = Uy = Us& = 2Xe (S37)

1+Kcl gy

— Vip +(V _Vs)p _ K.
pfoo == ‘1/1+V2_Vs := 1+K, (ppO - ppZ) + sz (838)

Thus, Eq. (S34) can be expressed as:

2
Ko (1+K;)e~an’T
9(Ko+1)+an2K>

Fr=1-6%%, (S39)

For calculating the permeability, Eq. (S39) can be linearized as a function

of time as there are no variables other than the exponential part:

In(1—Fy) = f, — sqt (S40)

where f; is the intercept for the y-axis of function (S40):

6K (1+K.)
9(14K.)+aq 2K,

fi=1n|

The slope s; can be captured by the fitted line of the linear segment, and

] (S41)

a; 1s the first solution of Eq. (S30):

2
s, =%t (S42)

Rg?

Thus, the permeability can be calculated as:

2
| = R KePrsi (S43)

a12
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SI2-2: Solution for K. Goes to Infinity

When V. has an infinite volume compared to the void volume in a sample,
which means that the density of gas in I would be kept at p,o, and «
would approach nm in Eq. (S30), then Eq. (S32) can be transformed as:

Us = § + 255 (-1 S gl (344)

In this situation, Ur = 1, and as the gas density would be maintained at the
initial state at py, it would be a familiar case in diffusion kinetics problems
with the uptake rate of Fy to be expressed as F; in V}, (Barrer, 1941):

Fy = (S45)
where pg,, is the average value of p,. in the grain, and pg, is the
maximum value of pg,:
Psr = Pps — Pp2r Psw = Ppo — Pp2 (546)

The value of p, in the grain is:

3 (R
Psav = EIO psrrz dr (547)
Then F; becomes:
3 (RU;s
szﬁfo ?rzdr (S48)

Substituting Eq. (S44) into Eq. (S48), we can calculate:
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6 w —(nn:)z‘r
F=1-¥ra (S49)

n2

Similar to Eq. (S39), Eq. (S49) can also be linearized to calculate the
permeability in 7 from the fitted slope. For t > 0.08, Eq. (S49) can be
reduced as:

— 6 —m
F;—l—;e

2

* (S50)
When t is small enough (for 7 < 0.002), Eq.(S49) can be transformed
into Eq. (S51).

F=6 (S51)

e

As F; is a special solution of Fy with the case of K. goes to infinity, we

can arrive at:
FE=F=0-Us)(1+K,) (S52)

For testing the ultra-low permeability rocks using granular samples whenk
goes to infinity, Eq. (S50) and Eq. (S51) can be selected using different
values.

From the fitted slope s, of function In(1—F;) from Eq. (S50), we can

then derive the permeability:

Ra’ucedrs,
fo = S kelrte
s

The results of Eq. (S53) are very similar to Eq. (S43) as the first solution

(S53)

for Eq. (S30) is very close to m.
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From the fitted slope s; of function F;* from Eq. (S51), we can derive

the permeability:

2
k = TRg F;Zt‘pfSS (854)

SI3. A Case of Data Processing for GPT

We show here an illustration of the data processing procedure for the GPT
with a molecular sieve sample (https://www.acsmaterial.com/molecular-
sieves-5a.html). This material consists of grains of 2 mm in Diameter with a
porosity of 26.28%, and a uniform pore-throat size of SA in Diameter, with a
particle density of 2.96 g/cm’. For a 45 g sample, the K, value is 19.4 from
Eq. (S21), and therefore 4.9% of the density ratio (1 — Ky) is available for
mass transfer from Eq. (1K).

The experimental data were captured under a strict temperature control and
unitary-gas environment, along with a precise measurement of barometric
pressure. The experiment was run twice, and after the data were collected, 1)
we made a rough evaluation of the "Penetration Zone" of this sample based on
Figs. 5-6. For this molecular sieve sample, the "Penetration Zone" is shown in
Fig. S1, and the mass transfer in unit time more conforming to a linear state
(shown as Fig. 5) over a large time range, especially at 100-300s; 2) data in

the selected range (100-300s) were fitted respectively for the slope from Fig.
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S2, then slopes were compiled in Table SI3-1; 3) permeabilities were
calculated using the slope of the fitted curve, and all results for LLT, ILT and
IET are also shown in Table SI3-1; 4) the results were checked with their
dimensionless times to verify whether the early- or late-time solutions were
used correctly. Table SI3-1 clearly shows that the results of IET should be
selected for this sample, as the dimensionless time is less than 0.024. Note that
the data fluctuation shown here was from a high resolution (+0.1% for 250
psi) pressure sensor without undergoing a smoothing process; meanwhile, for
data in the 100-200, 200-300, and 300-400 seconds of experimental duration,
100, 200, and 300 seconds respectively were used to calculate the
dimensionless times for the results in Table SI3-1.

In addition, the validity of the permeability obtained needs to be verified by
using the time interval employed in data fitting and the calculated permeability
results to calculate the 7 (Table SI3-1). If the dimensionless time is less than
0.024 (as occurred for the case of molecular sieve), the IET solution is selected;
if the dimensionless time is greater than 0.024 and K, is greater than 10, the
ILT solution is used; if 7 is greater than 0.024 and K, is less than 10, then
the LLT solution is employed. However, for sample sizes smaller than 1.27
mm, Conflicting Results (described in Table 1) occur, and results from this

situation are not recommended due to poor data quality.
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Table SI3-1. Permeability results of molecular sieve from LLT, IET and ILT

Fitting 2 T - 2 T - 2 Slope- Slope- Slope-
range (s) T (M) Ly BT ey ILT(m?) 7w ALT 7y iy IET ILT
100-200 5.60E-22 0.004 1.02E-21 0.007 5.00E-22 0.003 0.0004  0.0007 0.0004
200-300 4.20E-22 0.006 5.81E-22 0.008 3.75E-22 0.005 0.0003  0.0004 0.0003
300-400 2.80E-22 0.006 4.36E-22 0.009 2.50E-22 0.005 0.0002  0.0003 0.0002
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Fig. S2. Fitted slopes for each solution; (a) to (c) are results of LLT and ILT, while
(d) to (f) of IET.

SI4. Equipment and samples

The experimental setup in the GPT presented in this study is based on the
GRI-95/0496 protocols (Guidry et al., 1996) and the SMP-200 guidelines from
Core Laboratories with the gas expansion approach (shown in Fig. S3). In this
work, gases (He, Ar, N2, or CO2) with different molecular sizes and sorption
capacities were tested using two shale core samples (X1, X2) from an oil-
producing lacustrine formation in the Songliao Basin, China. X1 is used for
sample size study where X2 used for experiment with different gas. Also, we
used the molecular sieve to exhibit the practical utilization of the GPT method
in SI3. We gently crushed the intact samples with mortar and ground to
different granular sizes from 0.34 mm to 5.18 mm through a stack of sieves
(named here as Size X: 8 mm to #8 mesh; GRI+: #8-#12 mesh; Size A: #12-

#20 mesh; GRI: #20-#35 mesh; Size B: #35-#80 mesh).
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Fig. S3. Scheme of the GPT experiment for granular samples with all the cells and

supplies placed inside an incubator for temperature control.

After loading each sample, related accessories (e.g., solid discs or balls for
volume control; and hence porosity, sample mass, and solution-related) were
placed below samples inside the cell (Fig. S3). Next, valves 1 and 3 were
closed, then valves 2 and 4 were opened for air evacuation. Using a precise
pressure gauge connected to the reference cell shown in Fig. S3 we monitored
changes in the pressure. The evacuation time typically lasted at least 15-30
min, and then the system was allowed to stabilize for another 15 min. As the
moisture content of the samples significantly influences the final vacuum, the
samples were placed into the sample cell immediately after removal from the

drying oven set at 60°C for two days and cooling in a low-humidity desiccator.

The experiments were conducted at the temperature of 35°C by placing the

SMP-200 inside an incubator equipped with a high precision temperature-
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humidity sensor to monitor changes. This is to ensure that the system
temperature was always stable (0.05°C over at least 45 mins of experimental
duration). For temperature monitoring, after evacuation, we closed valves 3
and 4 followed by opening valves 1 and 2 (shown in Fig. S3) and monitoring
the heat convection and conduction in the system with the pressure gauge.
Normally, the sample was placed inside the sample cell in less than 30 sec
after opening the incubator and remained at least 45 min for the gas pressure
to stabilize before the pressure decay test. After the pressure was stabilized
(0.005 psi for an experimental pulse pressure of 200 psi), it was deemed that
there was no appreciable additional flow due to temperature variation in the
system, as indicated by the rebound of the pressure decay curve. After reaching
a unitary gas condition and stable temperature in the GPT experiment, valves
2 and 4 were closed, and the reference cell was filled with the probing gas
(mostly non-reactive helium) at 200 psi. Valve 2 was then opened to release
the pressure in the reference cell into the void volume in the sample cell, and

the pressure decay for both reference and sample cells were recorded over time.

SI5. Experimental conditions

We performed leakage tests by measuring the pressure variation with non-
porous solids, such as steel balls, as any leakage would cause pressure

variations and, accordingly, errors in permeability measurements of tight
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porous samples (Heller et al., 2014). Before the data from porous samples were
analyzed, the leakage pressure from the steel ball experiment was subtracted
from the sample data to correct the modest (<5% of the pressure levels used

for permeability analyses) leakage effect.

The need for a unitary gas environment (a single gas used in both reference
and sample cells) is needed to successfully measure permeability via the GPT
method. The relative movement of gas molecules in the mass transfer process
is driven by the gas density gradient in the system. During gas transport, the
pressure variance was recorded and used to obtain the permeability coefficient.
However, when the gas in both cells is different, e.g., helium in the reference
and air in the sample cells, the mathematical analysis requires a complicated
correction accounting for the mean molar mass and the average gas dynamic
viscosity of the gas mixture. In this study, we present the calculation with the
viscosity of mixed gases for the GPT in the SII. Since the mixed gas
environment is not recommended, air evacuation should be used for a well-

controlled unitary gas environment in the GPT.

A stable temperature is another critical point to ensure the success of the
GPT experiment. A sensitive pressure transducer in combination with the ideal
gas law, used to establish the relationship between pressure and gas volume
change, would be a much more convenient and precise way than the gas flow
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meter to determine the gas permeability considering the measurement
accuracy. According to Amonton's law (Gao et al., 2004), the kinetic energy
of gas molecules is determined by the temperature, and any changes would
alter the molecular collision force causing a pressure variation and a
volumetric error. The GPT experiments were run two or three times on the
same sample, and the sample skeletal density at the end of the experiment were
obtained to check the overall indication of leakage and temperature control.
The experimental data with relatively large and stable skeletal density (mostly
the last run, from small but appreciable pressure change to reach stable values)

were used.
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