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ABSTRACT

The primary focus of this thesis is to summarize a workflow that leverages 3D printing to
generate repeatable rock conductivity samples, reducing uncertainty associated with experimental
results. Study results illustrate how proppant concentration impacts fracture conductivity while
also demonstrating that conductivity results obtained from these 3D-printed samples are repeatable
and reasonable relative to previous experimental studies.

Many previous studies have illustrated that rock surface topography and proppant
characteristics are the primary informants of fracture conductivity. Given that conductivity is
instrumental in determining how prolific a fractured well in a given resource is, great effort has
been made to employ conductivity experiments to better understand how completion design and
subsurface characteristics interact to inform conductivity. Still, isolating and evaluating rock
sample characteristics systematically to form consistent conclusions given the intrinsically
heterogeneous nature of subsurface rocks remains challenging.

Historically, samples for conductivity experiments are generated by fracturing downhole
or outcrop rocks with tension to create realistic fracture surfaces that capture a wide range of
possible surface morphologies. The surfaces created are inherently distinctive, even when using
samples taken from the same block. This lack of sample repeatability complicates identification of
the impact of rock characteristics on conductivity.

To overcome this challenge, 3D printing was employed as a means to produce consistent
samples with well-defined surfaces to be used in conductivity experimental programs. In doing so,
a set of geostatistically informed coordinates was first generated to numerically depict a rough

fracture surface. The coordinates in this system were then connected to form one continuous



surface before sizing and scaling the resulting model to appropriately resemble the 7-inch long, 2-
inch wide conductivity sample required for experimentation. The resulting 3D model was then
printed with a Digital Light Processing (DLP) 3D printer. The 3D-printed output served as a
prototype to create a mold of the conductivity sample, which was, in turn, used to produce “rock”
samples made of high-strength cement.

With this methodology, conductivity samples with identical surface roughness and features
were created and replicated. Reproducing identical samples allows for isolation and testing of
parameters such as proppant size and concentration, in addition to reducing uncertainty associated
with experimental results by conducting the same experiment more than once. Fracture
conductivity tests were conducted using a modified-API conductivity cell and artificial “rock”
samples with varied surface topography.

This thesis aims, secondarily, to summarize progress made in making proppant transport
experimental workflows more comprehensive with the help of 3D printing. Like fracture
conductivity, how effectively proppant is transported through a fracture network and subsequently
distributed throughout that network is a key determining factor in how prolific a fractured well in
a given resource turns out to be.

The foundation of these proppant transport and distribution experiments remains largely
unchanged to date. That being said, this study aims to incorporate another layer of subsurface
complexity by creating a fracture network for proppant transport experimentation characterized by
3D-printed, rough-walled fracture surfaces.

The rough-wall fracture network that was printed for this study is characterized with greater
correlation of features in the direction of flow. Results associated with this updated fracture

network were compared to the previous surface characterization generated, printed, and analyzed



by Tatman et al. (2022). Although the results garnered from the most recent fracture system are
preliminary, they do offer insights into the impact that surface topography has on proppant
transportation and distribution.

When employed appropriately, 3D printing can be leveraged to make a variety of

stimulation experimental workflows more robust in nature.
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1. INTRODUCTION

1.1 Background

Fracture conductivity and proppant transport experiments, geared towards
understanding the relationships between well stimulation parameters and subsurface
characteristics, are inherently difficult to design and execute given the challenges
associated with reproducing realistic subsurface scenarios in laboratory settings. Fracture
surface topography is critical in informing subsequent experimental results. Given that
fracture surfaces are inherently inconsistent, unpredictable, and almost impossible to
replicate, a unique challenge is presented across many stimulation experimental

workflows.

1.2 Literature Review

The literature review summarized in this chapter offers insights into 3D printing
processes and procedures, highlighting areas in which this technology has been employed
for application in oil and gas research. This section also reviews recent advancements in
fracture conductivity experimental studies and in proppant transport experimental studies,

respectively.

1.2.1 3D Printing Processes

3D printing represents a type of additive manufacturing technology that employs
materials including thermoplastics, resins, and metals to create a physical object based on
a digital 3D model (Tatman et al. 2022). Although there is a plethora of different 3D

printing options, there are three main approaches to printing that can be high graded for



appropriate use in laboratory scale research applications: Fused Deposition Modeling

(FDM), Stereolithography (SLA), and Digital Light Processing (DLP).

Fused Deposition Modeling (FDM) beings with a digital 3D model that is
“translated” into instructions for the 3D printer to follow. More specifically, FDM requires
material—which can range from plastics to metal to biogels—to be extruded through a
printer nozzle at a softening temperature as the extrusion head follows the appropriate path
in the XY plane. After the first layer of material is expelled and cured, the extrusion head
is raised a pre-specified height in the Z direction. The procedure is then repeated, this time
with the material expelled adhering onto the layer of material below it. This process
continues until the entire 3D model has been generated. Figure 1 illustrates a schematic of

this process, in addition to displaying an example of this printer type.

FDM | Fused Deposition Modeling

Procedure: Plastic Extruded
Through Nozzle On Predetermined
Path Before Solidifying

Figure 1: Fused Deposition Modeling (FDM) 3D Printing Process (AlI3DP, 2023)



FDM as a 3D printing technique offers a lower cost to alternatives and provides an
opportunity to use a wide range of materials far more versatile than the thermoplastics
typically used in 3D printing procedures. This flexibility comes at the cost of the high

dimensional accuracy required for oil and gas research application (Tatman et al. 2022).

Stereolithography (SLA) is a vat polymerization form of 3D printing. SLA 3D
printers employ mirrors positioned on the X-axis and Y-axis to aim laser beams across a
tub of liquid resin, selectively solidifying a cross-section of the model being printed. The
mirrors are adjusted to allow the laser beam to trace over the appropriate path in the XY
plane. After the first layer of resin is cured, the build plate is raised in the Z direction. The
procedure is then repeated, this time with the resin adhering onto the layer of material
above it. This process continues until the entire 3D model has been generated. Figure 2

illustrates a schematic of this process, in addition to displaying an example of this printer.

SLA | Stereolithography

Procedure: Mirrors Aim Lasers to
Selectively Cure and Harden Resin in
Layer-by-Layer Fashion

Figure 2: Stereolithography (SLA) 3D Printing Process (AlI3DP, 2023)
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As an alternative to FDM printers, vat polymerization printers—such as SLA—
offer much more efficient print times. Additionally, employing lasers as the light source to
cure resin offers the stronger light required by some engineering-grade resins. In part
because vat polymerization printers can be more expensive than their extrusion-based

counterparts, high resolution detail is not sacrificed.

Digital Light Processing (DLP) printers offer another form of vat polymerization
3D printing that allows models to be printed even more rapidly than SLA. DLP printing
employs a digital light projector in lieu of a laser beam to project a cross-section of a 3D
model onto the liquid resin in the tub above it. This exposure to light selectively hardens
the resin, curing it in the shape of the model cross-section. After the first layer of the model
solidifies onto the build plate, the plate is raised on the Z-axis and the process is repeated
until the entire model has been generated. Figure 3 illustrates a schematic of this process,

in addition to displaying an example of this printer type.

DLP | Digital Light Processing

Procedure: Digital Light Projector
Selectively Cures and Hardens Resin
in Layer-by-Layer Fashion

Figure 3: Digital Light Processing (DLP) 3D Printing Process (AlI3DP, 2023)
4



DLP 3D printers offer the same benefits as SLA printers—high resolution model
outputs and high-strength light sources provided for engineering-grade resins— while also
achieving fast model print times. This, of course, is due to the fact that the projected light
source characteristic of DLP is able to cure an entire model cross-section at once, while the

lasers required by SLA must gradually trace the cross-section of the model.

Figure 4 demonstrates the tradeoff between print time and print resolution
discussed briefly above. Given that DLP 3D printers are the best balance of cost, time, size,
and resolution—specifically for this laboratory scale application—it was the 3D printing

technique carried through the studies discussed in subsequent sections.

' Y N
% Fused Deposition
S Modeling (FDM)
o >100 ym
[ =
w
Powder bed and
= selective sintering
£ 100pm
E
o Electrophoretic
c Deposition
a 100um
w (Paskeb 2014)
9 £ , --
o © Stereolithography (SLA)
£ X \ 10-100pm (Sun 2008)
) 7
| Micro-SLA
.g 1-10pm (sun 2008)
g Direct Ink
) Writing
0.5-5um
% Two-photon
(Gratson 2004) A N
0 polymerization
> 0.1-1pm
©
Q (Gentson 2004)
imm 10-'mm 10?mm 10°mm 10*mm
Accuracy

Figure 4: Balance of Resolution / Speed in 3D Printing Techniques (Anderson, 2016)



1.2.2 3D Printing in Oil & Gas Research

As 3D printing continues to become less cost-prohibitive while also achieving
higher model resolutions and faster print times, application to oil and gas research at the

laboratory scale is becoming increasingly feasible.

For instance, Ma et al. (2023) have attempted to 3D print proxies of reservoir rock
from high-resolution micro-CT images. This 2023 publication reviews current 3D printing
technologies and assesses the capabilities of these techniques in their ability to
appropriately mimic reservoir rock in terms of scale, resolution, accuracy, and repeatability

(Ma et al. 2023).

In their efforts to produce a reservoir rock replica 3D model with adequate porosity
and permeability, the authors first created a digital core sample by computer-generating a
randomly uniform sphere pack and scaling it to appropriate core sample size. Ma et al.
(2023) then further processed and converted that digital file to a polygon mesh model,
required for 3D printing and most commonly referred to as an “.stl” file. This model was
subsequently printed. Micro-CT scan technology was then implemented to compare the 3D
print to both the original model (referred to as “Design Model” in Figure 5) and model
converted to appropriate printing format (referred to as “STL Model” in Figure 5). Figure

5 represents a visual comparison of the three models.

The authors note that, while the 3D print captures most of the detail constructed in
the STL model, two-thirds of the porosity built into the original design model was lost

when converting the file to an STL model.



Design Model STL Model 3D Print

Figure 5: Comparison of 3D-Print with Initial Design / Model (Ma et al. 2023)

While Ma et al. (2023) study findings illustrate some potential for capturing
reservoir rock properties on the core plug scale with the help of 3D printing, major
conversion issues from digital model to STL model exist and must be resolved before any

practical application with this technology is prudent (Ma et al. 2023).

Another area of recent interest adjacent to the aforementioned experimental
program is a study geared towards evaluating secondary permeability in a controlled
laboratory scale with a 3D-printed discrete fracture network (DFN) model (Baidoo et al.
2022). In this study, a DFN model is built with MoFrac (a commercial DFN generation
software). With the help of SOLIDWORKS, this simulated DFN is converted to a 3D
physical model and subsequently printed with a 3D printer. The study workflow is

summarized in Figure 6 at the top of the following page.
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MoFrac-Generated DFN SOLIDWORKS 3D Model 3D Print

Figure 6: Discrete Fracture Network (DFN) 3D Printing Process (Baidoo et al. 2022)

The 3D-printed DFN model was then employed in an experimental set-up which
functioned as a differential pressure meter by restricting airflow through a transition duct
(Baidoo et al. 2022). This set-up allowed Baidoo et al. (2022) to assess the behavior of
fluid flow through this particular DFN. Study results demonstrate that accurate
measurements can be obtained in this experimental set-up with the 3D-printed DFN model
shown in Figure 6. This study illustrates that 3D printing techniques can be employed
successfully to better characterize the influence of fracture intensity, connectivity, aperture,

and more on fluid flow through a fracture network (Baidoo et al. 2022).

1.2.3 Fracture Conductivity Experimental Studies

This thesis discusses the application of 3D printing in two experimental studies.
These two workflows can be summarized as (1) fracture conductivity and (2) proppant
transport. This portion of the literature review aims to highlight fracture conductivity
experimental studies that have been conducted to date, while also addressing their

respective limitations.



Given that fracture conductivity is critical in determining how prolific a fractured
well in a given resource is, significant effort has been made to better understand how the
completion design and subsurface characteristics interact to inform fracture conductivity
(Sistrunk et al. 2023). For an operator to design the completion best suited for the intrinsic
properties of the rock they are hydraulically fracturing, it is imperative that proppant size,
proppant strength, and proppant concentration decisions are informed considering stress
profiles, elastic properties, surface topography, and mineral composition. Most efforts to
understand these interactions to date have been in experimental settings given they are
more cost-effective and easier from a logistical standpoint than evaluating these complex

relationships on a field-wide scale.

Fracture conductivity is typically investigated experimentally on the laboratory
scale using the APl Fracture Conductivity Test outlined by the American Petroleum
Institute (API). Cooke (1973) was amongst the first experimentalists to investigate how

conductivity varies relative to different fluid types, temperatures, and flowrates.

Many of the experimental studies since then have illustrated that rock surface
topography and a variety of proppant characteristics are the two primary contributors in
determining fracture conductivity (Lai et al. 2019). Because surface topography was
identified as a primary informant of fracture conductivity in early experimental studies and
because the relationship between the two has proven to be complex to characterize, great
emphasis has been placed on better understanding this relationship in existing literature

(Enriguez-Tenorio et al. 2019).



Of course, in these experimental studies aimed towards understanding how fluid
flows through a fracture, two matching fracture surfaces are required for experimentation.
In some studies, rock samples are split in tension to capture surface topography and features
as true to the given rock subsurface nature as possible (Sistrunk et al. 2023). This provides
a challenge in that reservoir rock is inherently heterogeneous, yielding inconsistent and
unpredictable surface topography when broken in tension. This makes it almost impossible
to replicate surface topography across multiple rock samples, even when using small
samples taken from the same block. The result is an inability to actually isolate and evaluate
parameters in a methodical manner which leads to significant uncertainty associated with

experimental results (Sistrunk et al. 2023).

One attempt to circumvent this challenge, presented most recently by Brashear et
al. (2022), is to employ sawcut rock samples with smooth fracture faces in lieu of rough
surfaces. Recall that the two primary contributors in determining fracture conductivity are
reservoir rock properties and proppant size, quality, and concentration. Smooth-surface
fractures are a great tool that allow for isolation and evaluation of the impact of proppant
size, strength, concentration, and more on fracture conductivity, but this approach leaves
the experimentalist unable to characterize the relationship between surface topography and
conductivity. While saw-cut fractures allow for methodical evaluation of proppant
properties, the relevance of these results can be disputed given that the conductivity of
these smooth-surface samples varies significantly relative to their rough fracture surface

counterparts (Zhang et al. 2013).

Pena et al. (2016) recognized and attempted to resolve the shortcomings associated
with inconsistent and unpredictable rock samples. The authors acknowledged that failing
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to replicate rock samples with consistent surface topographies and reservoir properties can
yield inconsistent or even incorrect conclusions. They took steps to evade this limitation
by testing each set of samples in their experimental study multiple times (Pena et al. 2016).
After analyzing results, Pena et al. (2016) concluded that this methodology was not entirely
effective in reducing uncertainty associated with experimental results given that changes
in elastic mechanical properties through the first and subsequent loading cycles led to

persistent variation in resulting conductivity values.

Perhaps the most effective attempt in resolving the challenges associated with
reproducing rock samples that are inherently difficult to replicate was presented by Chen
etal. (2021). This study—similar to the work presented in this thesis—prioritizes capturing
a wide and realistic range of subsurface fracture topographies while also striving to reduce

uncertainty associated with results by replicating these surfaces with precision.

Chen et al. (2021) seek to do this by breaking a given rock sample in half with
tension to produce matching fracture surfaces, scanning and processing these rough
fracture surfaces with laser technology, and employing these measurements to produce
nearly identical samples with digital engraving technology. Chen et al. (2021) leverage this
methodology to execute conductivity experiments on samples with uniform surface
morphology and consistent mechanical properties. Again, similar to the study presented in
subsequent sections, the authors carefully evaluate the accuracy and precision of the
procedure to reproduce identical samples as outlined above. They conclude that there is
little difference in the topography elevation distribution between the original rock sample
and the sample that was reproduced with digital engraving technology (Chen et al. 2021).
Figure 7 illustrates a direct comparison of the two surface distributions.
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Figure 7: Comparison of Original Shale to Engraved Replica (Chen et al. 2021)

After successfully illustrating that their methodology results in the generation of
identical conductivity samples, Chen et al. (2021) carried out an experimental study with
results illustrating that propped fracture conductivity is most significantly impacted by
proppant properties and fracture surface topography, especially at low proppant

concentrations.

Although Chen et al. (2021) are able to propose a comprehensive approach to
circumventing the study limitations outlined above, there are both significant cost and
significant time constraints associated with using the digital engraving technology

described in their proposed workflow.

The study summarized in this thesis prioritizes consistency in experimental samples
while preserving the natural surface topography of the rock by employing 3D printing

technology. Subsequent sections will explore in detail how this was achieved.
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1.2.4 Proppant Transport Experimental Studies

Similar to fracture conductivity, how effectively proppant is transported through a
fracture network and subsequently distributed throughout that network is a key determining

factor in the success of a fracture treatment.

Kern et al. (1959) were amongst the first to recognize and study the importance of
proppant distribution and transportation in a fracture network. In their efforts to study this
phenomenon, Kern et al. (1959) employed the first slot-flow experiment, where slurry
comprised of just water and proppant was pumped through two smooth glass sheets (each
approximately two feet long) placed 0.25 inches apart from one another. This experimental

set-up is illustrated in the schematic displayed in Figure 8 below.

Sand

Measurement
Orifice

k N . :i_ - B*Pump

Figure 8: Proppant Transport Experimental Apparatus (Kern et al. 1959)
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Through the use of the apparatus illustrated in Figure 8, Kern et al. (1959)
concluded that a bed of settled proppant will build up towards the bottom of a fracture
unless the injection rate passes some upper threshold. They further noted that proppant
injected towards the end of the treatment will wash over this previously settled sand bed.

An illustration of the resulting proppant dune between the two smooth glass fracture faces

is illustrated in Figure 9 below.
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Figure 9: Post-Fracture Treatment Settled Proppant Dune (Kern et al. 1959)

The foundation of these proppant transport and distribution experiments remains
largely unchanged to date. That being said, there are many studies working to layer in
additional subsurface complexities to make proppant transport and distribution analyses
more modern and comprehensive.

Several such examples of this are presented in studies conducted by Alotaibi &
Miskimins (2020) and Bahri & Miskimins (2021). Both of these studies aim to better
understand proppant transport and distribution in subsidiary fractures, long believed to

have lower propped area relative to primary fractures associated with higher fluid velocities
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(Alotaibi & Miskimins, 2020). Both experimental programs employ the apparatus
illustrated in Figure 10 below to analyze proppant transportation and settling in secondary

and tertiary fractures.

1- Mixer

2- Mixing tank
3- Variable Frequency Drive
4- Flow meter

5- Slurry pump

6- Flow lines

7- Acrylic glass frame

8- Fracture slot network

9- Video camera

Figure 10: Proppant Transport Experimental Apparatus (Bahri & Miskimins, 2021)

Qualitative results from both studies were documented in pictures—Iike that
displayed in Figure 11 below—and subsequently analyzed to better understand how
proppant size, fluid density, fluid rate, and fracture complexity all interact to inform

proppant transport and distribution (Bahri & Miskimins, 2021).

Figure 11: Top View of Post-Injection Dune Shapes (Bahri & Miskimins, 2021)
15



This thesis aims to incorporate another layer of subsurface complexity by creating
a fracture network for proppant transport experimentation characterized by rough-wall
fracture surfaces. Subsequent sections will explore in detail the approach that was taken in

executing this.

1.3 Problem Description and Objectives

Again, experimental studies geared towards understanding the relationships
between well stimulation parameters and subsurface characteristics are inherently difficult
to design and execute given the challenges associated with reproducing realistic subsurface

scenarios in laboratory settings.

The first part of the study in this thesis aims to demonstrate that 3D printing can be
employed to generate identical high-strength cement samples with geostatistically-
informed rough fracture surfaces, in addition to exhibiting that this high-strength cement
is an adequate proxy for unconventional reservoir rock in fracture conductivity

experiments.

The second portion of the study outlined in this thesis serves to highlight the
workflow that has been established for 3D printing a rough fracture network to be used in

proppant transport experimentation.

Given that fracture surface topography is instrumental in informing results across
both fracture conductivity and proppant transport stimulation experimental workflows,
great care is taken in establishing and vetting a method to inform rough fracture surfaces

with geostatistical parameters.
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1.4 Content of Thesis

The content of this thesis is presented in four chapters. The first chapter provides
comprehensive background information in the form of a literature review, problem
description, and objectives outline. The literature review serves to provide context on
existing studies relevant to the work presented in this thesis regarding 3D printing
processes, 3D printing in oil and gas research, fracture conductivity experimental studies,

and proppant transport experimental studies.

The second chapter presents the introduction, methodology, results, discussion, and
conclusions associated with the fracture conductivity study summarized in this thesis. This
study aims to summarize innovation achieved in amending fracture conductivity

experimental workflows to be more robust.

The third chapter is also organized in sections representing the introduction,
methodology, results, discussion, and conclusions, but serves instead to summarize the
proppant transport study in this thesis. This study is geared towards amending proppant

transport experimental inputs to be more complex and informative.

The fourth and final chapter in this thesis serves to review the major takeaways
from both stimulation studies described above, in addition to highlighting study limitations

and future work.
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2. FRACTURE CONDUCTIVITY *

2.1 Introduction

This chapter presents the workflow organized to generate identical high-strength
cement samples with geostatistically-informed rough fracture surfaces, in addition to
exhibiting that this high-strength cement is an adequate proxy for unconventional reservoir

rock in fracture conductivity experiments.

The primary objective of the study presented in this chapter was to prioritize
consistency in rock samples, while also preserving a realistic subsurface fracture

topography of unconventional reservoir rock.

A rough fracture surface is first simulated with a group of geostatistical parameters
serving as inputs to a geostatistical library. The output simulated rough fracture surface is
then scaled to the appropriate size for fracture conductivity experimentation and printed

with a Digital Light Processing (DLP) 3D printer.

Following this, the 3D print is used to create a rubber silicone casting. High-
strength cement is poured into this casting after it has finished curing. This cement serves
as a proxy for unconventional reservoir rock in future conductivity experiments. Each
casting characterized by a respective rough fracture surface can be used to produce as many
identical “rock” samples as necessary for experimentation. This process is repeated for as

many different surface morphologies as the experimental study plans to incorporate.

* Part of this chapter is reprinted with permission from “The Effect of Fracture Surface Roughness on Propped
Fracture Conductivity Using 3D-Printed Fracture Surfaces” by Sistrunk, C., Brashear, A.T., Zhu, D., Hill, A.
D., and T. Tajima, 2023. OnePetro, SPE-213032-MS, Copyright 2023 by Society of Petroleum Engineers.
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2.2 Methodology

To generate identical conductivity samples, reducing uncertainty associated with

experimental results, the following procedure is employed:

1) Simulate Rough Fracture Surface
2) Generate 3D Model for 3D Printer
3) Prepare 3D Model for 3D Printer
4) Print 3D Model

5) Post-Process 3D Print

6) Create Sample Mold

7) Produce Cement Samples

8) Execute Fracture Conductivity Experiments

Each subsection in this chapter represents a step in the procedure outlined above.

2.2.1 Simulating Rough Fracture Surface

Given the importance of surface topography in determining fracture conductivity,
itis critical to come up with a workflow, not just to generate identical conductivity samples,
but also to ensure that these identical surfaces are geostatistically informed. In their efforts
to do just this, Tatman et al. (2022) demonstrated a procedure to characterize and simulate
rough fracture surfaces with GSLIB, a geostatistical software library created by Stanford
University (Deutsch & Journel, 2017). In applying this methodology, a set of geostatistical

parameters—mean, standard deviation, correlation length in the X direction, and
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correlation length in the Y direction— are input into a geostatistical library to generate a

rough fracture surface with the appropriate responding surface characteristics.

Given the statistic distribution of a rough surface, mean and standard deviation are
straight-forward to determine. To determine the correlation length in either direction of a
given rough fracture surface, a variogram—such as that pictured in Figure 12 below—is

used.
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Figure 12: Correlation Length Illustrated on Variogram (Tatman et al. 2022)

The correlation length is defined by the separation distance at which the variance
of a given surface distribution approaches its respective asymptote (Isaaks and Srivastava,

1989). The variance is defined in Equation 1 below.

y(h) = ﬁzé\’ﬂ(zi — Zi4n)? (1)

Again, mean, standard deviation, correlation length in the X direction, and

correlation length in the Y direction are all geostatistical inputs that can be amended to
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generate varied rough surfaces. Figure 13 demonstrates what changes to these

geostatistical inputs look like from a qualitative standpoint.
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Figure 13: Rough Surfaces with Varied Geostatistics (Reprinted from Sistrunk et al.
2023)

All of the simulated surfaces displayed above are identical in size: six inches in the
X direction and six inches in the Y direction. Each simulation carries the same mean, which
represents the average height of the surface in the Z direction. Because Figure 13A has

equal correlation length in the X direction and in the Y direction, the height of the surface
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in the Z direction shows no particular affinity for features in either direction on the plane.
This remains true for Figure 13B, which is also characterized by equal correlation lengths
in both directions. Because the correlation length in both directions is reduced by a factor
of ten in Figure 13B relative to Figure 13A, changes in height in both directions occur
much more frequently on this surface. Because the surface simulated and displayed in
Figure 13C was characterized by correlation length in the X direction an order of
magnitude greater than correlation length in the Y direction, changes in height occur over
shorter distances in the Y direction. Features across the surface show a particular affinity
for the X direction, across which change in height occurs much more gradually. Finally,
Figure 13D demonstrates that doubling the standard deviation of a surface while holding
other parameters constant results in more dramatic changes in the magnitude of the height

across the simulated surface (Sistrunk et al. 2023).

The methodology portion of this chapter represents the proof-of-concept work used
to demonstrate that the workflow outlined above is adequate in achieving study objectives.
For this proof-of-concept work, a mean of 0.3 inches, a standard deviation of 0.05 inches,
a correlation length in the X direction of 3 inches, and a correlation length in the Y direction
of 3 inches, were all used to characterize and simulate one square foot of rough fracture

surface to be used in the following subsections.

2.2.2 Generating 3D Model for 3D Printer

Itis important to note that the simulated rough fracture surfaces displayed in Figure
13 do not actually represent one continuous surface, but rather a series of coordinates

spaced tightly together. In order to produce a 3D model appropriately formatted for 3D
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printing, this computer-generated series of points must be processed and converted into a
polygon mesh model. This is most commonly referred to as an “.stl” file, which represents
the geometry of a 3D object in a manner that makes the file compatible with a variety of

applications including prototyping, 3D printing, and computer-aided manufacturing.

Tatman et al. (2022) explain that this file type represents 3D objects as an
amalgamation of small triangles that fully describe the surface geometry of the associated
object. This process is executed with an in-house Python code and is illustrated in Figure
14 below on a previously generated rough fracture surface. Also executed with an in-house
Python code is a process to generate the opposite and matching fracture face following the

conversion of the simulated surface to an “.stl” file.

A) Fracture Surface Model B) Magnified View of Fracture Surface Model

Figure 14: Simulated Coordinates Converted to 3D Model (Tatman et al. 2022)

Even following the conversion of the simulated rough fracture surfaces to two
continuous 3D models (one surface representing the original simulated surface and another
surface representing its mirror image), additional steps must be taken to scale the generated

rough surfaces to the appropriate size. The API Fracture Conductivity Test, as outlined by
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API, requires precise sample dimensions for successful experimentation. The required
sample size for the modified-APl conductivity cell used in the aforementioned
experimental workflow is roughly 7 inches long and 2 inches wide, with rounded semi-
circles on the short sides of the sample. The height of the conductivity sample can be varied

as necessary and adjusted prior to experimentation.

ChiTuBox—a popular 3D printing pre-processing software— can be used to scale
the 12-inch long by 12-inch wide rough surfaces that were originally generated and meshed
into two continuous matching surfaces to be the appropriate size (CBD-Tech, 2021). While
there are a variety of approaches that can be taken to scaling the rough fracture surfaces to
conductivity sample size, ChiTuBox offers a “Boolean” operation that can be employed to
easily cut the desired geometry of the fracture conductivity sample from a large, simulated

fracture surface.

Figure 15: Conductivity Sample Cell Model Employed to Scale Rough Surface
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ChiTuBox’s “Boolean” operation simply allows the user to subtract one surface
geometry from another. For this process, a conductivity sample cell model is used and is
displayed in Figure 15 on the previous page. After both the sample cell model and
previously generated fracture surface are imported into ChiTuBox and aligned
appropriately, their surface geometries can be subtracted from one another. The regions of
the models that fail to intersect—in this case the desired 3D model of a conductivity

sample—are left behind (Tatman et al. 2022). This operation is illustrated in Figure 16.

Boolean Operation

Conductivity Cell Size v

Rough Sample Surface ¥

8 Keep onginal model

Figure 16: Sizing Rough Sample Surface with ChiTuBox “Boolean” Operation

This operation must be completed for both halves of the 3D conductivity sample
models representing matching fracture faces. Following this, the remaining two 3D models

can be prepared for 3D printing.

2.2.3 Preparing 3D Model for 3D Printer

Up to this point, the workflow outlined in the steps above has illustrated how to
simulate a rough fracture surface with geostatistical inputs, how to appropriately convert
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that simulated surface into a 3D model, and how to scale that 3D model to the size required
for fracture conductivity experiments. An example of the resulting matching fracture
faces—sized appropriately and characterized with geostatistical parameters—is displayed

in Figure 17 below.

Figure 17: 3D Model Cell with Simulated Roughness (Reprinted from Sistrunk et al.
2023)

Prior to printing the 3D model displayed in Figure 17, appropriate steps must be

taken to give the model the best opportunity for a successful print as is possible. First, both
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halves of the conductivity sample 3D model should be hollowed with the ChiTuBox
function “Hollow”. This lightens the weight of the 3D print, reducing the stress on the
connection point where the model adheres to the build plate. Lightening the 3D print

maximizes the probability of a successful outcome on the first attempt.

Additionally, because each cross-section of the model is printed one at a time while
fully submerged in a tub of liquid resin—and because each cross-section of the model is
now hollow—orienting the print to minimize the cross-sectional area being printed at a
given time reduces the risk that the model will suction off of the build plate and onto the
flexible plastic filament protecting the LCD screen. To do just that, model supports are
fashioned to angle the 3D model such that the cross-sectional area being printed at a given
time is minimized. These supports also provide a foundation for the 3D print so that it does
not begin to sag and change shape under its own weight. These supports are easily removed
after the print is complete. The resulting 3D model adequately prepared for printing is

displayed in Figure 18 below.

Figure 18: 3D Model Orientation Prior to 3D Printing (Reprinted from Sistrunk et
al. 2023)
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2.2.4 Printing 3D Model

As mentioned previously, this study employs a Digital Light Processing (DLP) 3D
printer to print the 3D models required for experimentation. More specifically, this study

leverages a Phrozen Transform Fast 3D Printer, pictured in Figure 19.

r""‘_‘ﬁl
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Figure 19: Phrozen Transform Fast 3D Printer (Reprinted from Sistrunk et al.
2023)

Recall that DLP printers are unique in that they leverage one light source in the
form of an LCD screen to selectively cure, or harden, liquid resin. More specifically, the
build plate pictured in Figure 19 above is slowly lowered into a vat of liquid resin. Difficult
to see in the image above, but critical in understanding the printing procedure, is a clear
plastic filament called the FEP (Fluorinated Ethylene Propylene) sheet. The FEP sheet
holds liquid resin in the vat while allowing light from the LCD screen to be transmitted up
from the screen and into the tub of resin. The ultraviolet screen in the housing of the printer

displays a cross-section, or a “slice”, of the 3D model being printed. When the liquid resin
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is exposed to light from the LCD screen below, it hardens. After a cross section of the
model has cured onto the build plate, the plate is raised on the Z-axis, the next “slice” of
the object is displayed on the screen, liquid resin hardens where it is exposed to this light
onto the previous model layer, and the Z-axis moves up once again. This process is repeated
until the entire model has been generated. An example of what this conductivity sample

3D model looks like halfway through printing is illustrated in Figure 20.

|

Model Adhered to | 'L
Build Plate ‘

Figure 20: Model Adhered to Build Plate Halfway Through Print Process
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The Phrozen Transform Fast uses a 13.3”> Mono-LCD screen and has a print
volume 11.5 inches wide, 6.5 inches deep, and 15.8 inches high. The maximum XY
resolution of the printer is on the order of microns at 0.0018 inches. It is important to note
that prior to actually printing the 3D model in the procedure outlined above, there are three
additional steps that must be taken to ensure a successful print on the first attempt: (1)
leveling the build plate, (2) calibrating exposure time, and (3) slicing the 3D model with
the correct printer settings. Each of these steps is discussed thoroughly in the following

three subsections.

2.2.4.1 Leveling the Build Plate

Prior to actually 3D printing any models, the build plate must be leveled to ensure
that the Z-axis of the machine is calibrated correctly. This should be done at least once
annually and each time the printer is moved, even across small distances. Failing to
calibrate the Z-axis correctly will cause significant damage to the printer. The following
steps can be taken to level the build plate:

1) Clean the resin vat and build plate with isopropyl alcohol to ensure there is no
residual resin or foreign objects remaining that could potentially puncture the FEP
sheet or the LCD screen.

2) Use a hex wrench to loosen the four screws on the side of the build platform. The
plate should now be hanging freely and should respond by moving when pressure
is applied to it.

3) Select “Z-Axis” on the home screen of the digital printer interface.

4) Use the arrows—highlighted in Figure 21— to adjust the build plate until it is flush
with the FEP sheet on top of the LCD screen.
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Figure 21: Adjusting Z-Axis Height with Printer User Interface (Tatman et al. 2022)

5) Replace the screws previously removed from the side of the build platform and
tighten with the hex wrench. Over-tightening will strip the screws.

6) Select “Done” in the printer digital interface. The build plate will then be raised
automatically to the top of the Z-axis.

7) Ensure that the build plate is secure by applying pressure to the edges of the
platform and ensuring there is no resulting movement. After confirming the build

platform is secure and level to the eye, the leveling process is concluded.

2.2.4.2 Calibrating Exposure Time

Recall that Digital Light Processing (DLP) 3D printers cure resin by selectively
exposing one cross section, or model “slice”, at a time to light. In achieving a successful
print on the first attempt and avoiding any damage to the 3D printer, it is critical to adjust
printer settings for the shape and size of the model being printed, for the strength of the
machine’s light source, for the resin being used, and even for the humidity and temperature

of the environment outside. This subsection focuses on the most important of these setting
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adjustments, which is the duration that resin is exposed to light for in order to cure each

“slice”, or cross-section, of the 3D model. This is known as the model “Exposure Time”.

Resin that is overexposed to UV light will swell and harden the model, while
washing out more minute details. Resin that is underexposed to UV light may result in
missing model parts, less resolution, and even failure for the model to adhere to the build
plate at all. Given that fracture conductivity experiments require precision on the order of
microns, it is critical to the integrity of the experimental study that 3D models are not over
or underexposed. As such, an exposure time calibration should be conducted at least every
few weeks, when a new resin is being used, when the LCD screen or FEP sheet are

replaced, or in response to seasonal changes in temperature and humidity.

In summary, the following procedure should be followed when calibrating
exposure time for a given machine, resin, and model:

1) Load the “Resin XP2 Validation Matrix™ (displayed in Figure 22) into ChiTuBox.

2) Create a new resin profile in the “Prepare” window in ChiTuBox.

3) Adjust the “Bottom Layer Count” to be 4. In 3D printing, “Bottom” refers to the
settings applied only to the bottom-most layers of the model. This adjustment
should be made given that the calibration model to be printed is only 30 layers in
total (assuming a layer height of 0.05 mm). If this setting is not reduced from the
default of 20 layers, almost the entire model will be cured with the default “Bottom
Exposure Time” of 20 seconds. Not amending these settings appropriately will
dictate that layers of the model are cured with 20 seconds of exposure, rendering
calibration useless.

4) Set the “Exposure Time” to 1.5 seconds.
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5) Ensure all other resin profile settings are set to their respective default values.

6) Close out of the “Slice Settings” menu.

7) Select the model to be printed in ChiTuBox. Select the appropriate resin profile
created in previous steps.

8) “Slice” the model by selecting “Single Parameter Slice” in ChiTuBox. This process
may take ChiTuBox up to an hour to complete.

9) Save the sliced model and model instructions by selecting “Save” in ChiTuBox.
Save the resulting “.zip” file to the computer.

10) Duplicate the “.zip” file. In the duplicated file, change the “.zip” distinction to
“.phz”. This will result in a file name extension warning which can be dismissed.

11) Load the “.phz” file onto a USB. Use the USB to upload the file to the 3D printer.
This process may take printer software up to ten minutes to complete.

12) While the model file is loading onto the 3D printer, ensure that the build plate and
resin vat are totally clear of debris and residual resin from prior print jobs before
installing them on the 3D printer appropriately.

13) Pour the liquid resin being calibrated into the resin vat. Do not fill the vat more than
halfway. Because the build plate and 3D print will ultimately be submerged in the
liquid resin, the liquid level will rise in the vat substantially.

14) After the build plate and resin vat have been secured in the 3D printer and after the
model has been loaded successfully, select the checkmark on the interface of the
3D printer to start the printing process.

15) The printer will indicate when the model has been printed by returning the build

plate to its default position at the top of the Z-axis and offering a “Print Complete”
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message on the printer interface. When this occurs, the build plate (with the model
adhered to it) can be removed from the printer.

16) Use a metal scraper to remove the 3D print from the build plate. The longer the
exposure time, the more difficult the print will be to remove. This is why it is
recommended to start at lower exposure times for calibration.

17) After it has been removed from the build plate, wash the 3D print with isopropyl
alcohol. After residual liquid resin has been removed, set the print on a paper towel
to dry.

18) While the 3D print is drying, the build plate, resin vat, and LCD screen should all
be thoroughly cleaned with isopropyl alcohol. Remaining resin can be returned to
its original container as long as it is poured through a strainer to remove any
potential foreign objects. Skipping this step poses significant risk to the printer. It
is very common for hardened resin pieces to break off from 3D prints as they are
in the process of being printed. If these small pieces are not removed from the resin
vat prior to printing another model, the FEP sheet and LCD screen will both be
damaged.

19) After the 3D print has dried, the model can be assessed to determine if exposure
time needs to be adjusted. If the print is indicating signatures of overexposure, the
process above should be repeated, this time adjusting the “Exposure Time” to 0.5
seconds less than the previous iteration of calibration. If the print is illustrating
signatures of underexposure, the process above should be repeated, this time
adjusting “Exposure Time” to 0.5 seconds more than the previous iteration of

calibration.
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20) This process should be repeated until a 3D model is produced that demonstrates it

was printed with the appropriate exposure time for a given machine and resin.

PPE required for this procedure includes gloves, eye protection, and a lab coat. While resin
is non-hazardous and non-toxic when used as directed, care should be exercised in keeping

it off of skin and out of eyes as it can cause minor irritation.

For this particular study, AnyCubic Colored UV Resin (Grey) was calibrated for
subsequent 3D model printing. To adequately calibrate the exposure time for a given
printer, resin, and model, there are a variety of calibration models that exist to test varied
exposure times without sacrificing a great deal of time and material or leaving the machine
susceptible to damage (Tatman et al. 2022). The calibration model most commonly used

for the Phrozen Transform Fast is displayed in Figure 22.

Figure 22: Resin XP2 Validation Matrix for Exposure Time Calibration

As mentioned in the calibration procedure previously outlined, the resulting
character of the 3D-printed validation matrix indicates whether the model has been
overexposed, underexposed, or exposed for an appropriate amount of time. An example of
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this iterative processes is displayed in Figure 23. Each of the features on the 3D model
shown in Figure 23 is a tool to make observations regarding over or underexposure of the

3D print.

[ 20sscones | 25 s0conas |
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Figure 23: Impact of Exposure Time on Validation Matrix Model Character

The first feature to consider is the stack of rectangles at the bottom of the 3D model.
When the print is overexposed to light, the rectangles will swell and begin merging
together. When the print is underexposed to light, the thinnest rectangles will be wispy and
easily rubbed off with a soft touch. When the top and bottom rectangles are observed to
align perfectly with one another, the exposure time is considered correct. Additionally, the
pins and holes on the left side of the model are a feature that can be used to determine
appropriate exposure time. When exposed to light for the perfect amount of time, the
number of pins and holes on the matrix are the same. When the quantity of pins outnumber
the holes, the model was likely overcured. When there are more holes than there are pins,

the model was likely undercured.

In the calibration case presented in Figure 23, an exposure time of two seconds

appears to be the most appropriate for this application. The calibration matrix on the left
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appears to be underexposed given that the rectangles on the bottom flanks have fallen off
and the number of holes is far larger than the number of pins. The calibration matrix on the
right is showing subtle signs of overexposure given that the rectangles at the bottom of the

print are starting to merge together.

2.2.4.3 Slicing the 3D Model

The final step prior to actually 3D printing the model that has been prepared thus
far is to “slice” the model. This is the term that 3D printing hobbyists and academics use
to describe the process by which a file comprised of instructions to appropriately print the
3D model is prepared and generated. This file contains two important pieces of information
for the 3D printer: (1) images representing each cross section of the model, and (2)
instructions that dictate printer settings including exposure time, lift speed, positioning

information, and more.

ChiTuBox—which was also used to appropriately orient, support, and hollow the
conductivity sample 3D models—is the 3D printing pre-processing software used to
prepare these images and instructions for the 3D printer. After appropriately positioning
the model or models to be printed, the ChiTuBox “Slice Settings” feature allows for printer

and resin settings to be adjusted prior to export.

Machine settings for the Phrozen Transform Fast are illustrated in Figure 24 and
should never change when using this machine. On the other hand, print slice configuration
settings dictate the aforementioned set of instructions sent to the printer. These settings can

and should be adjusted for different resin profiles and for different model shapes and sizes.
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Slice Settings X

Slice configuration Name: Phrozen Transform Machine Type: Phrozen Transform
Resolution: X a0 3 px Mirror: Normal v
Y: 2160 3 px Display Correction:
Lock Ratio: [ |
Size: X 29183 3 mm

Y: 14190 5 mm

Z: 400000 ¥ mm

Build Area Offset:

Figure 24: Phrozen Transform Fast 3D Printer ChiTuBox Settings

When printing a 3D model in the shape and size of a 7-inch long, 2-inch wide
conductivity sample, most of the settings listed in the print slice configuration settings
menu can be left as their default values. In reality, most of these settings need not be
adjusted unless an exceptionally large or exceptionally heavy 3D model is being printed.
For other, less complex applications, including the scenario described in this section,
“Layer Height”, “Bottom Layer Count”, “Light-Off Delay”, “Bottom Light-Off Delay”,
“Bottom Lift Distance”, “Lifting Distance”, “Bottom Retract Distance”, “Retract
Distance”, “Bottom Lift Speed”, “Lifting Speed”, “Bottom Retract Speed”, and “Retract

Speed” do not need to be adjusted.

Exposure time was discussed in the previous subsection. “Bottom Exposure Time”
refers to the exposure time applied only to the bottom-most layers of the model. This
distinction allows the user to set longer exposure times for only the layers closest to where

the model adheres to the build plate. Generally, appropriate values for this exposure range
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between five to ten times longer than the exposure time for the rest of the model. For this
application, “Bottom Layer Count” should be left near its default value of 20 layers. If the
3D print is having difficulty adhering to the build plate for the duration of the print,
“Bottom Exposure Time” and “Bottom Layer Count” are among the first parameters that
should be adjusted. Increasing both of these settings from their default values will yield a
stronger foundation for subsequent layers of the model without forfeiting print resolution

to overexposure on the model itself.

Very rarely do lifting or retracting speeds need to be adjusted. That being said, if
the 3D print is heavy enough that rapid lifting speeds strain the connection between the
print and the build plate, these settings may need to be amended to slower speeds. This

adjustment will increase print time drastically and should only be used as a last resort.

Ultimately, the printer settings used to generate conductivity sample 3D prints with

AnyCubic Colored Resin (Grey) are outlined in Figure 25.

Slice Settings X

Profile Name: Cond_Sample_2.5|

Printer Resin { Print. j Gcode Advanced
Layer Height: | oos0 mm Bottom Lift Distance: 10.000 mm
Bottom Layer Count: | 40 Lifting Distance: 8.000 mm
Exposure Time: | 2000 s Bottom Retract Distance: 0.00 mm
Bottom Exposure Time: | 25.000 s Retract Distance: 8.000 mm
Waiting Mode ...ing Printing:| Light .. ¥ Bottom Lift Speed: 65.000 mm/min
Light-off Delay: | 10000 s Lifting Speed: 85.000 mm/min
Bottom Light-off Delay: | 10000 |s Bottom Retract Speed: 75.000 mm/min
Retract Speed: 150.000 mm/min

Figure 25: Conductivity Sample + AnyCubic Colored Resin Printer Settings
39



With the appropriate printer settings input and with the 3D model positioned
appropriately on the build plate, the model (or models) can be sliced. Again, the output of
this procedure will consist of both images representing every cross-section of the model
and instructions that dictate printer settings including exposure time, layer height, and lift
speed. An example of one of the images sent as instruction to the 3D printer after slicing

is illustrated in Figure 26.

Figure 26: Example “Slice” of Conductivity Sample 3D Model

After the build plate has been leveled, exposure time has been calibrated, and the
3D model has been sliced with the appropriate printer settings, the model can be printed.
This procedure is summarized as follows:

1) Select the model to be printed in ChiTuBox. Select the appropriate resin profile to
communicate exposure and lift instructions to the printer.

2) “Slice” the model by selecting “Single Parameter Slice” in ChiTuBox.

3) Save the sliced model and model instructions by selecting “Save” in ChiTuBox.

Save the resulting “.zip” file to the computer.
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4) Duplicate the “.zip” file. In the duplicated file, change the “.zip” distinction to
“.phz”.

5) Load the “.phz” file onto a USB. Use the USB to upload the file to the 3D printer.

6) While the model file is loading onto the 3D printer, ensure that the build plate and
resin vat are totally clear of debris and residual resin from prior print jobs before
installing them on the 3D printer.

7) Pour the liquid resin previously calibrated for exposure time into the resin vat.

8) After the build plate and resin vat have been secured in the 3D printer and after the
model has been loaded successfully, select the checkmark on the interface of the
3D printer to commence the printing process.

9) After the print is finished, remove the build plate (with the model adhered to it)
from the printer.

10) Use a metal scraper to remove the 3D print from the build plate.

11) Remove and discard remaining supports from the 3D print by hand.

12) Wash the 3D print with isopropyl alcohol. Set the print on a paper towel to dry.

13) While the 3D print is drying, the build plate, resin vat, and LCD screen should all
be thoroughly cleaned with isopropyl alcohol.

14) If the print is unsuccessful, adjust print slice configuration settings and repeat the

process until success is achieved.

In summary, it is critical to calibrate the Z-axis any time the 3D printer is moved or
when models are consistently having difficulty adhering to the build platform. Calibrating
exposure time, as discussed above, is imperative in preserving model detail any time there

is a change in model shape or size, resin, machine, or outside environment. Properly
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preparing 3D models by orienting, supporting, and positioning them correctly on the build
plate will ensure that the 3D model is given the greatest opportunity to be printed
successfully on the first attempt. Adjusting printer settings such as exposure time, lift
speed, and retract speed prior to slicing the model will ensure that model resolution is

maintained and the machine is protected from damage due to model over or underexposure.

2.2.5 Post-Processing 3D Print

After the 3D print is removed from the build plate, it is important to wash the model
with isopropyl alcohol to ensure all residual resin is removed. Following this, the print
should be thoroughly dried and cured under UV light for approximately 30 minutes. If the
print is not totally dry prior to additional exposure to UV light, a white powder-like
substance will solidify on the surface of the print. This is undesirable as it makes additional
steps of the workflow more difficult to complete. The resulting conductivity sample 3D

print is displayed in Figure 27 below.

Figure 27: Printed Sample Fracture with Roughness (Reprinted from Sistrunk et al.
2023)

Observe that the two respective fracture faces align perfectly with one another in

an attempt to mimic subsurface fracture behavior.
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2.2.6 Creating Sample Mold

Because the 3D print output from the workflow thus far is not made of material
strong enough to support the closure stress typically carried in conductivity experiments,
it was critical to transfer the high-resolution surface roughness characterizing the 3D print
to another material better suited for conductivity experimentation with appropriate

mechanical properties.

In doing so, liquid silicone rubber was used to create a casting of both halves of the
3D-printed conductivity sample. For this, both halves of the printed samples were secured,
with their surfaces facing upward, on a flat surface in a wood enclosure. The silicone liquid
was then poured in the enclosure until both fracture faces were entirely submerged. It is
important in this step not to pour the liquid directly onto the fracture faces, but rather into
the void space surrounding them. After the silicone cured into a hardened rubber mold, the
casting was removed from the 3D prints and set aside for future use. This process is

demonstrated in Figure 28.

Figure 28: Conductivity Cell Fracture Sample Casting (Reprinted from Sistrunk et
al. 2023)
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2.2.7 Producing Cement Samples

In efforts to find an adequate proxy for unconventional reservoir rock to replace the
plastic 3D prints output to this point, there were several non-negotiable criteria required
from a material standpoint. First, the material was required to have similar properties to
unconventional reservoir rock from an intrinsic rock properties standpoint so that
conductivity results were relatively comparable to experimental data from previous
conductivity studies. Second, the material was required to adequately preserve granular

detail so far maintained with high resolution models and 3D prints.

High-strength cement was proposed as having the necessary intrinsic material
properties to be an adequate unconventional reservoir rock proxy. Jansen etal. (2015) made
significant contributions to the fracture conductivity knowledge base by establishing
relationships between intrinsic rock properties and conductivity. Through their
experimental study, Jansen et al. (2015) found that conductivity lost to additional closure
stress in un-propped fractures was reduced with a greater Young’s modulus. The authors
also discovered that a greater Young’s modulus yielded less reduction in conductivity due

to proppant embedment in higher closure stress scenarios (Jansen et al. 2015).

Given the importance of Young’s modulus, Poisson’s ratio, and compressive
strength outlined in prior study publications (Zhang et al. 2013; Jansen et al. 2015), a series
of triaxial compression tests were run to vet the ability of this high-strength cement to
mimic the intrinsic rock properties associated with unconventional reservoir rock and

crucial in informing conductivity. Three triaxial compression tests were conducted on
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cylindrical cement samples. The resulting stress-strain curves and radial strain-axial strain

curves are displayed in Figure 29A and Figure 29B, respectively.
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Figure 29: Cement Triaxial Compression Tests (Reprinted from Sistrunk et al.
2023)

The relationships in both Figure 29A and Figure 29B are in line with what would
be expected from unconventional reservoir rock in practice. Figure 29B illustrates a linear

relationship between axial and radial strain with a consistent slope across all three tests.

Young’s modulus and Poisson’s ratio were determined to be 3.25 Mpsi and 0.19,
respectively. The compressive strength of the cement was determined to be 62 MPa, or just
under 9,000 psi. These values are, again, in line with intrinsic unconventional reservoir

rock properties.

For comparison, in their efforts to understand how intrinsic rock properties
impacted fracture conductivity in the Marcellus Shale, Pena et al. (2016) summarized
eighteen separate triaxial compression tests conducted on a series of outcrop cores with

different orientations relative to bedding. The Young’s modulus associated with each of
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these samples ranged from 1.07 Mpsi to 4.44 Mpsi. Poisson’s ratio ranged from 0.20 to

0.31 across cores. Compressive strength ranged from roughly 9,000 psi to 14,000 psi.

Prior to this study, Jansen et al. (2015) also looked into the effects of rock
mechanical properties on fracture conductivity. Samples for this study were taken from
both the Fayetteville Shale and Eagle Ford Shale. In their evaluation of the Fayetteville
Shale, Jansen et al. (2015) summarized triaxial compression tests conducted on five
Fayetteville cores taken from two separate vertical zones of an outcrop. The Young’s
modulus associated with each of these samples ranged from 0.46 Mpsi to 1.26 Mpsi and
Poisson’s ratio ranged from 0.13 to 0.19. In their evaluation of the Eagle Ford Shale, Jansen
etal. (2015) summarized thirteen triaxial compression tests conducted on Eagle Ford cores
taken from different lateral locations from a South Texas outcrop. The Young’s modulus
associated with each of these samples ranged from 2.02 Mpsi to 2.71 Mpsi. Poisson’s ratio
ranged from 0.19 to 0.23. It is worth noting that these measurements were taken from
samples with 2 MPa confining stress applied to them during triaxial compression testing to
hold fragile cores together and prevent damage to instrumentation in a rock burst event.
While this should not result in major material impact, the addition of confining stress likely
subtly increases the measured Young’s modulus and decreases measured Poisson’s ratio

of each sample (Jansen et al. 2015).

Even with this taken into consideration, studies summarized in this section illustrate
that intrinsic rock property measurements associated with cement are reasonable relative

to previous Marcellus, Fayetteville, and Eagle Ford measurements.
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In addition to confirming that the high-strength cement proposed as an adequate
proxy for unconventional reservoir rock was appropriate from a rock characteristic
standpoint, it was a priority to find a material that preserved the resolution of the workflow
up until this point. Figure 30 illustrates that—at least from a visual standpoint—acceptable

granularity was maintained from 3D model to 3D print to cement sample.

A) 3D Print B) Cement Sample

Figure 30: Cement Sample Qualitative Comparison (Reprinted from Sistrunk et al.
2023)

Because detail on the order of microns can impact the fracture conductivity of a
given fracture surface, it was important to quantitatively assess the granularity of the detail
captured from the 3D print into the cement sample replica. For this, a profilometer was
used to characterize the respective surface height distributions of both halves of the 3D

print and cement sample. This analysis is displayed in Figure 31 on the next page.

The profilometer data associated with the cement replica was then transformed into
a cumulative distribution function for comparison to the surface height distribution
assigned to the 3D model. This is illustrated in Figure 32.
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Figure 31: Cement Sample Quantitative Comparison (Reprinted from Sistrunk et
al. 2023)
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Figure 32: Cumulative Distribution Function— Cement/Model Surface Distribution
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As is illustrated in Figure 31 and Figure 32, comparing the surface distributions
of the 3D print and cement sample replica quantitatively also demonstrated sufficient

resolution carried across the workflow.

The high-strength cement evaluated in this subsection proved to be both
intrinsically similar to unconventional reservoir rock and successful at preserving surface
roughness detail maintained in previous segments of the workflow. Because this high-
strength cement satisfied both of the criteria outlined above, it was carried forward through

this study as an acceptable proxy for unconventional reservoir rock.

2.2.8 Executing Fracture Conductivity Experiments

After producing several identical high-strength cement samples, all with the same
rough surface, it was time to attempt a conductivity experiment with the Modified-API
Conductivity Workflow. Again, these experiments are aimed at determining the resistance

to fluid flow through two matching fracture faces.

Quantitatively, the fracture conductivity is described in Equation 2, where Cs
represents the fracture conductivity, ks represents the permeability inside of the fracture,

and ws represents the width of the fracture.

Because fracture permeability and fracture width are so difficult to determine
separately in a laboratory setting, an experimental apparatus is leveraged to make flowrate

and pressure measurements that allow experimentalists to circumvent this obstacle.
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The experimental set-up is illustrated in Figure 33. In a single iteration of this
experiment, the conductivity sample comprised of matching fracture faces is loaded into
the modified-API conductivity cell represented by the stainless-steel rectangular prism

centered under the load frame in Figure 33.

The inlet and outlet lines, in addition to three pressure gauges, are connected to
fully assemble the apparatus. After applying a given closure stress with the load frame,
nitrogen is introduced to the system to establish flow through the fracture. A series of
valves and backpressure regulators ensure that the nitrogen flows from the nitrogen tank

into the cell inlet line and through the fracture face before being expelled by the cell outlet
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Figure 33: Modified-API Fracture Conductivity Test Apparatus (Guerra, 2021)
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In executing a conductivity experiment successfully, it is critical to prepare the
matching fracture face conductivity sample correctly. In this experimental procedure, great
care is taken in preparing the sample to be loaded into the modified-API conductivity cell
in order to properly isolate five openings from one another with an epoxy seal. Two of
these openings—on either side of the short sample ends—are used as the inlet and outlet
for the fluid flowing through the fracture, respectively. On the long side of the sample, the
port in the middle (Pcen) is used to determine the average pressure in the cell. The two
openings on either side of this port (P1 and P2) are used to measure the differential pressure
across the fracture. Following this preparation, the sample, pictured on the right of Figure

34 below, is ready to be loaded into the modified-API conductivity cell.

Figure 34: Conductivity Sample Preparation (Reprinted from Sistrunk et al. 2023)

After sample preparation and loading, nitrogen is introduced to the system by
slowly opening the valve between the cell inlet line and the conductivity cell. This should
be done as gradually as possible to ensure that proppant in the fracture is not redistributed
with incoming flow. After the average pressure in the conductivity cell stabilizes, the valve
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on the cell outlet line is slowly opened to allow flow through the system. This valve is
gently opened further and further until the flowrate through the system reaches 1.0 L/min.
The valve remains open in this position while flowrate and pressure through the system
stabilize for a minimum of five minutes. Following this stabilization period, the flowrate,
average pressure in the cell, and differential pressure across the fracture are recorded for

forthcoming calculations.

Following the recording of these measurements, the valve on the cell outlet line is
partially closed to reduce the flowrate by roughly 0.25 L/min. After the system stabilizes,
the appropriate measurements are recorded. This process continues until four different data
points (representing four different flowrates and their responding pressure environments)
for a given closure stress scenario have been obtained. After this data has been collected,
valves on both the cell inlet and cell outlet lines are closed. The closure stress is increased
in increments of either 500 psi or 1,000 psi depending on the level of data granularity
required for the experiment. The procedure described above is then replicated to obtain
data for four different flowrates at an additional closure stress. This is repeated for as many
closure stresses as desired until the maximum closure stress for a given rock sample is
reached. The recorded flow rates, cell pressures, and differential pressures are then used to
calculate the fracture conductivity at varied closure stresses through a given fracture

surface.

The Darcy equation and Forchheimer equation (shown in Equation 3 and
Equation 4, respectively), in conjunction with the real gas law, are used to derive
conductivity in the laboratory setting (Copeland, 2020). McGinley et al. (2015) concluded
that the Darcy equation is valid in the laboratory setting for nitrogen flow rates less than
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2.0 L/min. At flow rates exceeding this, the Forchheimer equation should be applied

(McGinley et al. 2015; Winner, 2018).

_AP_w (3)
AL " ks
AP v 4)
_—=—4 2
ALk ThPrY

In Equation 3 and Equation 4 above, AP/AL represents the change in pressure over
a given length, u represents fluid viscosity, v represents fluid velocity, ks represents
permeability in the fracture, ps represents the density of the fluid, and 8 represents an

inertial factor. With the equations summarized above, the real gas law, and simple material

balance, Equation 5 is derived.

(Peey + 0.5AP)% — (Pgey — 0.5AP)% Mg _ ”qpfl ®)

Recall that Pcen represents the average pressure in the fracture, AP represents the

pressure drop across the fracture, L represents the length of the sample, My represents the
molecular weight of the gas, z represents the gas compressibility factor, R represents the
universal gas constant, T represents the temperature of the fluid, pu represents the viscosity

of the fluid, q represents the flowrate of the fluid through the fracture, ps represents the

density of the fluid, hs represents the width of the sample, and Cs represents the fracture
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conductivity associated with the sample. In Equation 5, the fracture conductivity

represents the only remaining unknown.

(Penn+0.5AP)2—(P e —0.5AP)? My

To determine fracture conductivity, ” T is plotted
relative to “Zi, where the inverse of the slope on the resulting plot is taken to be the
f

fracture conductivity. This relationship is illustrated in Figure 35 below.
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Figure 35: Fracture Conductivity Experimental Determination (Copeland, 2020)

For this particular experimental study, flow rates through the fracture face did not
exceed 2 L/min, so the Forchheimer equation was not necessary to apply. More
specifically, closure stress was ramped up from 500 psi to 3,000 psi in increments of 500
psi. At each of these six different closure stresses, flow rate was adjusted four times. The
fracture conductivity at each closure stress was then calculated with the relationship
depicted in Figure 35. Figure 36, at the top of the next page, illustrates an example of the

data that is actually monitored and recorded throughout the duration of an experiment.
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Figure 36: Conductivity Experimental Data (Reprinted from Sistrunk et al. 2023)

This data was used to determine the un-propped fracture conductivity of the cement
sample pictured in Figure 34 at a variety of closure stresses. The resulting fracture
conductivity curve is illustrated in Figure 37. As expected, fracture conductivity values for
this un-propped fracture sample decline steadily as the closure stress applied to the sample

increases.
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Figure 37: Un-propped Fracture Conductivity (Reprinted from Sistrunk et al. 2023)
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2.2.9 Comparing Results to Previous Experiments

Although the fracture conductivity curve displayed in Figure 37 appears to behave
similarly to historic conductivity experimental data anecdotally, it was important to directly
compare results before claiming the workflow outlined above was successful in
establishing a proof-of-concept for future experiments. The direct comparison shown in
Figure 38 illustrates how the high-strength cement sample that has been an output of this
workflow thus far compares to historical conductivity data from the Fayetteville Shale,
Eagle Ford Shale, Mahantango Formation, and Barnett Shale. These domestic basins are
distinguished from one another on the comparison figure below with different colors. Each

curve represents an individual un-propped fracture conductivity experiment.
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Figure 38: Historic Conductivity Sample Comparison (Reprinted from Sistrunk et
al. 2023)

All of the fracture conductivity curves displayed on Figure 38 were obtained with

rough, un-propped rock samples from previously published experimental studies.
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Fayetteville Shale conductivity data was originally published by Briggs et al. (2014).
Samples were taken from a Fayetteville Shale outcrop and artificially fractured to preserve
surface roughness for conductivity measurements. Eagle Ford conductivity data was
originally published by Enriquez-Tenorio et al. (2019). Samples were taken from an Eagle
Ford Shale outcrop over the entire vertical extent of a complete exposure of the Eagle Ford
Shale in Antonio Creek and Lozier Canyon near Langtry, Texas and artificially fractured
prior to experimentation. Mahantango conductivity experiments were conducted by Guerra
(2021) with artificially induced fractures in outcrop rock samples. Finally, Barnett Shale
conductivity data was originally published by Zhang et al. (2013) in a paper detailing their
robust Barnett experimental program. These samples were taken from a Barnett Shale
outcrop and fractures were artificially induced by breaking the shale rock along its

laminated bedding planes.

Because all previous conductivity data displayed on Figure 38 was obtained by
experimentation on un-propped fracture conductivity samples with varied surface
roughness, it was appropriate to use this data in an effort to determine whether or not the
cement conductivity sample results were reasonable. In this case, the fracture conductivity
associated with the un-propped cement sample was in range relative to previous

experimental data, albeit it in the upper part of that range.

Because results aligned appropriately with previous un-propped conductivity
samples, this high-strength cement was deemed an appropriate proxy for unconventional
reservoir rock and the workflow detailed above was regarded as having successfully

established proof-of-concept for subsequent experimentation.
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2.3 Results & Discussion

After establishing proof-of-concept for the workflow outlined above successfully,

it was time to commence the resulting experimental study.

2.3.1 Baseline Sample Design

As with any experimental study, it was important to start by establishing a strong
baseline sample for future comparison. Because proppant characteristics are easily
amended from experiment to experiment, establishing a baseline for the experimental study

was limited to establishing a baseline surface topography.

Recall that the workflow established in previous sections required mean, standard
deviation, correlation length in the X direction, and correlation length in the Y direction to
simulate a rough fracture surface. It was crucial to the integrity of the experimental study
that these parameters were not selected randomly, but rather informed appropriately to
represent a reasonable formation rock roughness. For this, a variety of shale samples from
previous experimental programs were scanned with a profilometer to obtain the height of
the surface (represented by the Z coordinate) across a set of X and Y coordinates. This was
done for a variety of samples across several domestic plays to obtain a general range for
unconventional reservoir rock surface roughness associated with historical conductivity
samples. This data was then used to determine an average roughness defined by mean,
standard deviation, and correlation lengths in both the X and Y direction. A reasonable
representation of a shale conductivity sample was subsequently defined by a standard
deviation of 0.025 inches, a correlation length in the X direction of 1 inch, and a correlation

length in the Y direction of 1 inch. A mean of 1.25 inches was assigned in order to give the
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sample adequate height for experimentation. These parameters characterized the baseline

surface topography moving forward.

These parameters were taken as inputs into Stanford University’s geostatistical

library, GSLIB. The output was the simulated rough surface displayed in Figure 39.
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Figure 39: Geostatistically-Simulated Surface Roughness for Baseline Sample

The resulting set of coordinates was then used to generate a 3D mesh in the form
of an “.stl” file, which represents the model as an amalgamation of small triangles that fully
describe the appropriate surface geometry. The desired geometry of the 3D model was then
cut from an existing fracture surface to fit the modified-APIl conductivity cell size
requirements. The 3D model was then printed with a Phrozen Transform Fast Digital Light
Processing (DLP) 3D Printer. The resulting 3D print was post-processed and used to make
a silicone mold casting. Finally, the silicone mold was used to generate cement samples to
be used in later experiments. The 3D model, 3D print, and resulting cement sample created

from the simulated surface roughness shown in Figure 39 are displayed in Figure 40. The

59



baseline cement samples produced for the experimental program—as defined above—are

shown in Figure 41.
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Figure 41: Baseline Cement Conductivity Sample for Experimental Program
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2.3.2 Baseline Sample Experimentation

Cement samples were prepared for experiments as outlined in previous sections.
Two identical sample sets were produced as inputs to compare the conductivity in both a
propped and un-propped fracture scenario. In the case of the sample being prepared for a
propped conductivity experiment, South Texas-mined 100-mesh sand from Webb County,

Texas was distributed at 0.2 Ib/ft? prior to sealing the sample with epoxy.

During both propped and un-propped experiments, closure stress was ramped up
from a starting point of 1,000 psi to 4,000 psi in increments of 1,000 psi. At each closure
stress, four different flow rates were recorded to comprehensively determine what the
fracture conductivity associated with the sample for each closure stress was. The results

are displayed in Figure 42.
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Figure 42: Baseline Sample Conductivity (Reprinted from Sistrunk et al. 2023)
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The red curve displayed on Figure 42 represents the rough fracture surface propped
open with 0.2 Ib/ft? of 100-mesh proppant. The black curve on the plot represents the exact
same rough fracture surface without any proppant holding the fracture open. As expected,
the propped sample is associated with higher conductivity at higher closure stresses due to
proppant holding the fracture open as more and more closure stress is applied to the cement

sample.

2.3.3 Demonstrating Repeatability

As mentioned in the introduction, the major objective of this study was to
successfully establish a workflow to generate identical high-strength cement samples with
geostatistically-informed rough fracture surfaces, in addition to exhibiting that this high-
strength cement is an adequate proxy for unconventional reservoir rock in fracture
conductivity experiments. The primary motivation for this objective was to reduce the

uncertainty associated with experimental results in fracture conductivity workflows.

It was important to the validity of the experimental study to assess how well the
established workflow satisfied this study motivation. If experimental results for a given
surface topography, proppant size, proppant concentration, and proppant distribution are

not consistent, the overall value of the workflow would be diminished.

To assess this, two identical cement sample sets characterized with the baseline
surface topography described in the previous section were produced with the same silicone
casting. Samples were prepared identically to one another. Each sample was loaded with

0.2 Ib/ft? of 100-mesh proppant from South Texas.
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Conductivity experiments were run on both samples. The results are illustrated in
Figure 43. The red curve and green curve displayed on the plot represent the exact same

experimental conditions from surface topography to proppant characteristics.

Assessing Repeatability with Baseline Surface Topography
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Closure Stress [PSI]

Figure 43: Assessing Experimental Repeatability with Baseline Surface Topography

Observe that the experimental results for both tests align closely, especially at the
lowest and highest closure stresses applied to the sample. Slight deviation in results can

likely be attributed to manually loading proppant into the samples, which requires a great

deal of precision and consistency.

2.4 Conclusions

This chapter comprehensively summarizes a workflow created to generate identical
high-strength cement samples with geostatistically-informed rough fracture surfaces, while

also illustrating that this high-strength cement is an adequate proxy for unconventional

reservoir rock in fracture conductivity experiments.
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After successfully establishing and vetting proof-of-concept for this workflow with

published conductivity experimental data, a baseline surface topography was established

to anchor the forthcoming experimental program. The baseline was then benchmarked in

both propped and un-propped fracture scenarios. Finally, experimental repeatability was

verified by conducting identical experiments back-to-back and comparing results.

The technical work presented in this section successfully demonstrated the

following:

1)

2)

3)

4)

5)

A robust workflow was successfully developed to generate identical high-strength
cement samples with different geostatistically defined surface topographies through
the use of 3D printing.

The high-strength cement used in this study has both sufficient intrinsic mechanical
properties and adequately captures granular detail carried through the 3D printing
process.

Cement sample fracture conductivity experimental results are in a reasonable range
relative to historic experimentation, although conductivity associated with cement
samples is generally in the upper quartile of the established range.

Un-propped and propped experiments on the same baseline surface topography
yielded results in line with convention.

Repeatability of experiments was established by running identical experiments

back-to-back and garnering similar results.
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3. PROPPANT TRANSPORT

3.1 Introduction

The primary objective of the study presented in this chapter was to incorporate
another layer of subsurface complexity to proppant transport experiments by creating a

fracture network characterized by rough-wall fracture surfaces.

Similar to the fracture conductivity stimulation workflow discussed in the previous
chapter, fracture surface topography is instrumental in informing results of proppant
transport experimental workflows. Because of this, it is important to take great care in
establishing and vetting a method to inform rough fracture surfaces with geostatistical

parameters, ensuring that no resolution is lost in the 3D printing process.

This chapter summarizes the workflow created to generate fracture networks with
geostatistically-informed rough surfaces, while highlighting difficulties with the 3D

printing process unique to this application.

In short, a rough fracture surface is first simulated with a series of geostatistical
parameters serving as inputs to a geostatistical library. The simulated rough fracture surface
is then scaled to the appropriate size for proppant transport experiments and printed with a
Digital Light Processing (DLP) 3D printer. Following this, the fracture network is

assembled and deployed for experimentation.

Tatman et al. (2022) spearheaded efforts to simulate and print a rough-wall fracture
network that serves as the baseline for the greater experimental program (Tatman et al.

2022). Tatman’s work is germane to the generation and analysis of the fracture network
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described in this study and will be referred to throughout this section as the “first iteration”
of proppant transport plates. The fracture network produced as a result of the study
summarized in this chapter is referred to as the “second iteration” of proppant transport

plates.

3.2 Methodology

Again, the primary objective of the study presented in this chapter was to create a
workflow to generate a rough-wall fracture network, introducing another layer of
subsurface complexity to proppant transport experimentation. The procedure employed is
outlined as follows:

1) Simulate Rough Fracture Surface

2) Generate 3D Model for 3D Printer

3) Prepare 3D Model for 3D Printer

4) Print 3D Model

5) Post-Process 3D Print

6) Assemble Fracture Network

7) Execute Proppant Transport Experiments

Each subsection in this chapter describes the steps to the procedure outlined above in detail.

3.2.1 Simulating Rough Fracture Surface

The first few steps of the methodology outlined above do not deviate significantly
from their counterparts in the fracture conductivity experimental workflow presented in the

second chapter of this thesis. A geostatistical library—GSLIB—is again used to simulate
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a rough fracture surface given a mean, standard deviation, and correlation lengths in both
the X and Y directions.

The first iteration of the fracture network produced for proppant transport
experiments by Tatman et al. (2022) was characterized by a mean of 0.3 inches, a standard
deviation of 0.025 inches, a correlation length in the X direction of 1 inch, and a correlation
length in the Y direction of 1 inch. This characterization was applied to a 48-inch long and
24-inch wide surface representing the dimensions required for the main fracture and a 12-
inch long and 24-inch wide surface representing the dimensions required for a secondary
fracture in the proppant transport apparatus. This experimental apparatus will be discussed

in further detail in the following subsections.

The baseline surface simulation differs from the second set of surfaces simulated
for proppant transport experiments through varied correlation length in the X direction.
While mean, standard deviation, correlation length in the Y direction, and surface size
remain constant, correlation length in the X direction is amended from 1 inch to 3 inches.

A 6-inch by 6-inch comparison of the two simulated surfaces is displayed in Figure 44.

First Iteration Fracture Network Second Iteration Fracture Network

u=03" 0©=0.025" A,=1.0" A, =1.0" n=03" 0=0.025" A,=3.0"7 A =107
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Figure 44: Comparison of Fracture Networks Generated for Proppant Transport
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3.2.2 Generating 3D Model for 3D Printer

Recall from the previous chapter that the simulated rough fracture surfaces
displayed in Figure 44 do not actually represent one continuous surface, but rather a series
of coordinates spaced tightly together. To produce a 3D model appropriately formatted for
3D printing, this computer-generated series of points was processed and converted into the

“.stl” file required for communication with the 3D printer.

This process, in addition to the generation of the mirror fracture surface, is executed
with an in-house Python code. The code utilized for this research was amended from
Stanford University’s Geostatistical Software Library (GSLIB) and from Dr. Michael
Pyrcz’s Geostats Py Python Library with modification help from Tohoko Tajima and
Gabriel Tatman. Also executed with this in-house Python code is a process to cut the
greater fracture network into one square foot pieces. Recall that the main fracture surface
is 4 feet long and 2 feet wide and that the side fracture surface is 1 foot long and 2 feet
wide. The print volume is not large enough to print this entire fracture network at once, so

the 3D model is divided into twenty separate 1-foot by 1-foot fracture tiles.
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Figure 45: Scaling Fracture Network Model to 1’ x 1’ Tiles for 3D Printing
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An illustration of the scaling process for the greater fracture network is pictured in
Figure 45. This illustration only depicts one half of the fracture network. The other
mirroring surface is scaled with the same procedure. The twenty resulting tiles are
comprised of eight tiles that together represent one half of the main fracture, eight tiles that
represent the mirror half of the main fracture, two tiles that together represent one half of

the secondary fracture, and two tiles that represent the mirror half of the secondary fracture.

3.2.3 Preparing 3D Model for 3D Printer

The workflow outlined in the steps above has illustrated how to simulate a rough
fracture surface with geostatistical inputs, how to appropriately convert that simulated
surface into a 3D model, and how to divide that 3D model to the size required for 3D
printing. An example of the resulting matching fracture surface tiles—sized appropriately

and characterized with geostatistical parameters—is displayed in Figure 46 below.

Figure 46: Example of Second Iteration Proppant Transport Matching Fractures
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Observe in Figure 46 that, while the two mirror fracture surfaces perfectly match,
they do not fit on the build plate together at the same time. To ensure that the tiles are
printed successfully, each must be printed individually and oriented as illustrated in Figure

47 to fit on the build plate.

Figure 47: Orienting Fracture Tile Appropriately Prior to 3D Printing

In preparing these fracture tiles for 3D printing, it is important to note that they
should not be hollowed out as was done for the fracture conductivity models. This would
make the tiles more susceptible to warping after exposure to pressure and temperature

changes in the proppant transport apparatus.

At least 15 mm of supports should also be incorporated to ensure that no resolution
on the tile itself is lost to the overexposure required of the bottom model layers necessary
to create a strong base foundation for the print. The manner in which these supports should
be attached to the model is illustrated in Figure 48.
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Figure 48: Appropriate Support Applied to 3D Fracture Surface Model

Because incorporating supports into the model can potentially leave behind
unwanted signatures, each tile should be oriented prior to printing so that the supports for
a respective tile are always on the side of the fracture that will not serve as a connection

point to another neighboring tile during fracture network assembly.

In Figure 49, the red lines annotated on each respective 1-foot by 1-foot fracture
tile represent the side of the fracture tile that should have supports on it during the model
preparation and printing stages. This dictates that each of the fracture tiles displayed in
Figure 49 must be oriented prior to slicing such that the side of the tile highlighted by the

red line is positioned on the build plate. Failure to align the potential for imperfections
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towards the outskirts of the fracture system will result in difficulty assembling the fracture

network seamlessly.

Main Fracture: Side “A” Side Fracture: Side “A”

2 feet
2 feet

4 feet 1 foot

Figure 49: Appropriate Support Orientation on Tiles Comprising Fracture Network

3.2.4 Printing the 3D Model

The Phrozen Transform Fast was the Digital Light Processing (DLP) 3D printer
used in this study. Recall that DLP printers are unique in that they leverage one light source
in the form of an LCD screen to selectively cure, or harden, liquid resin. The 3D printing
process required for success in this particular application varies slightly from the

application outlined in the second chapter of this thesis.

Similar to printing conductivity samples, the Z-axis must be leveled and the
exposure time for the resin used must be calibrated prior to printing. In this case, AnyCubic
Clear Resin was used to print this rough fracture surface to ensure proppant visibility
through the fracture system. Both of these procedures were reviewed thoroughly in the
previous chapter and will not be included in this one. That said, it is worth noting that the
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appropriate exposure time found for the AnyCubic Clear Resin with the calibration process
previously outlined differs from the appropriate exposure time for the AnyCubic Grey
Resin used to print fracture conductivity samples. Appropriate exposure time for the
AnyCubic Clear Resin for this application was found to be 2.5 seconds. This is 0.5 seconds

longer than the appropriate exposure time for the previously used AnyCubic Grey Resin.

Recall that, prior to slicing the model (thereby sending instructions to the printer),
it is necessary to make appropriate adjustments to the printer settings for this specific 3D
printing application. These adjustments are displayed in Figure 50 and represent
appropriate changes to settings required to print a much larger and heavier 3D model.

Machine settings (previously shown in Figure 24) should remain the same.

Slice Settings X

2

S Profile Name: Prop_Plate 2.5
Printer Resin [, Print | Gcode Advanced
Layer Height: 0050 | mm Bottom Lift Distance: 10.000 mm
Bottom Layer Count: 250 \ Lifting Distance: 8.000 mm
Exposure Time: 2500 |s Bottom Retract Distance: |  10.000 mm
Bottom Exposure Time: 40000 | s Retract Distance: : mm
Waiting Mode ...ing Printing:| Light ... ¥ \ Bottom Lift Speed: 20.000 mm/min
Light-off Delay: 10000 | s Lifting Speed: 60.000 mm/min
Bottom Light-off Delay: 10000 |s Bottom Retract Speed: 75.000 mm/min

Retract Speed: 150.000 mm/min

Figure 50: Proppant Transport Plate + AnyCubic Clear Resin Printer Settings

Observe that, given this change in application, these printer settings differ

significantly from their fracture conductivity model counterparts. When printing proppant
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transport tiles, “Bottom Layer Count” should be increased to at least 200 layers. This
parameter can be increased as much as is necessary to ensure that the model adheres
successfully to the build plate, so long as this value does not surpass the layer count of the
supports. If this parameter exceeds this maximum value, the model itself will be left
susceptible to unwanted signatures caused by the overexposure that characterizes the

bottom-most layers of the model.

Because of their weight, it is also necessary to increase the “Bottom Exposure
Time” of the 3D model to ensure proper adhesion to the build plate when printing. As
mentioned in the second chapter, general guidance suggests appropriate values for this
exposure range between five to ten times longer than the exposure time required for the
rest of the model. In this heavy-weight case, the exposure for the bottom-most layers of the
model should be set between twenty and forty times longer than the exposure time required
for the rest of the model. As such, “Bottom Exposure Time” was amended to 40 seconds

for proppant transport plate printing.

Because, in this case, adjusting both “Bottom Layer Count” and “Bottom Exposure
Time” was not sufficient in achieving consistent model adhesion to the build plate,
“Bottom Lift Speed” was adjusted from 65 mm/min to 20 mm/min and “Lifting Speed”
was adjusted from 85 mm/min to 60 mm/min. When printing heavy-weight models,
reducing lift speed settings can help successful adhesion to the build plate by minimizing

the force pulling the model off of the build plate during its ascent.

Because the amendments to printer settings outlined above dictate that resin is

exposed to UV light for longer periods of time, these adjustments will extend print time
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and make removing the partially-overcured tile from the build plate much more difficult.
As such, these setting adjustments should only be made when poor model adhesion to the

build plate is being observed consistently and is impacting the quality of the print.

After appropriately orienting and supporting the 3D model and after adjusting
printer settings to be appropriate for this printing application, the 3D model can be sliced,
saved, and exported to the 3D printer. Recall that slicing the model is jargon for converting
the ChiTuBox user settings to a printer-compatible file containing two important pieces of
information for the 3D printer: (1) images representing each cross section of the model,
and (2) instructions that dictate printer settings including exposure time, lift speed,

positioning information, and more.

An example of this slicing process is depicted in Figure 51.

Figure 51: Example “Slice” of Proppant Transport Plate 3D Model

After the build plate has been leveled, exposure time has been calibrated, and the
3D model has been sliced with the appropriate printer settings, the following procedure
should be followed to print the 3D model:
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1)

2)

3)

4)

5)

6)

7)

8)

9)

Select the model to be printed in ChiTuBox. Select the appropriate resin profile to
communicate exposure and lift instructions to the printer.

“Slice” the model by selecting “Single Parameter Slice” in ChiTuBox.

Save the sliced model and model instructions by selecting “Save” in ChiTuBox.
Save the resulting “.zip” file to the computer.

Duplicate the “.zip” file. In the duplicated file, change the “.zip” distinction to
“phz”.

Load the “.phz” file onto a USB. Use the USB to upload the file to the 3D printer.
While the model file is loading onto the 3D printer, ensure that the build plate and
resin vat are totally clear of debris and residual resin from prior print jobs before
installing them on the 3D printer.

Pour the liquid resin previously calibrated for exposure time into the resin vat.
After the build plate and resin vat have been secured in the 3D printer and after the
model has been loaded successfully, select the checkmark on the interface of the
3D printer to commence the printing process.

After the print is finished, remove the build plate (with the model adhered to it)

from the printer.

10) Use a metal scraper to remove the 3D print from the build plate. If the model will

not detach from the build plate with a metal scraper alone, apply 550 °F of heat to
the area where the model adheres to the build plate with a heat gun for 30 seconds.

Use heat-resistant gloves as necessary.
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11) Remove and discard remaining supports from the 3D print by hand. If the supports
will not detach from the build plate by hand or with the help of a metal scraper, a
wet saw can be used to cut the remaining supports off of the printed model.

12) Wash the 3D print with isopropyl alcohol. Set the print on a paper towel to dry.

13) While the 3D print is drying, the build plate, resin vat, and LCD screen should all
be thoroughly cleaned with isopropyl alcohol.

14) If the print is unsuccessful, adjust print slice configuration settings and repeat the
process until success is achieved.

PPE required for this process includes gloves, eye protection, and a lab coat. While resin
is non-hazardous and non-toxic when used as directed, care should be exercised in keeping

it off of skin and out of eyes as it can cause minor irritation.

3.2.5 Post-Processing 3D Print

Several of the resulting 3D-printed fracture tiles are displayed in Figure 52 below.

Arrows annotated on the image illustrate the direction of greater correlation length.

Figure 52: 3D-Printed Fracture Tiles Prior to Assembly
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Similar to the workflow established for printing fracture conductivity samples, each
proppant transport tile should be washed with isopropyl alcohol and thoroughly dried.
Unlike the workflow outlined in the previous chapter, the 3D print should not be
subsequently cured under additional UV light. Doing so will turn the clear surface yellow
or brown, reducing the visibility that is critical to result interpretation in proppant transport

experiments.

Additionally, Rust-Oleum Crystal Clear Enamel should be used to coat both the
front and back of the fracture face at least three times each. This epoxy coat will serve to
enhance the visibility through the fracture network while also protecting it from erosion by
the water, sand, and diverter it will be exposed to in proppant transport experiments. Figure
53 demonstrates the enhanced clarity that results as a function of the post-processing

procedure described in this section.

Pre-Processing

Post-Processing

Figure 53: Improving Visibility Through Fracture with Post-Processing Procedure
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The visibility through the fracture plates will be improved even further when they

are submerged in water in the proppant transport experimental mechanism.

After all twenty plates comprising the greater fracture network have been printed
and post-processed, they are carefully packed and shipped to Colorado School of Mines

for assembly and experimentation.

3.2.6 Assembling Fracture Network

As described in a previous subsection, a geostatistical characterization was applied
to a 48-inch long, 24-inch wide surface representing the dimensions required for the main
fracture in the fracture network and a 12-inch long, 24-inch wide surface representing the
dimensions required for a secondary fracture in the fracture network. Due to printer volume
constraints, these surfaces were divided into twenty separate 1-foot by 1-foot tiles to be
assembled after printing. Tiles should fit together seamlessly as illustrated in Figure 54

and Figure 55.

Figure 54: Seamless Transition Between Neighboring Fracture Tiles
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Figure 55: Mirroring Fracture Surfaces Align Precisely

Tiles were assembled into continuous fracture faces with clear contact cement
applied to the tile edges prior to clamping neighboring surfaces together (Tatman et al.
2022). A 0.2-inch spacer was used to dictate the width between the matching fracture faces
in the main fracture. A 0.1-inch spacer was used to dictate the width between the matching
fracture faces in the secondary fracture. Figure 56 illustrates tiles assembled on both sides

of the main fracture.

Figure 56: Post-Assembly Main Fracture
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3.2.7 Executing Proppant Transport Experiments

The Colorado School of Mines experimental apparatus used for this proppant

transport experimental program is illustrated in Figure 57.

48"

1- Mixer

2- Mixing Tank
3- Variable Frequency Drive
4- Flow Meter

5- Slurry Pump

6- Flow Lines

7- Plexiglass Frame

8- Fracture slot network

9- Video Camera

Figure 57: Colorado School of Mines Proppant Transport Experimental Apparatus

Figure 58 displays the proppant transport apparatus with the fully assembled

fracture network in place.

After confirming that the assembled fracture surfaces were able to withstand the
pressures and rate associated with pumping slurry through the system, the experimental
study was commenced. Proppant size, proppant concentration, proppant type, diverter
concentration, diverter type, injection rate, and fracture width are variables amended to

better understand how these parameters relate to proppant transportation and distribution.
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Figure 58: Post-Assembly Proppant Transport Experimental Apparatus

Although experimental results obtained with this iteration of rough fracture surface

are still preliminary, they will be briefly addressed in the following section.

3.3 Results & Discussion

As was mentioned in the introduction to this chapter, this study attempts to layer an
additional subsurface complexity into existing proppant transport experimental studies.
The first iteration of plates was printed and analyzed by Tatman et al. (2022). Equal
correlation length in both the X and Y directions dictates that the surface roughness of this
fracture system shows no particular affinity for features in either direction. Variation in
height appears randomly. The second iteration of plates was presented in the workflow
outlined above. Geostatistical parameters remain the same relative to the first iteration
fracture system with the exception of correlation length in the X direction which was
amended from 1 inch to 3 inches. The resulting surface—previously depicted in Figure

44—is characterized by striations aligned parallel to the direction of flow. While results
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from the second iteration of proppant transport plates are still being processed, the purpose
of this impending analysis will be to compare the results associated with the first iteration
fracture system with the preliminary findings associated with the most recent iteration of

proppant transport tiles.

To make direct comparisons across fracture systems with varied surface roughness,
experimental conditions will be held constant while proppant size, proppant concentration,
proppant type, diverter type, diverter concentration, injection rate, and fracture width are

all varied individually to isolate their impact on proppant transportation and distribution.

While experiments are still in the process of being conducted with the fracture
network most recently produced, preliminary experimental results—such as those
displayed in Figure 59— indicate that experiments to date have been not only successful,

but also offer unique insights.

Figure 59 demonstrates the impact that varied surface roughness has on proppant
transportation and distribution in the 0.2-inch main fracture with 1 ppg of 40/70-mesh

proppant at a flowrate equivalent to 40 bbl/min.

Figure 59: Proppant Transport Summary — Main Fracture (1 ppg, 40/70 mesh)
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Because experimental results have yet to be published by principal investigators,
further explanation and analysis of experiments conducted to date will be left to Dr.

Ashtiwi Bahri and Dr. Jennifer Miskimins at Colorado School of Mines.

Partial credit for this work should be attributed to Gabriel Tatman (Texas A&M
University) for printing the first iteration of the fracture network and to Dr. Ashtiwi Bahri
(Colorado School of Mines) for conducting experiments on both sets of fracture systems,
in addition to Dr. Ding Zhu, Dr. Dan Hill, and Dr. Jennifer Miskimins, who are all principal

investigators of this research program.

3.4 Conclusions

The primary objective of the study summarized in this chapter was to incorporate
another layer of subsurface complexity into proppant transport experiments by creating a

fracture network characterized by rough-wall fracture surfaces.

Because fracture surface topography is instrumental in informing results across
proppant transport experimental workflows, it was important to successfully establish and
vet a procedure to inform rough fracture surfaces with geostatistical parameters, ensuring
that no resolution is lost in the 3D printing process. As such, this chapter comprehensively
summarizes the workflow created to generate this rough-wall fracture network with

geostatistically-informed surfaces.

In short, a rough fracture surface was first simulated with a series of geostatistical
parameters serving as inputs to a geostatistical library. The output simulated rough fracture

surface was then scaled to the appropriate size for proppant transport experimentation and
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printed with a Digital Light Processing (DLP) 3D printer. Following this, the fracture
network was assembled and used for experimentation. Results associated with this updated
fracture network will be compared to the previous surface characterization generated,
printed, and analyzed by Tatman etal. (2022). The updated fracture system is characterized
by a surface that has more correlation in the direction of flow relative to the first iteration
of transport plates which were characterized by equal correlation lengths in both directions.
Although the results garnered from the most recent fracture system are preliminary, they

do show promise in offering major insights.

The technical work presented in this section successfully demonstrated the
following:

1) A robust workflow was implemented to create a geostatistically defined rough
fracture surface through the use of 3D printing.

2) Twenty tiles comprising a greater fracture network were successfully printed and
assembled at Colorado School of Mines.

3) Experiments with the same fracture size, fracture width, slurry injection rate,
proppant density, and proppant concentration allow proppant size and surface
topography to be evaluated to determine their impact on proppant transport and
distribution.

4) Varying surface topography by incorporating a system with more correlation in the
direction of flow resulted in significant changes to proppant transportation and

distribution behavior.
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4. GENERAL DISCUSSION, LIMITATIONS, AND CONCLUSIONS

4.1 Introduction

Experimental studies geared towards analyzing the relationships between well
stimulation parameters and subsurface characteristics are inherently difficult to design and
execute. The two studies introduced in this thesis offer a unique approach to reducing the
uncertainty associated with stimulation experimental results, while layering in additional

complexities.

This chapter discusses significant existing limitations associated with current

analyses, in addition to exploring recommendations for future work.

4.2 Limitations

Both fracture conductivity and proppant transport experimental workflows are

associated with a few minor limitations.

4.2.1 Fracture Conductivity Workflow Limitations

Recall from the second chapter of this thesis that the conductivity associated with
cement samples appears to be somewhat higher than their unconventional reservoir rock
counterparts. Initially this observation was thought to be unwanted signatures on the
surface of cement samples from the silicone casting degassing on the fracture faces while
cement was in the process of curing. After resolving this degassing obstacle, conductivity
of the cement samples remains slightly higher than should be expected in real-rock

applications.
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It is believed that this higher conductivity is due to minor divergence of the fracture
faces, particularly on the flanks of the conductivity sample, which are highlighted in red
circles in Figure 60. This phenomenon is shown and exaggerated by applying pressure to

one side of the conductivity sample displayed in Figure 60.
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Figure 60: Ilustration of the Divergence of Matching Surfaces on Sample Flanks

This behavior cannot be attributed to the shape or size of the 3D print, as illustrated

by applying pressure to one side of the 3D-printed sample in Figure 61.

Figure 61: 3D-Printed Conductivity Sample Shows No Surface Divergence
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This seems to suggest that the behavior showcased in Figure 60 can be attributed
to the silicone casting. Because the cement fracture faces appear to align perfectly towards
the middle of the conductivity sample and only begin to diverge towards the flanks of the

sample, it is suggested that the elasticity of the silicone mold is yielding to the weight of

the cement while it is still curing. This is illustrated in Figure 62.
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Figure 62: Hlustration of Silicone Sagging Behavior Leading to Ill-Fitting Samples

Notice in Figure 62, that the bottom of the mold (which is the rough surface face
of the fracture) is almost a half-inch off of the table. This allows the silicone to exercise its
elastic properties by sagging in the middle of the mold. The solution to resolving this
behavior is simple. There should be as little excess silicone below the bottom of the mold
(or rough fracture face) as possible. This means that when the silicone casting is being
created, silicone should be poured into the container slowly until the face of the
conductivity samples are barely submerged. The silicone should be translucent enough that

the fracture faces are still visible to the naked eye through this layer of silicone.
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Minimizing the excess silicone below the fracture faces in the silicone castings

should prevent the silicone from sagging towards the middle of the mold. This idea is

depicted in Figure 63.
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Figure 63: Hlustration of Silicone Sagging Behavior Resolution

This small step should resolve the character of the conductivity sample fracture

faces illustrated in Figure 60, yielding lower and more realistic conductivity results.

4.2.2 Proppant Transport Workflow Limitations

Recall from the third chapter that the 3D-printed, rough-walled fracture network
generated for proppant transport experiments highlighted in this thesis is not the first of its

kind. Tatman et al. (2022) were the first to implement this workflow.

It is worth noting that one key trouble Tatman et al. (2022) ran into in their efforts
to implement a 3D-printed fracture network in proppant transport experiments was the
deterioration of the 3D-printed rough fracture surface after a considerable number of

experiments were ran successfully.
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This plate deterioration was first identified when the fracture system—specifically
the main fracture—began warping. This character is displayed in a portion of the main

fracture in Figure 64.

Figure 64: Main Fracture Warping in First Iteration Fracture System

Although this warping could have been due to the interaction between the 3D-
printed fracture and fracture fluid, precautions were taken when creating the second
iteration fracture system in the event that this warping was simply pressure induced. First,
the second set of plates is twice as thick as the first set of plates. Fracture system
specifications were ramped up from 0.25-inch thick plates to 0.5-inch thick plates. Second,
a more robust layer of clear coat was used to protect both the front and back of each plate
in the second iteration of the fracture system. Visibility was not impacted by either of these
changes. The second iteration fracture system has yet to warp or deteriorate through eight

experiments.
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4.3 Future Work

Both fracture conductivity and proppant transport experimental workflows offer

ample opportunity for future work.

4.3.1 Fracture Conductivity Future Work

The fracture conductivity workflow outlined in the second chapter of this thesis has
proven to be successful in generating identical high-strength cement samples with
geostatistically-informed rough fracture surfaces, in addition to exhibiting that this high-
strength cement is an adequate proxy for unconventional reservoir rock in fracture
conductivity experiments. Given this success in putting together a workflow, there should

be no hurdles preventing a start to the experimental study proposed.

While the experimental study will certainly implement different proppant sizes,
concentrations, and types, it will differ from existing experimental studies in that surface

topography will also be varied consistently and repeatably.

Surface topography adjustments will include random / more uniform fracture
topography, varied length correlation, and step-change / ridge signatures included on the

face of the fracture.

Using the workflow outlined in the second chapter of this thesis, fracture
conductivity samples with varied correlation in the direction of flow have already been

generated and printed. These samples are shown in Figure 65 and Figure 66, respectively.
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Figure 65: Simulated Surfaces with Varied Correlation in the Direction of Flow
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Figure 66: 3D-Printed Samples with Varied Correlation in the Direction of Flow

4.3.2 Proppant Transport Future Work

Given the interest that preliminary results for the two fracture systems to date have

generated, great emphasis is being placed on printing another fracture system with a
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different surface characterization. In fact, the third set of proppant transport plates has
already been generated and is currently in the process of being printed. This particular
surface realization is similar to the second iteration fracture system. It carries the same
mean, standard deviation, and correlation lengths in both the X and Y direction as the
previous iteration. This time, though, the 3D model includes a 0.1-inch ridge also running

in the direction of flow. An example of this model is illustrated in Figure 67.

p=0.3" 0=0.025" A,=3.0" A =1.0"

Figure 67: Third Iteration Fracture Network for Transport Experiments Example

Additionally, the process to print these plates is getting significantly easier given
the addition of a new printer—the Phrozen Sonic Mega—to the laboratory. This printer
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primarily differs from the Phrozen Transform Fast in that the XY resolution of the printer
is twice as granular and the build volume is approximately 25% bigger. This will reduce
the print time associated with proppant transport plate printing—a huge constraint in this

experimental program— substantially. This printer is displayed in Figure 68.
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Figure 68: Phrozen Sonic Mega Digital Light Processing (DLP) 3D Printer

4.4 Conclusion

In summary, this thesis serves to highlight two studies that employ 3D printing to
amend their respective experimental workflows to be more comprehensive. The first of
these workflows and primary focus of this thesis leveraged 3D printing to generate
repeatable rock conductivity samples, reducing uncertainty associated with experimental
results. Study results illustrated how proppant concentration impacts fracture conductivity
while also demonstrating that conductivity results garnered from these 3D-printed samples

are both repeatable and reasonable relative to previous experimental studies.
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This thesis also aims, secondarily, to summarize progress made in making proppant
transport experimental workflows more comprehensive with the help of 3D printing. Like
fracture conductivity, how effectively proppant is transported through a fracture network
and subsequently distributed throughout that network is a key determining factor in how

prolific a fractured well in a given resource turns out to be.

While the foundation of these proppant transport and distribution experiments
remains largely unchanged to date, this study aims to incorporate another layer of
subsurface complexity by creating a fracture network for proppant transport

experimentation characterized by 3D-printed, rough-walled fracture surfaces.

The rough-wall fracture network that was printed in this study differs from previous
iterations of rough-wall systems in that the surface is characterized with correlation of
features in the direction of flow. Results associated with this updated fracture network were
compared to the previous surface characterization generated, printed, and analyzed by
Tatman et al. (2022). Although the results garnered from the most recent fracture system
are preliminary, they do offer significant insight into the impact that surface topography

has on proppant transportation and distribution.

When employed appropriately, 3D printing can be leveraged to make a variety of

stimulation experimental workflows more robust in nature.
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