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Abstract

Darcy-type advection is the dominant transport mechanism in sandstone and carbonate reservoirs, while diffusion (driven by concentration
gradient) can be the main process to transport hydrocarbons inside low-permeable shale matrices. These advection and diffusion processes
affect fluid flow and hydrocarbon migration, with their rates difficult to quantify in rocks with um to nm-scaled pore networks. Microscopic
characteristics of porous materials - pore shape, pore-size distribution, pore connectivity - influence macroscopic behavior of fluid flow and
hydrocarbon migration. The pore structure (both geometry and topology) effect is further complicated by fluid-wet characteristics of reservoir
rocks. Using custom-designed tracer recipes in hydrophilic, hydrophobic and zwittering fluids, followed with micro-scale mapping of laser
ablation-inductively coupled plasma-mass spectrometry, this work presents experimental approaches to quantifying the rates of advection and
diffusion in different reservoir types (sandstone, carbonate, and shale).

Results show that reservoir rock possesses a range of pore structure (with a wide range of pore sizes at um to nm ranges, as well as different
connectivity) to control the behavior and rates of imbibition and diffusion processes. Chemical diffusion in sparsely-connected pore spaces is
not well described by classical Fickian behavior; anomalous behavior is suggested by percolation theory, and confirmed by results of our
imbibition tests. Imbibition into a fluid-wet rock with well-connected pore spaces leads to mass uptake proportional to time, while sparsely-
connected pores exhibit an imbibition exponent of 1/4, with a much lower rate and anomalous behavior. Overall findings for organic-rich shale
indicate that the pore connectivity and “Dalmatian” wettability of organic and inorganic compositions are implicated with the entanglement of
nano-sized molecules in ~5-10 nm-sized pore spaces.
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Oil & Gas Production: From Reservoir to Source Rock
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Petrophysics A oo
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Petrophysics (petro is Latin for "rock" and physics is the study of
nature)

The study of rock and fluid (gas, liquid hydrocarbons, and
aqueous solutions) properties as well as their interactions

Milestones: Kozeny (1927); Schlumberger brothers (1936); Buckley
and Leveret (1941); Archie (1942); 1947: Morse et al. (1947); Archie

(1950; suggested the name of petrophysics); Welge (1952); Johnson
et al. (1958); 1960s (peak days); .....

Nano-petrophysics: petrophysical studies in tight reservoirs
with a predominant presence of nanopores




Different Rocks and Connectivity
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Edge-accessible Effective Porosity B e,
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Accessory data ¥ Gas and liquid pycnometry v’ FE-SEM & FIB-SEM
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MIP Approach to Pore Structure Characterization

* Mercury Intrusion
Porosimetry (MIP)
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Log differential intrusion (mm?®/g/pm)
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MIP Analysis: PSD vs. Grain Sizes B e,
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Global Benchmarking Tests: KG?B Project (2015-2017) @ TEXAS ARLINGTON
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MIP Results: pm-nm Pore-throat Spectrum for Different Rocks A TEXAS-ARLINGTON
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Eagle Ford Stratigraphy: Pore-throat Size Distribution

Maverick basin

and San Marcos arch

\ UNIVERSITY OF
?(‘TEXAS-ARLINGTON

Organic matter-related

Upper Cretaceous

Coniacian,

Santonian,

Campanian

Turonian

Austin Chalk

Cenomanian

Eagle Ford
Shale

Buda Limestone

Del Rio Shale

Georgetown Ls.

*rAustint g "’ - !

100 I RN S — g _
"E 8D fommmmmmm e e e B e e e -E% %" 20 E
t ol D=28.85/0—B w s g :
P+ k=0.039mdf§ g .

20 NN S — E

pn ::]Oll::f':]lrua':(:;:llneter :l.::’l) o o 0.0028-0.005  0.005-0.01 0.01-0.05 0.05-0.1 0.1-1 1-10 10-50
T Pore-throat diameter (pum) f
100-1000 nm 2.8-5 nm 1-10 pm
5-10 nm 10-50 prr
100-1000 nm 10-50 nm
- 100 D h |

o Del__Rl._o _________________________ L . Buda .
. | Formation : Limestone | ¢
A
(. ©=10.5% 0=2.79% |.:
‘ i B B
¢ .1 k=0.16 md b k=73.4nd |, ;

e ) } i } . ] 1
0.0028-0.005 0.005-0.01  0.01-0.05 0.05-0.1 0.1-1 1-10 10-50 0.0028.0.005 0.005.001  001.0.05 0.05-0.1 01-1 110 10.50

Pore-throat diameter (um) Pore-throat diameter (pm)

12



Barnett Formation: Pore-throat Size Distribution
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MIP Analysis: Shale Pore Structure and Network

Log differential pressure (mm>/g/pm)
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Imbibition Test: The Square-Root-of-Time relationship A TERAS ARLINGTON
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Cumulative imbibition (mm) in log scale

Cumulative imbibition (mm) in log scale

Imbibition Test to Probe Pore Connectivity
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Mixed Wettability and Associated Pore Structure Aréic“ﬁé’_ﬁféi}‘ﬁc%b:
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Log (cumulative imbibition, mm)

Pore Connectivity: Imbibition
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High pore connectivity for n-decane (slope

-0.5 0.5 1.5 2.5 35

Uniform

wetting front

K] Mn| sec)

] B (1]

Hu et al.,
JH, 2002

~1/2; but only travel for 1 cm after 7 hrs)

Log (cumulative imbibition, mm)
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-
I Slope: ()597"

10 min 7 hr

Slope: 0.075

n-decane
North Dakota Round Prairie 1-17H
Three Forks Formation TF2; 10731.5 ft.
Rectangular bar (1.114 cm long % 0.95 cm
wide x 1.012 cm tall)

Log (time, min)

1 2 3
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Wettability-based Fluids and Tracers B e,

* API brine (8 wt% NaCl+2 wt% CaCl,) [water-wet]
v ReO, (0.553 nm) - -
v' Anionic Sb-complex (0.89 nm) o ﬂ‘\_ﬁ‘\; »
o
v' Cationic Ru-complex (1.0 nm) ° W S
v' CdS nanoparticles (5—10 nm)

o 0O — -

o>"~o CagH24NgRU4Cl;

* n-decane: toluene [oil-wef]

. 0.23 1.393 nm X 0.287 nm X 0.178 nm
v Organic-I Q

mm | CHz(CH2)gCH4I)

v Organic-Re - Qp

v' CeF; nanoparticles (10-12 nm) |

* Tetrahydrofuran—zewittering
v Ru-complex (2.42 nm)

1.273 nm X 0.919 nm X 0.785 nm
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Different Tracer Tests for Process-Level Understanding Aréi(“;;”fi{‘ﬁi}‘;’c%w

Laser Ablation-Inductively
Coupled Plasma-Mass
Spectrometry (LA-ICP-MS)

Hu et al., VZ], 2004; GJ, 2012

High-pressure impregnation
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Liquid Tracer Diffusion Tests B e,

Laser Ablation-Inductively
Coupled Plasma-Mass
Spectrometry (LA-ICP-MS)

Diffusion [

“‘:}“ % Q Hu et al., VZJ ’ 2002, GJ ) 2012
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Liquid Tracer Diffusion in Saturated Mudrock B,

10 ¢
: ® . ® Re exterior data
.. ¢ ° A Re interior line 1
S Lk-2. ¢ A Re interior line 2
U : -~ - ¢ 1nterior line
a - ° S~ R - = Re background (avg +- stnd dev)
= 0l ke S~ - - fitted De: 1.46E-11 m2/s
g ;.'| e e - - =Fitted De: 1.46E-13 m2/s
. ~ [ ] i
Saturated mudrock in s 001 g ® ¢ °._ Barnettshale: 7,136 ft (2,175 m)
. - = -l ‘. saturated diffusion time: 24 hr
contaet-with tracer mixture S o001 L ne o
s B
&
]
> 0.0001
=
=
= ——
& 0.00001 L
0.000001

O ~01%

Diffusion distance (mm)

X
Dt | w113 (exterior); 35.6 (intetior) -
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Non-wetting Fluid: Effective Porosity Effect f . e

Re background 129+1 24 mg/kg Cs background 8. 85+4 20 mg/ kg Ce background: 51.0+33.6 mg/kg
10000 —_ 10000 ' 10000 Ay
] ] ] \! . Ce
Hm- HA °Q mg/kg
pm 7 o . |

7000- 7000-

Q O~. . |
1 - 28
7000+ <§ ét i
_ o | 116
D% @ 468
1 ¢ @ | —{18.9
4000+ p -

4000+

4000-
1 | o | 7.62
7 @D | background
! 3.07
1 : O ' levels
T I 1.24

1 000 1000-

1000+ b 3
i 1 05

um 4000 2000 o a0 2000 1500 UM

um 4000 2000 4500 3000 1500 MM 0
- - “ Barnett
- Blakely#1 7109
- 1-5 pm : brine
imbibition
- 0-1 pm 94 hrs
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< . ’ “ UNIVERSITY OF
Steric Entanglement: Molecular Size Effect q . ) QEXAS ARLINGTON
—i 10-50 nm |= =—— —
n-decane fluid Niobrara: 17-1A H Pore-throat size | ]
. . distribution
vacuum saturation + high pressure
intrusion I (mg/kg; sampling point) D . L
bkdg: 0.50=0.52 (9); side: 15.3 +4.03(49) Re (mf/ kg; sampling Pi‘m)
interior: +3.01 180) for 4.6+ 17.0% bkdg: 1.5511.46 (9); side: 6751398(49)
terior: 7.1023.01 ( e interior: 3.77%5.45 (180) for 0.330.58%
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Pore volume distribution (%)

\ UNIVERSITY OF
y @A TEXAS-ARLINGTON

CdS (5-10 nm)

Steric Entanglement: Molecular/Particle Size Effect

*

ReO,
(0.553 nm)

Niobrara core
8-2A H (P)

Fluid: API
brine

Diffusion
time: 25 hrs

1000
-------------------------- Pore-—- : ,
P —— throat size 10000 7000 4000 pm 1000 10000 7000
opo . 10-50-nm - 2

[
0.003-0.005 0.005-001 0.01-005  0.05-0.1 0.1-1 1-10 10-36

Pore-throat diameter (um)




Small Angle Neutron Scattering (SANS): Contrast Matching

Detector
4m

Neutron beam @ %

Sample Detector
im

Detector
13m
(with lens)

Detect both connected and closed pores

Obtain full-scale nm-pm pore diameters

\ UNIVERSITY OF
?(‘TEXAS-ARLINGTON

Quantify hydrophilic vs. hydrophobic pore space
Porosity

Results(%)

Investigate reservoir P-T condition

mudrock Sample 1

Sample 2 Sample 3

1 o Sample (SANS »
A Total B w4l 7l 928
o | Hydrophyllic | 704 | 27] 7.16
~1 to 500 . l:l I] |
_ o b nm (~50 Hydrophobic 4.92 2.58 2.32
5| %, . MICP Accessible|  2.12] 0.79 | 3.71
g [ 500 nm to min
20 um (10 ar{alys)ls + Yang et al., Fuel, 2017
el time
) d-H,0 + Sun et al., IJCG, 2017
d-decane * Zhao et al, SR, 2017
d-THF e Zhang et al., MPG, 2019
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Summary B,

Multiple and
complementary
approaches are developed
for pore structure and fluid
movement studies

Different pore structure
characteristics, especially
pore connectivity, is
observed for reservoir and
source rocks "

Microscopic pote

connections influence
macroscopic fluid flow and
hydrocarbon movement
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