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Abstract

Rock typing, the methodology of grouping rocks based on their mineralogical, hydraulic,

and/or petrophysical similarities has many applications in reservoir engineering, characteri-

zation, and simulation. Grouping rocks based on single-phase data has been widely discussed

in the literature, while two-phase rock typing methodologies are limited. Single-phase rock

typing methods generally identify rock types using porosity and permeability measurements

based on similar characteristic pore sizes. To address the effect of wettability, ignored in

single-phase rock typing, the present study focuses on classifying rock types using two-phase

flow data. Using concepts from critical-path analysis (CPA) we propose a new rock typing

methodology based on wetting-phase relative permeability curve, krw, critical pore radius,

rc, and effective wetting-phase saturation, Se. For this purpose, we convert the wetting-

phase relative permeability curves, Sw� krw, to Se� rc curves. We utilize a curve clustering

method to identify representative rock types. To assess the proposed rock typing approach,

we first created a large petrophysical dataset using pore network simulations, that covered a

comprehensive range of pore size distributions, contact angles, pore coordination numbers,

pore shape distributions, and clay contents. Overall, 240 pore networks were generated. We

also simulated two-phase flow in six additional pore networks based on properties of Berea,

Mt. Simon, and Fontainebleau sandstones. Results showed that there exist twelve unique

rock types in our dataset. However, using single-phase rock typing techniques, we found a

different number of rock types ranging between eight and fifteen depending on the methods

applied. The discrepancies in the results of single- and two-phase rock typing approaches

highlighted the importance of classifying rocks using two-phase flow data.
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Chapter 1

Introduction

The process of classifying reservoir rocks into similar groups is known as rock typing in the

petroleum industry. Rock typing based on their 
uid 
ow characteristics is vital in accurately

modeling oil and gas reservoirs. Being able to precisely group rocks based on their 
uid 
ow

behavior is essential in setting up reservoir models. One of the pioneering rock typing works

was conducted by Archie (1950) who states

"Though permeable rocks are, by nature, heterogeneous, their characteristics fol-

low de�nite trends when considering a formation as a whole . . . a formation

whose parts have been deposited under similar conditions and have undergone

similar processes of later weathering, cementation or re-solution [will be consid-

ered a rock type]" (Archie, 1950)

With advances in technology and our knowledge of 
ow in porous media, rock typing has

been substantially progressed and applied in the oil and gas industry. Rock typing can be

performed using di�erent ways, due to the complex nature of oil and gas reservoirs. The most

common avenues of approach for rock typing found within the literature, in no particular

order, are as follows:

ˆ Using the local stratigraphy to classify rocks into separate rock types, such as grouping

similar stratigraphic units together into one rock type (Gregorio et al., 2020; Gunter

et al., 1997; Lucia, 1995; Rushing et al., 2008).
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ˆ Classifying rocks based on their petrological and diagenetic similarities, particularly

when working with carbonate reservoirs (Aliakbardoust and Rahimpour-Bonab, 2013;

Farshi et al., 2019; Gunter et al., 1997; Rushing et al., 2008).

ˆ Grouping rocks with similar 
uid 
ow or petrophysical properties into representative

rock types, using data from cores and/or well logs (Aliakbardoust and Rahimpour-

Bonab, 2013; Compan et al., 2016; Farshi et al., 2019; Ghanbarian et al., 2019; Hamon

and Bennes, 2004; Mirzaei-Paiaman and Ghanbarian, 2020; Mirzaei-Paiaman et al.,

2018, 2019b; Rushing et al., 2008).

Rock typing can be carried out with any number of these approaches, depending on data

availability, by combining methods typically used (Aliakbardoust and Rahimpour-Bonab,

2013; Gregorio et al., 2020; Gunter et al., 1997; Hamon and Bennes, 2004; Hollis et al.,

2010; Rushing et al., 2008; Skalinski and Kenter, 2015). When core data are available,

petrological and petrophysical data can be used to group rocks into their representative

rock types (Gunter et al., 1997; Rushing et al., 2008). While when well logs are present,

stratigraphic and petrophysical methods can be used to type rocks into their representative

rock types (Archie, 1950; Rushing et al., 2008). When typing rocks using petrophysical data,

there is two di�erent types of data available, single-phase and two-phase 
ow measurements.

Single-phase data indicate that there is only one 
uid within a sample, water, gas, or oil for

instance. While two-phase data mean that there are two 
uids present e.g., oil-water, oil-

gas, or water-gas. Within the literature, the single-phase rock typing is much more common

than the two-phase rock typing, probably because porosity and permeability are routinely

measured in oil/gas explorations. However, single-phase 
ow measurements do not capture

any information about the wettability and contact angle, particularly in mix-wet reservoirs.

Thus, this study will focus on using two-phase petrophysical data to group rocks into their

representative types.

In this study, we present a new approach for two-phase rock typing based on concepts of

critical-path analysis and by determining critical pore sizes at di�erent e�ective saturations

to classify rocks. Due to limitations acquiring experimental data, in any form, in our study
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we �rst generate a large petrophysical database that covers a comprehensive types of rocks.

We validate our proposed rock typing method using a curve clustering method to classify

rocks that share similar critical pore sizes within the generated database.
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Chapter 2

Literature Review

The literature on rock typing is extensive and covers a wide variety of methods and reservoirs,

from tight-gas sandstones to highly heterogeneous carbonate reservoirs, see e.g., (Aliakbar-

doust and Rahimpour-Bonab, 2013; Amaefule et al., 1993; Archie, 1950; Compan et al., 2016;

Farshi et al., 2019; Gregorio et al., 2020; Gunter et al., 1997; Hamon and Bennes, 2004; Hollis

et al., 2010; Kolodzie, 1980; Lucia, 1995; Mirzaei-Paiaman and Ghanbarian, 2020; Mirzaei-

Paiaman et al., 2018, 2019b; Skalinski and Kenter, 2015; Winsauer et al., 1952) and references

therein. The basis of di�erent rock typing methods is to detect representative rock types

within a reservoir. In this chapter, several common rock typing methods are discussed with a

critical focus on using petrophysical data to determine rock types using either single-phase or

two-phase 
ow measurements. Further comprehensive reviews on rock typing can be found

in the following references: Faramarzi-Palangar and Mirzaei-Paiaman (2020a); Ghanbarian

et al. (2019); Kadkhodaie and Kadkhodaie (2018); Michel and Bruno (2014); Rushing et al.

(2008).
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2.1 Single-Phase Rock Typing

Archie's Law

Rock typing using single-phase data is much more common in the literature compared to

two-phase rock typing. As stated in Chapter 1, one of the �rst forms of rock typing based

on electrical resistivity and porosity data was developed by Archie (1950) and later modi�ed

by Winsauer et al. (1952) to create the following well known equation called Archie's law:

F = a� � m (2.1)

This method utilizes the relationship between formation factor (F ) and porosity (� ) to

classify rocks into separate rock types. Building upon this, Archie's law also quanti�es how

rocks are well cemented using Archie's cementation exponent (m). Rocks that are more well

consolidated and cemented exhibit higherm values. Thus, carbonates will generally show

greater cementation exponents compared to unconsolidated sandstones (M•uller-Huber et al.,

2015; Porter and Carothers, 1971). However, Archie's law has limitations, particularly in

highly heterogeneous or vuggy carbonates (M•uller-Huber et al., 2015). Such limitation with

Archie's law led to the development of a variety of other rock typing methods; most common

methods are presented in the following.

Winland & Pittman Equations

A large number of rock typing studies is based on the Winland equation (Ghanbarian et al.,

2019; Kolodzie, 1980; Rushing et al., 2008). This method was originally developed by H.D.

Winland to aid in the calculation of pay zone in hydrocarbon reservoirs. He proposed

that there is a relationship between the pore throat size, and the porosity - permeability

relationship (Kolodzie, 1980). Using mercury-intrusion capillary pressure (MICP) curves,

one can calculate the thirty-�fth percentile of the MICP curve (r35), and then relate that to

the permeability and porosity of a rock sample (Eq. 2.2).
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log(r35) = 0 :732 + 0:588� log(k) � 0:864� log(� ) (2.2)

Using well-log data from the Spindle Field in Colorado, USA, Kolodzie (1980) modi�ed

the original Winland equation (Eq. 2.2) and established the following relationship

log(r35) = 0 :9058 + 0:5547� log(k) � 0:90338� log(� ) (2.3)

Both the original Winland equation (Eq. 2.2) and the modi�ed Winland equation (Eq.

2.3) attempt to correlate pore throat sizes to permeability and porosity, albeit with dif-

ferent numerical prefactors. However, the di�erences between these two equations, using

petrophysical data from two di�erent well �elds, illustrate the drawbacks of these empirical

formulas, as the constants in these equations must be modi�ed depending on the data set

used. Furthermore, there is not a general agreement within the literature thatr35 is the op-

timal pore size for calculating permeability (Ghanbarian et al., 2019; Pittman, 1992; Riazi,

2018).

Similar to Winland, Pittman (1992) proposed a set of empirical relationships to relate

pore throat size and permeability to MCIP data. However, Pittman (1992) used pore throat

radius at di�erent mercury saturations (Table 2.1). This set of equations are based on a

range of pore throat radii values, fromr10 to r75.
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Table 2.1 : Pittman equations used to relate pore throat radii determined from MICP curves

to porosity and permeability.

Equation R2

log(r10) = 0.459 + 0.500 log(k) - 0.385 log(100� ) 0.901

log(r15) = 0.333 + 0.509 log(k) - 0.344 log(100� ) 0.919

log(r20) = 0.218 + 0.519 log(k) - 0.303 log(100� ) 0.926

log(r25) = 0.204 + 0.531 log(k) - 0.350 log(100� ) 0.926

log(r30) = 0.215 + 0.547 log(k) - 0.420 log(100� ) 0.923

log(r35) = 0.255 + 0.565 log(k) - 0.523 log(100� ) 0.918

log(r40) = 0.360 + 0.582 log(k) - 0.680 log(100� ) 0.918

log(r45) = 0.609 + 0.608 log(k) - 0.974 log(100� ) 0.913

log(r50) = 0.778 + 0.626 log(k) - 1.205 log(100� ) 0.908

log(r55) = 0.948 + 0.632 log(k) - 1.426 log(100� ) 0.900

log(r60) = 1.096 + 0.648 log(k) - 1.666 log(100� ) 0.893

log(r65) = 1.372 + 0.643 log(k) - 1.979 log(100� ) 0.876

log(r70) = 1.664 + 0.627 log(k) - 2.314 log(100� ) 0.862

log(r75) = 1.880 + 0.609 log(k) - 2.626 log(100� ) 0.820

There are a number of disadvantages with such empirical models. The �rst of which is it is

not clear whetherr35 refers to radius or diameter. Kolodzie (1980) usesr35 to refer to pore

throat size of the 35th percentile on the MCIP curve, while Pittman (1992) user35 as the

pore throat radii. These inconsistencies in terminology drastically a�ect the permeability

estimation when using this set of equations. The second disadvantage is their applications

to unconventional reservoirs such as tight-gas sandstones and shales are questionable. Both

Winland and Pittman equations overestimate permeability in tight reservoir rocks (Ghan-

barian et al., 2019; Rezaee et al., 2012; Rushing et al., 2008). This illustrates the issues with

using empirically derived rock typing methods, and highlights the extreme dependence on
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data used to develop them.

Reservior Quality Index & Hydraulic Flow Units

Another popular method alongside the Winland Equation to type rocks is using 
ow zone

indicators (FZI) and the reservoir quality index (RQI) to categorize rocks into their represen-

tative hydrualic 
ow units, or HFU's (Amaefule et al., 1993; Farshi et al., 2019; Kadkhodaie

and Kadkhodaie, 2018; Mirzaei-Paiaman et al., 2015; Riazi, 2018). Amaefule et al. (1993)

focused on determining reservoir quality using the peterophysical properties of a reservoir,

taking particular notice to pore geometry and the permeability - porosity ratio. Their method

based on the generalized Konzeny-Carmen equation resulted in the following equation:

RQI = 0:0314

s
k
� e

(2.4)

wherek is permeability in milldarcy, and � e is fractional e�ective porosity. One may calculate

the void ratio (� z), the ratio of pore volume to grain volume, to determine the 
ow zone

indicator (FZI)

FZI =
1

p
Fs�Sgv

=
RQI
� z

(2.5)

This equation includes the shape factor (Fs), toroturosity ( � ), and surface area per unit

grain volume (Sgv). From the prior two equations, Amaefule et al. (1993) then developed

the following RQI/FZI relationship that is ultimately used to classify hydraulic 
ow units

log(RQI ) = log(
�

1 � �
) + log(FZI ) (2.6)

This set of equations is then used to classify rocks that are plotted on a log-log plot

of � z-RQI (Fig. 2.1). Rocks that have similar FZI values fall on a straight line with unit

slope (Amaefule et al., 1993), while those with di�erent FZI values fall on di�erent parallel

lines that also express a unit slop. These parallel lines indicate rocks that share similar pore

throat characteristics, thus forming a single HFU.
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Figure 2.1 : Illustration of how hydraulic 
ow units are determined using RQI and FZI

(after Amaefule et al. (1993)). Rocks that share similar 
ow characteristics will fall along

the same unit slope line and be classifed as a single hydraulic 
ow unit.

While this method was revolutionary at the time, more recent studies have pointed to

the 
aws of using this method. For example, even the generalized Konzeny-Carmen equation

does not stand valid in highly complex or heterogeneous rocks (Ghanbarian et al., 2019; Liu

et al., 2019; Mirzaei-Paiaman et al., 2015). Based on the fact that the generalized Konzeny-

Carmen equation can not be accurately applied to media with broad pore size distributions,
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the FZI method is only reliable in clean sandstones.

Recent studies by Mirzaei-Paiaman et al. (2019a, 2015) showed that a modi�ed FZI

method can be used for more accurate rock typing. This modi�ed FZI method, referred to

as FZI� or FZI-Star by Mirzaei-Paiaman et al. (2019a, 2015), aims to more accurately group

rocks that share similar pore geometry by classifying HFU's as rocks with distinct e�ective

or mean hydraulic radii versus classifying HFU's using the permeability - porosity ratio.

Using the original form of the Konzeny-Carmen equation instead of the its generalized

version, along with the equation originally developed by Amaefule et al. (1993) (Eq. 2.6),

Mirzaei-Paiaman et al. (2015) found the following relationship between mean hydraulic radius

(rmh ), turoturosity ( � ) and shape factor of the pores (Fs)

FZI � =
rmh

�
p

Fs
(2.7)

Using this equation Mirzaei-Paiaman et al. (2015) showed that on the log-log plot of

0:0314
p

k-
p

� , rocks that are within the same HFU follow the same straight line with unit

slope. Due to the nature of this equation, Mirzaei-Paiaman et al. (2015) argued that this

is a more accurate way to calculate representative HFU's as this method accounts for all

the pore geometry-related parameters in the Konzeny-Carmen equation, mean hydraulic

radius, turoturosity, and shape factor. However, their approach still does not incorporate

the e�ect of wettability on rock typing. In the evaluation of the FZI � method on a highly

heterogeneous reservoir, Mirzaei-Paiaman et al. (2015) found that their approach correctly

identi�ed HFU, while using FZI failed to recognize individual HFU's. Further veri�cation of

this model, FZI� , was conducted by Mirzaei-Paiaman et al. (2019a) in which they stated that

FZI � better recognized rock types when compared with other methods such as the Winland

r35 and FZI methods.

Characteristic Pore Size

Due to empirical nature and/or limitations of the previous rock typing methods, Ghanbarian

et al. (2019) developed a new methodology for rock typing based on grouping rocks with
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characteristic pore sizes. Ghanbarian et al. (2019) applied the following equation to group

rocks based on their characteristic pore sizes:

k =
l2
c

cF
(2.8)

where lc is the characteristic length scale,F is the formation factor, andc is a constant

whose value ranges between 8 and 226, depending on the theory applied (Ghanbarian et al.,

2019). The inclusion of both permeability and formation factor in this relationship is pivotal

to the basis of this rock typing procedure, as both parameters depend on the dynamic

topology of rock samples. In addition to that, the inclusion of formation factor inherently

includes the e�ect of the cementation exponent (m) in Archie's law (Eq. 2.1).

Following Johnson et al. (1986) and their theory, Ghanbarian et al. (2019) replaced the

characteristic length scalelc with the characteristic pore size � (Johnson et al., 1986), and

set c = 8. They then plotted permeability versus the reciprocal of formation factor and

next detected rocks with similar � values. Ghanbarian et al. (2019) demonstrated that the

cementation exponentm plays a nontrivial role in the selection of rock types as shown in

Fig. 2.2. Thus, to incorporate the e�ect of the cementation exponent into their methodology,

they plot samples based on 1=F-k relationship, and group rocks with similar � values into

representative rock types. By comparing their method of grouping to that of the Winland

equation, they found that � more accurately characterizes rock types.
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Figure 2.2 : The impact of the cementation exponent on di�erent� values for k plotted

versus phi (after Ghanbarian et al. (2019)). Rocks with the same� values but di�erent m

values will display di�erent clusters when comparing porosity against permeability. Thus, the

use of analyzing the data set using the1=F-k relationship.

Even though the Ghanbarian et al. (2019) method has a solid theoretical basis compared

to an empirical method to classify rock types, it still has limitations in terms of applications,

particularly to mix-wet formations. Given that neither permeability nor formation factor

incorporates the impact of wettability, care must be taken. If one wants to attempt this

method on mixed-wet samples, the in
ection point (l inf ) of the capillary pressure curve can

be converted into �. Furthermore, the Ghanbarian et al. (2019) method does not di�erentiate

among rocks with multi-modal pore size distributions. It groups uni- and multi-modal rocks

with similar � values in the same type.
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2.2 Two-Phase Rock Typing

Two-phase rock typing is a new method in industry. Even in the literature, applications

from two-phase rock typing are limited Compan et al. (2016); Hamon and Bennes (2004);

Mirzaei-Paiaman and Ghanbarian (2020); Mirzaei-Paiaman et al. (2019b). While single-

phase rock typing focuses on the static behaviors of reservoirs, two-phase rock typing is

based on the dynamic behavior of formations. Due to the complex nature of 
uid 
ow in

reservoirs, particularly when attributing wettability and pore geometry of a rock, two-phase

rock typing can be considered as a more accurate way to classify rocks. However, access to

two-phase data in hydrocarbon reservoirs can be costly and/or di�cult. That might be the

reason of limited applications of two-phase rock typing studies in the literature.

Typical single-phase rock typing methods ignore the e�ect of wettability on 
ow and

transport. Ignoring that can lead to inaccurate representation of rock types because rocks

with dissimilar contact angles may be classi�ed in the same group. It is well documented in

the literature that the e�oct of wettability on relative permeability is non-trivial (Anderson,

1987; Blunt, 1997; Dicarlo et al., 2000; Li et al., 2005; Mahmud et al., 2007; Xu et al., 2014).

Accordingly, single-phase rock typing can lead to inaccurate grouping of rocks. However,

two-phase rock typing inherently includes the in
uence of wettability through two-phase 
ow

measurements, such as water relative permeability or capillary pressure curves (An et al.,

2016; Mirzaei-Paiaman et al., 2019b; Nishiyama and Yokoyama, 2017).

True E�ective Mobility Function

A new model for two-phase rock typing was recently proposed by Mirzaei-Paiaman et al.

(2019b), Faramarzi-Palangar and Mirzaei-Paiaman (2020b) and Mirzaei-Paiaman and Ghan-

barian (2021), in which a new parameter named True E�ective Mobility Function, or TEM,

is used to classify rocks into petrophysical dynamic rock types, or PDRT's. Using rela-

tive permeability data along with additional petrophysical properties those authors aimed

to minimize uncertainties in reservoir simulation models. Based on Darcy's law (Eq. 2.9),

Mirzaei-Paiaman et al. (2019b) proposed the TEM function (Eq. 2.10) to classify rocks with
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similar TEM values:

u� = �
k � kr�

� �
� � P� (2.9)

TEM � =
k � kr�

� � � �
(2.10)

wherek is permeability, � is porosity, andkr� and � � are relative permeability and dynamic

viscosity of the the selected 
uid phase, respectively.

Within the TEM function framework, samples with similar dynamic 
uid 
ow character-

istics would have similar TEM curves. The TEM curves represent the capability of a sample

to transmit 
uids. This means that samples with greater TEM values on theSw-TEM

plot would have higher quality, as they exhibit better 
uid 
ow characteristics. Studies

by Mirzaei-Paiaman and his coworkers show that when strictly using water relative perme-

ability or capillary pressure data, rocks with similar 
uid 
ow characteristics can not be

accurately grouped. This is shown by data presented in Fig. 2.3. Experimental data from

the Bangestan Group exhibit signi�cant overlap when strictly looking at the water relative

permeability data. However, when using the TEM function given by equation 2.10, samples

were partitioned into representative PDRT's.
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Figure 2.3 : TEM and water relative permeability curves from the Ilam and Sarvak carbonate

Formations within the Bangestan Group. Top most graph shows four distinct PDRT's found

using equation 2.10 while the bottom most graph shows the signi�cant overlap of these distinct

PDRT's. Thus, indicating the inaccuracy of the using only water relative permeability curves

to depict PDRT's. Figure modi�ed from Mirzaei-Paiaman et al. (2019b)

More recently, Mirzaei-Paiaman and Ghanbarian (2021) showed that plotting TEM

curves against imbibed water saturation instead of water saturation resulted in more ac-

curate rock typing. This idea of using imbibed water saturation was also extended for rock

typing using capillary pressure curves, as discussed in the following.
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Averaging Capillary Pressure Curves

Two-phase rock typing using capillary pressure curves was proposed by Mirzaei-Paiaman

and Ghanbarian (2020). In their study, those authors argued that performing rock typing

by comparing only primary drainage capillary pressure curves is "physically meaningless

and not supported." Furthermore, using only relative permeability curves can also lead to

inaccurate representation of rock types, although relative permeability curves do completely

represent the dynamic 
uid properties of a rock. They proposed a di�erent method of using

capillary pressure curves under imbibition and/or secondary drainage, along with imbibed

water saturation (Eq. 2.11) to carry out a more accurate rock typing:

SW;I = SW � SW C (2.11)

Imbibition and/or secondary drainage data provide a better estimate of the 
uid 
ow charac-

teristics of a rock, given that rock with similar primary drainage curves could have di�erent


uid 
ow characteristics depending on pore topology and wettability. By plotting both sec-

ondary drainage and imbibition capillary pressure curves against imbibed water saturation,

all capillary pressure curves would start at the same point. This means that rocks with sim-

ilar oil recoveries under imbibition, and similar water recoveries under secondary drainage,

would collapse into one another. higher quality reservoir rocks would be shifted farther right

on the Sw;I -Capillary pressure plot (Fig. 2.4).
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Figure 2.4 : Demonstration of how the rock typing procedure proposed in Mirzaei-Paiaman

and Ghanbarian (2020) functions. With curves all starting at a central point and higher

quality reservoir rocks being further right on the imbibed water saturation - capillary pressure

curves (after Mirzaei-Paiaman and Ghanbarian (2020))

Continuing their study of capillary pressure curves, Mirzaei-Paiaman and Ghanbarian

(2020) proposed a new methodology for representing rock types in commercially available

reservoir simulations, as there are instances when rock typing completed using primary

drainage capillary pressure curves are not consistent with rock types determined from imbi-

bition and/or secondary drainage capillary pressure curves (Mirzaei-Paiaman and Ghanbar-

ian, 2020). This proposed methodology aims to alleviate this inconsistency by incorporating

the utilization of imbibition and/or secondary drainage capillary pressure curves. By check-

ing the predetermined rock types from primary drainage capillary pressure curves with the

imbibition and/or secondary drainage capillary pressure curves, rock types can be better

de�ned, such that rocks with similar pore topology and wettability, i.e. similar imbibition

and/or secondary drainage capillary pressure curves, will be classi�ed into the same type.
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2.3 General Overview of Rock Typing

As stated earlier, there are numerous ways to conduct rock typing based upon data availabil-

ity. Single-phase rock typing is much more common compared to two-phase one, although it

has limitations, particularly when empirical-based models such as the Winland equation and

Pittman equations are applied (Ghanbarian et al., 2019). Meanwhile, other methods such

as RQI/FZI may not accurately detect rock types or hydraulic 
ow units, as they do not

completely encompass the e�ects of pore geometry (Mirzaei-Paiaman et al., 2019a, 2015).

Thus, new approaches based on classifying hydraulic 
ow units were developed in the form

of FZI� , which better encompass pore geometry (Mirzaei-Paiaman et al., 2019a, 2015). How-

ever, single-phase rock typing methods still do not include the e�ect of wettability. Given

that contact angle in reservoirs might spatially vary, single-phase rock typing approaches can

not fully capture the complex nature of hydrocarbon reservoirs (Hamon and Bennes, 2004).

The literature lacks a solid theoretical method of two-phase rock typing addressing both

the e�ect of pore geometry and wettablility, although it requires more petrophysical mea-

surements than single-phase rock typing methods. Nonetheless, two-phase rock typing ap-

proaches provide a more accurate way to detect type rocks, as they utilize the dynamic 
uid


ow characteristics of a rock (Mirzaei-Paiaman et al., 2019b).

In this study, we propose a new and theoretical way to classify rocks based on their two-

phase petrophysical properties. Applying concepts of critical path analysis from statistical

physics and generalizing the theory developed by Ghanbarian et al. (2019), we construct a

novel methodology to classify rock types using critical pore sizes, water relative permeability

curves, critical water saturation, and e�ective saturation. This proposed rock typing method

is explained, in detail, in the proceeding chapters.
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Chapter 3

Methods and Materials

To develop the proposed rock typing method based on two-phase 
ow characteristics, we

used pore-network modeling to simulate single- and two-phase 
ow in porous media with

a wide range of pore-scale heterogeneity. In what follows, we �rst explain the pore-scale

simulations, and then the rock typing method developed in this study.

3.1 Pore-network simulations

3.1.1 Synthetic porous media

To carry out pore-scale simulations, we used the open-source pore-network model developed

by Valvatne (2004), which generates pore networks of sizen � n � n in which n represents

the number of pore bodies in the three directions. For the sake of simplicity, we usen to

indicate the size of the pore networks, which were constructed by randomly distributing the

pore-throats radii r that follow the truncated Weibull distribution

r = ( rmax � rmin ) [� � ln x[1 � exp(� 1=� )] + exp( � 1=� )]1=
 + rmin (3.1)

where � and 
 are the Weibull distribution parameters,x is a random number distributed

uniformly between zero and one, andrmin and rmax are the smallest and largest pore-throat
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radii in the network. The pore-body radiusrb is related to the pore-throat radiusr through

the following equation

rb = max
�
�

P nc
i =1 r i

nc
; max(r i )

�
(3.2)

in which nc is the number of pore throats connected to the same pore body, and� is an aspect

ratio whose value is set between zero and one in this work. The pore shape is determined by

a shape factorG that relates the area of the pore body or throat to its perimeter through

the following relationship.

G =
A
P2

(3.3)

In this study the shape factor varied between 0.01 and 0.04811 for pore bodies and pore

throats, which means the pore geometry ranged from silt-shaped to equilateral triangles, as

shown in Fig. 3.1.

Figure 3.1 : Explanation of the di�erence in shape factors (after Valvatne (2004)).

In addition to the pore-throat radius, the distributions of its length and pore shape follow
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the same truncated Weibull distribution with the same parameters� and 
 . Unlike the pore-

throat radius and pore shape, the minimum pore-throat lengthlmin and its maximum value

lmax were adjusted from one pore network to another such that all of them maintained a

porosity between 0.09 and 0.31. More speci�cally, for pore networks in which the pore-throat

radius varied between 0.1 and 10� m, lmin and lmax were selected randomly between 1 and

100 � m, so as to have a porosity in the aforementioned values. The same approach was

also used for pore-throat radius distributions between 1 and 100� m with the minimum

and maximum pore-throat lengths being randomly selected between 10 and 1000� m. The

Weibull distribution parameters, � and 
 for the pore-throat lengths were equal to the

parameters of the pore-throat radius distribution for each network. This was done across

our entire data set, regardless of parameters listed in Table 3.1.

Table 3.1 : Finalized network parameters for database generation, totaling up to 240 gener-

ated networks.

Pore Size Distribution Pore Shape Distribution Pore Throat Radii Clay Content Coordination Number Contact Angle

� : 0.2 
 : 24 � : 0.2 
 : 24 Min: 0.1 Max: 10 0% 2 0�

� : 0.2 
 : 12 � : 0.2 
 : 1.35 Min: 1 Max: 100 20% 4 60�

� : 0.2 
 : 6 6

� : 0.2 
 : 3

� : 0.2 
 : 1.35

By altering the pore-scale properties summarized in Table 3.1, we generated 240 di�erent

types of pore networks that cover a broad range of petrophysical properties, which were

subsequently used for rock typing.

3.1.2 Sandstones

In addition to the 240 synthetic networks, we constructed six additional networks based on a

Mt. Simon sandstone sample from Kohanpur et al. (2020), a Berea sandstone from Valvatne

(2004), and four Fontainebleau sandstone samples reported by Lindquist et al. (2000) and
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Arns et al. (2003). For Mt. Simon and Berea sandstone we used the original pore networks

provided by Kohanpur et al. (2020) and Valvatne (2004), that had been extracted from

their digital images. The four pore networks for Fontainebleau sandstone were generated

with pore-body and pore-throat size distributions, coordination numbers, and water relative

permeabilities that matched those reported by Lindquist et al. (2000) and Arns et al. (2003).

3.1.3 Flow simulation

To determine the representative elementary volume (REV) for each network, we �rst carried

out simulation of single-phase 
ow and conductivity to compute the formation factor and

permeability for pore-network sizes 10, 20, 30, 40, 50, 60, and 65, each with 10 realizations.

Recall that the network size represents the number of pore bodies along each of its sides.

After determining the REV, we carried out simulation of oil 
ooding in the pore networks,

initially saturated by water, and computed the water relative permeability for a network of

size REV, using 100 realizations. To determine the average relative permeability for each

network, we �rst interpolated all their curves using the Makima interpolation method in

MATLAB. This led to evenly-spaced water saturations fromSw = 1 to Sw = Swc, the

critical water saturation at which water relative permeability vanishes. We then averaged

over the interpolated curves to determine the representativekrw curve for each network

(Ahmed, 2001). We also averaged the absolute permeability, porosity, formation factor, and

the mode of the pore-throat radii across all the 100 realizations for each network.

3.2 Two-phase rock typing

Recently, Ghanbarian et al. (2019) proposed a rock typing method based on data for the

formation factor and the absolute permeability measurements. In their approach rocks with

similar characteristic pore sizes are classi�ed into the same type. In this section, we apply

concepts from critical-path analysis to develop a new rock typing approach based on two-

phase 
ow data and water relative permeabilitykrw . Similar to the rock typing approach
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of Ghanbarian et al. (2019), we classify rocks that have similar critical pore radiusr c at

the same e�ective water saturationSe. Thus, we should convert theSw � krw curves into

Se � r c ones. For this purpose, we apply critical-path analysis that has been successfully

utilized to model water relative permeability in porous media (Ghanbarian and Hunt, 2017;

Ghanbarian et al., 2016a; Ghanbarian-Alavijeh and Hunt, 2012; Hunt, 2001). We use the

following equation that invokes a power-law relationship betweenkrw and r c from critical-

path analysis (Ghanbarian, 2020; Hunt, 2001).

krw =
�

r c(Sw)
r c(Sw = 1)

� �

(3.4)

where r c(Sw) and r c(Sw = 1) are critical pore-throat radius under partially- and fully-

saturated conditions, respectively. In Eq. (3.4),� = 3, if pore-throat length is linearly

proportional to its radius, and � = 4, if it is independent of its radius (Ghanbarian et al.,

2016c).

To estimate � one may apply the critical-path analysis that links the permeability to

the formation factor and critical pore-throat radius by the following equation (Katz and

Thompson, 1986):

k =
r 2

c(Sw = 1)
CF

(3.5)

whereC is a constant whose value is 72:2=4 ' 18:05 when the pore-throat length is linearly

proportional to its radius, or � = 3, and 53:5=4 ' 13:375 when pore-throat radius is in-

dependent of its radius, or� = 4 (Ghanbarian et al. (2016c)). The value ofr c(Sw = 1) is

determined from the mode of the pore-throat size distribution (Katz and Thompson, 1986).

If the permeability, formation factor and critical pore-throat radius are available, one may

determine whichC value results in more accurate estimates of the permeability by Eq. (3.5).

After � is determined, one calculates the ratior c(Sw)=rc(Sw = 1) via Eq. (3.4).

Once the critical pore radii at various water saturations are determined, one may calculate

an e�ective water saturation de�ned by
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Se =
Sw � Swc

1 � Swc
(3.6)

Where Sw is water saturation, andSwc is its critical value at which krw vanishess. The

value of Swc is determined from the Sw � krw curve. To identify di�erent rock types,

r c(Sw)=rc(Sw = 1) should be plotted against Se. Those curves that collapse together are

then considered as belonging to the same rock type. The proposed rock typing method

based on the data for two-phase 
ow and its steps are summarized in Fig. 3.2.
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Generate database of synthetic pore networks

Calculate REV for each synthetic network

Calculate r c(Sw = 1), formation factor, and permeability for each network

Estimate permeability from formation factor andr c(Sw = 1)

k = r 2
c (Sw =1)

CF

C = 53:3
4C = 72:2

4

� = 4� = 3

Calculate r c(Sw)

using simulated

krw curves

Calculate r c(Sw)

using simulated

krw curves

r c(Sw = 1) � 4
p

krw = r c(Sw)r c(Sw = 1) � 3
p

krw = r c(Sw)

Se = Sw � Swc
1� Swc

Plot Se vs r c(Sw)=rc(Sw = 1)

Cluster pore networks with similarSe-r c(Sw)=rc(Sw = 1) curves

Figure 3.2 : Outline of the steps followed in our rock typing process.
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3.3 Clustering Method

After converting the Sw � krw curves to Se � r c(Sw)=rc(Sw = 1) ones, we apply the curve

clustering approach using the open-source toolbox developed by Ga�ney (2004), available at

http://www.datalab.uci.edu/software/CCT/ . The clustering toolbox uses two regression

mixing models, namely, polynomial regression (lrm) and spline regression (srm), in order

to insert similar curves in the same cluster. The curve clustering method uses a regression

mixture equation with up to four transformations, given by

y = c[ax + b]B + d + e (3.7)

in which the values within the square brackets represent the transformed regression matrix,c

is related to the scaling in the measurement space,d is linked to translation in the measure-

ment space,a is related to the scaling in time, andb is related to translation in time. In the

present study we assume thatSe is the time, while r c(Sw)=rc(Sw = 1) is the measurement

space, orSe and r c(Sw)=rc(Sw = 1) are represented by the horizontal and vertical axes of

a plot. Using these transformation parameters, we attempted to cluster all the data into

representative rock types as discussed earlier.
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Chapter 4

Results and Discussion

Results from this study indicate that our two-phase rock typing successfully clusteredSe-

r c(Sw)/ r c(Sw = 1) into representative rock types; with all 240 synthetic samples and six

sandstone samples being clustered into twelve representative rock types. Our method also

highlights the importance of incorporating two-phase data into rock typing procedures as our

results indicated a di�erent number of rock types when compared to commonly used single-

phase rock typing methods. The complete results from both our pore network simulations

and our rock typing are discussed below.

4.1 Pore Network Modeling Results

Before the �nal data set could be created, and each network iterated over one hundred

iterations, we �rst had to determine REV for each network. For this purpose, we found

that REV in our networks ranged between a lattice size of 60 and 65, with ten randomly

selected networks and their corresponding REV plots shown in Fig. 4.1. As displayed in

Fig. 4.1(b) formation factor and permeability remained constant independent of network

size at high lattice sizes. Additionally, as displayed in Fig. 4.1(c) at these larger lattice sizes,

scatter in relative permeability data disappears, indicating that REV has been met. For

simplicity sake, we chose a network size of 65 for every network, and iterated each network
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one hundred times. Following the averaging steps discussed in Chapter 3 we acquired the

following results.

Figure 4.1 : Plot (a) shows REV plots for ten randomly selected synthetic networks. With

plot (b) showing single-phase REV for the network highlighted in red in plot (a). Plot (c)

displaysSw-krw curves across lattice sizes for the same red network in plot (a). Note, that

variations in data completely disappear by a lattice size of 65.

As shown in �gure 4.2, our data set covers a wide range of permeability, formation factor,

and porosity values. With the minimum, maximum, average, and median values for each

of these listed in Table 4.1. Our permeability values span six orders of magnitude while

formation factor spans almost four orders of magnitude.
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Table 4.1 : Overview of entire data set, indicating the minimum, maximum, average, and

median values for permeability, formation factor, and porosity.

Permeability [m2] Formation Factor Porosity r c(Sw = 1) [m]

Maximum 1.359e-10 1501.16 0.3132 9.1090e-05

Minimum 1.680e-16 5.709 0.0747 1.7396e-06

Average 1.515e-11 127.146 0.1752 3.3857e-05

Median 1.01e-12 30 0.1657 1.7403e-05

After plotting data as shown in Fig. 4.2, we then plotted the data from Fig. 4.2(a) into

the plot that Philip Nelson proposed in Nelson (1994). We found that the majority of our

data set falls into the consolidated and unconsolidated sands (Fig. 4.3). This is in accord

with the basis of our pore network modeling package we employed (Valvatne, 2004) as it was

designed to model unimodal sandstones.
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Figure 4.2 : Single-phase results from our synthetic database and matched real would results.

Plot (a) shows the porosity versus permeability for each sample while plot(b) shows porosity

versus formation factor for each sample.

Further analysis of our data set �nds that our pore networks match data in the literature,

with our range of porosity, permeability and formation factor values matching experimental

data (Bashtani et al., 2016; Bourbie and Zinszner, 1985; Byrnes et al., 2008; Ghanbarian

et al., 2019). For example, Bourbie and Zinszner (1985) collected porosity and permeability

data from Fontainebleau sandstone samples and found that porosity and permeability ranged

between 0.02 and 0.30 and between 10� 16 and 10� 11 m2, respectively, similar to the range

of our data, which supports the validity of our pore networks. We also found that both

Bashtani et al. (2016) and Byrnes et al. (2008) measured formation factor and permeability

on 2200 sandstone samples from the western US basins and found values that agree well with

our data, further supporting the validity of our pore networks.
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Figure 4.3 : Comparison of simulated data to di�erent types of rocks following theory from

Nelson (1994). The red box represents the area in which consolidated clays will fall. With

the green and blue boxes representing the range in which consolidated sands and carbonates

or unconsolidated sands will respectively fall. The majority of our data set is classi�ed as

consolidated or unconsolidated sands.

Comparing our Fontainebleau sandstone networks to those described by Lindquist et al.

(2000) and Arns et al. (2003) results in the following Table 4.2. As can be seen, our simu-

lations match those in the literature relatively well, with identical porosity values, slightly

higher permeability values, and almost identical critical water saturations.
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Table 4.2 : Results form pore network models of Fontainebleau sandstones created using the

pore-network models from Valvatne (2004), and compared to experimental results obtained

in Lindquist et al. (2000) and Arns et al. (2003).

Created Networks Arns et al. (2003) Networks

Porosity Permeability [m2] Swc Porosity Permeability [m2] Swc

0.074 1.68e-13 0.68 0.075 1.09e-13 - 1.67e-13 0.45 - 0.58

0.127 7.40e-13 0.40 0.13 4.56e-13 - 7.16e-13 0.34 - 0.39

0.144 1.29e-13 0.30 0.15 6.04e-13 - 1.12e-12 0.31 - 0.37

0.223 2.00e-12 0.25 0.22 1.77e-12 - 3.05e12 0.28 - 0.34

Comparing the simulated water relative permeability curves in our study with those from

Arns et al. (2003) showed nearly identical critical water saturations and good agreement

over the entire range of saturation. It should be noted, however, that the Arns et al. (2003)

Sw � krw curves show considerable spread, with the curves, denoted by black dots, reported

in Fig. 4.4 being the reported averageSw � krw curves from Arns et al. (2003).
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Figure 4.4 : Match between our created networks and the four Fontainebleau sandstones

depicted in Lindquist et al. (2000) and Arns et al. (2003). Black dots mark the literature

data, with red lines denoting our match.

4.2 The Porosity - Formation Factor Relationship

Although the � � k plot in Fig. 4.2(a) seems scattered, the plot of the data for� � F relation

follows speci�c trends (Fig. 4.2(b)). Further analysis of the� � F data indicated that there

exist eight distinct groups of data, with two outliers denoted as pink circles (Fig. 4.5). Using

modi�ed Archie's law, Eq. (2.1), we calculated the cementation exponent for each of the

eight clusters, and found that constanta and the exponentm varied, respectively, from 2 to

134 and 0.81 to 1.22 (Table 4.3). Such values ofm closely match those reported by Porter and
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Carothers (1971) from wells located in o�shore Californian Pliocene sediments and o�shore

Texas-Louisiana Miocene sediments. Alreshedan and Kantzas (2016) also used the same

computer program developed by Valvatne (2004) and reportedm values between 1.21 and

2.24, albeit with a pre-set valuea = 1. The values determined by Porter and Carothers (1971)

were fromin-situ measurements of well logs of fully water-saturated formations. These values

are also consistent with those suggested by Dashtian et al. (2015). They analyzed extensive

resistivity well logs to highlight the e�ect of long-range correlation and multifractality of the

data on value of the the Archie's law exponentm at reservoir scales. Dashtian et al. (2015)

stated that, \Only when the resistivity logs are analyzed over several hundred meters do

long-rage correlations manifest themselves."

Figure 4.5 : Individual clusters that were used to calculate the cementation exponent for

Archie's law. The values calculates using Archie's Law for each cluster are given in Table

4.3
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For each cluster of the� � F data shown in Fig. 4.5, we also calculated the exponentm

using modi�ed Archie's law whena = 1, Eq. (2.1), and found 1:47 < m < 5:13 (see Table

4.3), which resemble more closely the values reported by M•uller-Huber et al. (2015), as well

as others in the literature, with the average value ofm being 2.18 and a median of 1.90

(Archie, 1950; Martin et al., 1996; M•uller-Huber et al., 2015; Sen et al., 1988).

Table 4.3 : Values derived using Archies Law for each of the groups outlined in Figure 4.5

Cluster a m r 2 Cluster a m r 2

1 1 1.47 - 1.72 - 1 2.17 1.10 0.99

2 1 1.57 - 2.24 - 2 6.53 0.81 0.91

3 1 1.61 - 2.16 - 3 3.37 1.11 0.99

4 1 1.53 - 1.99 - 4 2.23 1.22 0.99

5 1 1.88 - 2.54 - 5 8.13 1.02 0.93

6 1 2.30 - 3.73 - 6 24.42 1.01 0.93

7 1 2.52 - 3.57 - 7 38.11 1.00 0.97

8 1 3.14 - 5.13 - 8 134.40 1.02 0.97

4.3 Two-phase Rock Typing

The simulated water relative permeabilities for all 246 samples are shown in natural and

logarithmic scales in Figures 4.6(a) and 4.6(b). Figure 4.6(a) indicates that the results cover

a wide range ofSw � krw curves, while according to Fig. 4.6(b) the critical water saturation

varies between 0 and 0.29 in the synthetic pore networks, and between 0.012 and 0.68 in the

actual sandstone samples. The calculatedSe � r c(Sw)=rc(Sw = 1) curves are also shown in

Figures 4.6(c) and 4.6(d).
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Figure 4.6 : Complete overview ofSw-krw and Se-r c(Sw)/ r c(Sw = 1) curves for all 246

samples in both natural and log-log scales.

The results for clustering theSe-r c(Sw)/ r c(Sw = 1) curves are presented in Fig. 4.7.

We tested all the available clustering methods listed in Table 4.4, and found, however, that

the only clustering method that produces reliable results is a polynomial regression mixing

model with a transformation of the form [x + b]B . All other transformations produce errors,

or do not group the rock samples appropriately (results not shown). We used the [x + b]B

form and evaluated the transformation with polynomial whose order ranged from one to �ve,

as well as varying the number of clusters from seven to twelve. Table 4.4 summarizes the

clustering parameters used in our study.
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Table 4.4 : Overview of all the curve clustering methods that were attempted to calculate

representative rock types.

Regression Model Transformation parameters Polynomial Order Number of Clusters

lrm [ax + b]B 1 7

srm [x]B + d 2 8

[x + b]B 3 9

[x + b]B + d 4 10

c[x]B + d 5 11

[ax + b]B + d 12

c[x + b]B + d

c[ax + b]B + d

We also assessed multiple clustering methods using various cluster numbers and polyno-

mial orders listed in Table 4.4 and found that a polynomial order of three and twelve clusters

can appropriately group the data into distinct clusters. A smaller cluster number caused

samples with unlike critical pore radii to group together. For polynomial order less than

three, it was found that one does not always obtain the same reliable results by applying the

clustering method, whereas a polynomial order of three provided the most consistent results

out of all the polynomial orders tried. The results of our clustering method using a cluster

number of twelve and polynomial order of three are shown in Fig. 4.7. Samples with similar

normalized critical pore-throat radii, r c(Sw)=rc(Sw = 1), across the range of the e�ective

water saturation Se were clustered together into similar rock types.
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Figure 4.7 : All twelve rock types separated by color and plot. These clusters include all 246

Se-r c(Sw)/ r c(Sw = 1) curves. Clusters were determined using a transformation parameter of

[x + b]B , polynomial order of three, and a cluster number of twelve.

As mentioned earlier, Mirzaei-Paiaman et al. (2019b) proposed recently another method

of rock typing based on two-phase 
ow data. They used experimental data for two-phase 
ow

in rock samples from the Bangestan group and Asmari formation in Iran, and de�ned a \true"

e�ective mobility function, the aforementioned TEM function, previously discussed in Sec.

2.2, which is determined from permeability measured at various saturations, porosity, and


uid viscosity in order to cluster rocks based on their ability to permit 
uid 
ow (Faramarzi-

Palangar and Mirzaei-Paiaman, 2020a; Mirzaei-Paiaman and Ghanbarian, 2020; Mirzaei-

Paiaman et al., 2019b). In their methodology rocks with similar 
uid 
ow characteristics

have similar TEM functions, and rocks with greater TEM values are considered to be of
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higher quality reservoirs. Using the two experimental data sets from Iran, Mirzaei-Paiaman

et al. (2019b) showed that using only relative permeabilities to classify rock samples into

representative types may lead to their inaccurate classi�cation. They also demonstrated

that rocks with similar TEM curves may not necessarily have similar relative permeabilities,

recall Fig. 2.3. These �ndings are in accord with our own �ndings in the present study. We

also �nd that there might be signi�cant scatter in the water relative permeability data in

each individual rock type; see Fig. 4.8 that indicates that the water relative permeability

curves are scattered within each cluster, particularly at the dry end near the critical water

saturation where the water relative permeability vanishes. Our results demonstrate the

profound impact of converting theSw � krw curves to theSe � r c(Sw)=rc(Sw = 1) ones.

Figure 4.8 : Individually clusteredSw-krw curves, that have been grouped into their repre-

sentative rock types. Note, the scatter towards the dry end of theSw-krw curves.
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When comparing the rock types determined from our proposed rock typing method to

the method outlined in Mirzaei-Paiaman et al. (2019b), we �nd that they do not correlate

(Fig. 4.9), with our picked rock types inaccurately grouping alike TEM curves. However,

this result is not surprising, given that our proposed method and the method proposed by

Mirzaei-Paiaman et al. (2019b) use two di�erent theoretical backgrounds to determine rock

types. While our method is based on critical path analysis and critical pore sizes, the method

from Mirzaei-Paiaman et al. (2019b) is based on Darcy's law, and the ability for a sample to

permit 
uid 
ow under applied pressure gradients . Additionally, di�erent parameters are

used to classify rock types, with TEM curves calculated using relative permeability curves,


uid viscosity, and porosity (Eq. 2.10), and our method is calculated using critical pore sizes

and wetting phase relative permeability curves.
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Figure 4.9 : Comparison of our picked rock types with the TEM curves. As shown, our

method results in di�erent rock types when compared to the TEM function.

Due to these di�erences, we employed the use of our clustering method to classify rock

types based on their TEM curves. In doing this, we tested all clustering parameters outlined

in Table 4.4 and found the most success, or rather only success, using a spline regression

mixing model with a transformation of [x]B + d, a polynomial order of four, and cluster

number of eight. These clustering parameters produced the results shown in Fig. 4.10, with

eight rock types being de�ned. All other clustering parameters either gave no results, or

grouped all samples into one rock type. As demonstrated however, our clustering method

does a suboptimal job of clustering TEM curves, grouping unlike TEM curves into similar

rock types.

41



Figure 4.10 : Individually clustered Sw � TEM curves using the clustering package from

Ga�ney (2004). Using our curve clustering method and TEM curves, there are eight rock

types determined. However, our curve clustering methods does not de�ne rock types as ac-

curately using TEM curves when compared withSe � r c(Sw)=rc(Sw = 1) ones.

4.4 Comparison with single-phase rock typing

Next, we compare the results presented so far with the recently developed method for rock

typing based on single-phase 
ow data, proposed by Ghanbarian et al. (2019). In their

method, the permeability is plotted against the inverse of formation factor, and rocks with

similar characteristic pore sizes are classi�ed into the same rock type. They analyzed a total

of 275 experimental samples, including 48 from Katz and Thompson (1986), 107 from Sen

et al. (1988), and 120 from Sen et al. (1990). In their method the formation factor is related
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to the permeability by the following equation, originally suggested by Johnson et al. (1986)

k =
� 2

8F
(4.1)

where � is a characteristic size for dynamically connected pores. Using Eq. (4.1), Ghan-

barian et al. (2019) grouped samples with similar � values into the same rock type. Following

them, we plotted the permeabilityk against 1=F for the 246 samples studied here, identi�ed

15 rock types; Fig. 4.11, and calculated �, the results of which are reported in Table 4.5.
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Figure 4.11 : Comparison between the rock typing method outlined in Ghanbarian et al.

(2019) and our proposed rock typing method. With plot (a) showing unclustered data, plot

(b) showing the clustered data using Eq. 4.1, and plot (c) showing the clusters determined

using our proposed rock typing method.

We show in Fig. 4.11(a) the plot of the permeability versus the inverse of formation factor,
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using the data obtained by pore-network simulations. The data display linear patterns with

positive slope, indicating that the permeability decreases as formation factor increases, in

accord with the critical-path analysis and Eq. (3.5). The results for rock typing based on

single-phase data and the identi�ed clusters using the method proposed by Ghanbarian et al.

(2019) are presented in Fig. 4.11(b), which indicate that there exist �fteen main rock types

based on single-phase data. For comparison, we also show the results for rock typing based

on two-phase 
ow data in Fig. 4.11(c). Displaying the twelve rock types identi�ed based

on the two-phase data analysis on a 1=F � k plot demonstrates that samples within the

same type identi�ed by two-phase 
ow data may not necessarily belong to the same cluster

based upon rock typing with single-phase data. These results highlight the importance of

incorporating two-phase data for rock typing, particularly in mix-wet reservoirs.

Table 4.5 : Values derived using Eq. 4.1 for our dataset. See Fig. 4.11(b) for cluster

number.

Cluster number � [ � m] Cluster number � [ � m]

1 1.45 9 15.76

2 2.96 10 29.80

3 3.66 11 36.33

4 4.84 12 47.45

5 6.46 13 65.54

6 8.18 14 82.19

7 9.86 15 98.97

8 13.84

Ghanbarian et al. (2019) reported a range of � between 0.05 and 30� m. In their study,

the permeability spanned nearly eight orders of magnitude, from 10� 16 m2 (10� 1 mD) to

10� 8 m2 (107 mD). In the present study, the permeability varies between 10� 16 m2 (10� 1

mD) to 10� 10 m2 (105 mD), six orders of magnitude variations. Large � in our study
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correlate well with the distribution of pore-throat radius in the simulations. For instance,

cluster 15, Fig. 4.11(b) with � = 98 :97 � m encompassing all the pore networks in our

simulations that have a Weibull distribution with the parameters � = 0:2 and 
 = 24, or


 = 12, as well asrmin = 1 � m and rmax = 100 � m. Recall that in Eq. (3.1) � and 


control the shape of the pore-throat radius distribution, and larger
 correspond to narrower

distributions. Rock types that display smaller � also exhibit broader pore-throat radius

distributions corresponding to
 = 1:35 and 
 = 3, Eq. (3.1), and were constructed with

smaller pore-throat radii varying between 0.1 and 10�m .

4.5 E�ect of Network Parameters

4.5.1 Contact Angle

In the literature, the e�ect of contact angle on the relative permeability has been investigated

extensively (Anderson, 1987; Blunt, 1997; Dicarlo et al., 2000; Li et al., 2005; Mahmud et al.,

2007; Xu et al., 2014). In the present study, we used two initial contact angles, i.e., 0 and 60� .

As may be expected, the results of pore network simulations with contact angle of 0� are not

comparable with those for networks with a contact angle of 60� since, as stated earlier, those

networks do not necessarily have the same pore-throat length characteristics, i.e., randomly-

selected minimum and maximum pore-throat radii. Nonetheless, in Figures 4.12(a) and (b)

we show the results for the two contact angles. They indicate that the di�erences between

the plots for Sw � krw with contact angles 0 and 60� are not substantial. This is consistent

with the results of Li et al. (2005), Hao and Cheng (2010), and Landry et al. (2014) who

demonstrated that the wetting-phase relative permeability does not signi�cantly vary from

nearly perfectly-wet to neutrally-wet conditions.
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Figure 4.12 : Complete data set broken down by initial contact angle, with plots(a) and (b),

the Sw-krw curves, and plots(c) and (d) being theSwc-r c(Sw = 1) / r c(Sw = 1) curves.

Because the value of contact angle a�ects water relative permeability, our rock typing

method indirectly incorporates its in
uence through the Sw � krw curves and converting

them to Swc � r c(Sw = 1) =rc(Sw = 1) plots for grouping rocks. We �nd that all but one

rock type, rock type four, included networks that have both contact angles of 0 and 60�

(Fig. 4.13). This clearly indicates that our rock typing method classi�es rocks based on

various petrophysical properties, and does not strongly rely on a single property, such as the

permeability, formation factor, or contact angle.
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Figure 4.13 : Illustrates the in
uence of contact angle on our rock typing process. With all
but one rock type containing samples with contact angles of 0� , represented by black curves,
and 60� , represented by red curves.
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4.5.2 Pore-throat Size

To investigate the e�ect of pore-throat radius and its range on the proposed rock typing, we

further analyzed our data, particularly those for the 240 synthetic samples. The results from

two ranges of pore-throat sizes, i.e., 0:1 � 10 � m and 1� 100 � m are shown in Fig. 4.14.

As expected, the pore networks with 1� m � r � 100 � m generally display larger critical

pore-throat radii compared to those with 0:1 � m � r � 10 � m. Furthermore, pore networks

with smaller pore-throat radii exhibit greater slopes in theSw � krw plots, as shown in Fig.

4.14(a), whereasSwc remains scattered regardless of the pore-throat radii; see Fig. 4.14(b).

Figure 4.14 : Complete data set broken apart by pore throat radii.

By further analysis of the pore-throat sizes we found an increasing trend between the

permeability and critical pore-throat radius, as shown in Fig. 4.15(a), in accord with the

results of Katz and Thompson (1986), Nishiyama and Yokoyama (2017), Ghanbarian et al.
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(2017), and Ghanbarian et al. (2019). Figure 4.15(a) a plot of the permeability versus the

critical pore-throat radius for three pore coordination numbers,Z = 2, 4, and 6. The data

appear scattered, with higher permeabilities for networks withZ = 6 and lower values for

Z = 2. The e�ect of pore coordination number on the permeability has been well addressed

in the literature. For example, An et al. (2016) showed that pore networks with larger

coordination numbers corresponded to higher permeabilities, which is of course expected.

By incorporating the in
uence of formation factor, we show a de�nitive relationship between

the critical pore size and the permeability. The trends shown in Fig. 4.15(b) con�rm

the importance of the critical pore-throat radius and the formation factor in the estimating

permeability (An et al., 2016; Ghanbarian et al., 2019; Nishiyama and Yokoyama, 2017). Our

results demonstrate that although the data in Fig. 4.15(a) are scattered, they do collapse

onto each other in Fig. 4.15(b), where the permeability is plotted versusr c(Sw = 1) 2=F. We

did not �nd, however, any strong correlation between the formation factor andr c(Sw = 1),

or between the porosity andr c(Sw = 1); see Figs. 4.15(c) and 4.15(d).
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Figure 4.15 : Comparison ofr c(Sw = 1) data with permeability(a), formation factor (c), and

porosity, (d). Plot (b) shows the relationship between ther c(Sw = 1) 2=F and permeability,

following concepts from An et al. (2016), Nishiyama and Yokoyama (2017), and Ghanbarian

et al. (2019).

4.6 Study Limitations

Our proposed method for rock typing based on two-phase 
ow data and critical-path analysis

(CPA) has some limitations. The CPA can only be used to model the wetting-phase relative

permeability in porous rocks, because the wetting and non-wetting phases occupy, respec-

tively, the smallest and largest pores. The smallest pores are normally ignored by the CPA,

whereas it is the largest pores that are important to the CPA. As an alternative, one may

apply the e�ective-medium approximation (Ghanbarian et al., 2016b; Levine and Cuthiell,

1986) to perform rock typing based on the wetting- and/or nonwetting-phase relative per-

meabilities. Nonetheless, the proposed approach in this study can group rocks in oil-wet
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reservoirs using oil relative permeabilities, or in water-wet formations using water relative

permeabilities. There exist evidence in the literature that the relative permeabilities are

stress-dependent (Alexis et al., 2015; Huo and Benson, 2016; Lei et al., 2018; Ojagbohunmi

et al., 2012). Depending on the mineralogical composition, rocks exhibit various elastic

properties and, thus, distinct stress-dependent behaviors. Accordingly, the in
uence of the

stress, which is not addressed by our proposed method, may be incorporated for rock-typing

purposes, if the relative permeabilities are measured under in-situ con�ning pressure.
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Chapter 5

Conclusion

Rock typing plays a critical role in reservoir engineering, particularly the accurate identi-

�cation of rock types within a hydrocarbon reservoir. The accurate identi�cation of rock

types greatly improves reservoir characterization, ultimately increasing hydrocarbon produc-

tion. This study aimed to develop and test a novel two-phase rock typing method centered

around concepts form critical path analysis. To do this we simulated both single-phase and

two-phase data using pore network modeling techniques, and created a large data set of

petrophysical data that covered a comprehensive breadth of permeability, formation factor,

porosity, and relative permeability curves. In addition to this synthetic database we also

simulated six sandstone samples, one Mt. Simon sandstone, one Berea sandstone, and four

Fontaineblaeu sandstones.

The use of our simulated data and our newly developed rock typing method resulted in the

determination of twelve representative rock types. When comparing this to rock types found

when using single-phase rock typing methods, we �nd that our two-phase method results

in fewer rock types, twelve compared to the �fteen found when using Eq. 4.1, and more

when compared to the eight clusters found using modi�ed Archie's law (Eq. 2.1). Samples

found within the same rock types for two-phase rock typing appear to be in di�erent clusters

when compared to single phase rock typing. These discrepancies among rock types clearly

illustrate the importance of two-phase rock typing, especially when two-phase data is readily
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available.

Future studies should be conducted using our rock typing method on experimental data

sets to con�rm the technical use of our rock typing method. Following this, further studies

should be completed using our method in conjunction with reservoir modeling to test the

accuracy of our method compared to other well known single-phase and two-phase methods.
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Appendix A

Total Simulation data set

Table A.1: Complete simulation data set

Sample Porosity Permeability [m2] Formation Factor Critical Pore Radius [m]

1 0.123342 7.05E-14 181.0374 9.01E-06

2 0.095318 3.37E-13 37.82428 9.09E-06

3 0.264868 1.40E-12 9.210714 9.12E-06

4 0.106171 6.04E-14 210.9835 9.06E-06

5 0.298657 1.19E-12 10.88932 8.90E-06

6 0.135356 6.56E-13 19.49437 8.99E-06

7 0.297549 1.54E-13 83.012 8.98E-06

8 0.190306 6.16E-13 20.66398 9.01E-06

9 0.306829 1.39E-12 9.204659 9.05E-06

10 0.165158 8.42E-14 150.4737 9.04E-06

11 0.189915 6.13E-13 20.77847 8.99E-06

12 0.294333 1.33E-12 9.616462 9.12E-06

13 0.105196 4.86E-14 217.2136 8.22E-06

14 0.178072 5.66E-13 19.33555 8.10E-06
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15 0.098533 4.00E-13 27.27537 8.21E-06

16 0.162755 7.65E-14 139.9118 8.17E-06

17 0.101152 3.03E-13 35.75339 8.19E-06

18 0.15559 6.60E-13 16.6237 8.10E-06

19 0.126691 5.20E-14 200.3062 8.17E-06

20 0.180059 4.93E-13 21.88717 8.19E-06

21 0.300053 1.17E-12 9.349922 8.26E-06

22 0.258018 1.08E-13 97.80766 8.06E-06

23 0.173829 4.72E-13 22.8551 8.19E-06

24 0.289285 1.12E-12 9.760612 8.29E-06

25 0.173861 4.90E-14 144.0316 6.96E-06

26 0.14914 3.26E-13 24.32219 6.88E-06

27 0.102548 3.10E-13 26.39629 6.92E-06

28 0.234501 6.82E-14 105.8879 6.82E-06

29 0.09781 2.06E-13 38.11747 6.98E-06

30 0.150922 4.76E-13 17.3061 6.92E-06

31 0.149391 3.61E-14 187.6252 6.48E-06

32 0.217706 4.19E-13 18.71217 6.90E-06

33 0.264717 7.56E-13 10.84844 7.03E-06

34 0.160238 3.85E-14 175.9125 6.67E-06

35 0.14633 2.74E-13 28.36691 6.66E-06

36 0.247204 7.00E-13 11.70457 6.89E-06

37 0.107089 8.02E-15 334.0912 4.96E-06

38 0.107987 1.08E-13 39.95886 4.74E-06

39 0.128485 2.20E-13 22.40233 5.14E-06

40 0.095176 7.08E-15 376.4615 4.54E-06

41 0.094313 9.49E-14 45.24545 5.05E-06
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42 0.133726 2.33E-13 21.21069 5.20E-06

43 0.107253 6.91E-15 374.2144 4.59E-06

44 0.230994 2.08E-13 20.64002 4.85E-06

45 0.172228 2.61E-13 18.65441 4.95E-06

46 0.115404 7.56E-15 344.0174 4.94E-06

47 0.196024 1.76E-13 24.23483 4.90E-06

48 0.198951 3.06E-13 15.95274 4.34E-06

49 0.130236 2.59E-16 1008.256 2.25E-06

50 0.106804 1.32E-14 81.49202 2.08E-06

51 0.136631 6.20E-14 26.7355 2.66E-06

52 0.131043 2.83E-16 945.1072 2.50E-06

53 0.132488 1.92E-14 57.52447 2.60E-06

54 0.144183 5.22E-14 31.47424 2.53E-06

55 0.289675 5.00E-16 517.2705 2.24E-06

56 0.169831 1.94E-14 55.02982 2.55E-06

57 0.223812 7.91E-14 20.52023 2.38E-06

58 0.097867 1.68E-16 1501.632 2.20E-06

59 0.180224 2.20E-14 48.96776 2.46E-06

60 0.292323 1.09E-13 14.98391 2.36E-06

61 0.187307 1.08E-11 118.718 8.92E-05

62 0.258494 1.01E-10 12.82356 9.02E-05

63 0.114719 5.49E-11 23.24441 9.11E-05

64 0.09279 5.29E-12 240.5585 9.00E-05

65 0.114437 4.09E-11 31.23789 9.08E-05

66 0.117312 5.60E-11 22.78927 9.02E-05

67 0.141685 7.28E-12 173.9116 9.09E-05

68 0.313152 1.04E-10 12.25595 9.06E-05
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69 0.268663 1.21E-10 10.58432 9.10E-05

70 0.178346 9.07E-12 139.9112 8.98E-05

71 0.310766 1.04E-10 12.3635 9.03E-05

72 0.235766 1.05E-10 12.17762 9.02E-05

73 0.265007 1.29E-11 84.48645 8.09E-05

74 0.303709 1.04E-10 10.66139 8.33E-05

75 0.132872 5.55E-11 19.72778 8.20E-05

76 0.10675 4.95E-12 213.6125 8.12E-05

77 0.118247 3.60E-11 30.15206 8.28E-05

78 0.118427 4.90E-11 22.33353 8.26E-05

79 0.166211 6.85E-12 152.8618 8.12E-05

80 0.219674 6.06E-11 17.86173 8.28E-05

81 0.261813 1.01E-10 10.83123 8.36E-05

82 0.242287 1.01E-11 104.961 8.16E-05

83 0.250938 7.01E-11 15.46237 8.19E-05

84 0.233698 8.95E-11 12.20974 8.19E-05

85 0.240084 6.98E-12 103.4215 6.50E-05

86 0.138976 3.01E-11 26.26932 6.74E-05

87 0.258232 8.91E-11 9.376825 6.84E-05

88 0.182414 5.19E-12 136.692 6.69E-05

89 0.119291 2.54E-11 31.02523 6.88E-05

90 0.11271 3.41E-11 23.99645 6.54E-05

91 0.192694 4.72E-12 144.7276 6.83E-05

92 0.132859 2.47E-11 31.45906 6.73E-05

93 0.225599 6.35E-11 12.87313 6.77E-05

94 0.098576 2.34E-12 285.5539 6.71E-05

95 0.193296 3.72E-11 21.03696 6.77E-05
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96 0.217481 6.13E-11 13.33754 6.70E-05

97 0.171318 1.30E-12 210.2716 4.94E-05

98 0.116738 1.15E-11 37.4303 4.70E-05

99 0.146096 2.62E-11 18.9302 4.99E-05

100 0.121767 8.99E-13 298.3117 4.92E-05

101 0.180737 1.89E-11 23.21028 4.79E-05

102 0.188733 3.40E-11 14.49876 4.79E-05

103 0.203423 1.35E-12 196.057 4.88E-05

104 0.178088 1.60E-11 26.72571 4.89E-05

105 0.258454 4.20E-11 11.70818 4.73E-05

106 0.228477 1.53E-12 174.3044 4.96E-05

107 0.144155 1.27E-11 33.47948 4.93E-05

108 0.29392 4.77E-11 10.34202 4.87E-05

109 0.206271 4.32E-14 622.5491 2.21E-05

110 0.15592 2.00E-12 54.77781 2.33E-05

111 0.139227 5.81E-12 28.36744 2.56E-05

112 0.276938 5.54E-14 482.153 2.19E-05

113 0.106104 1.44E-12 75.39894 2.71E-05

114 0.117693 4.42E-12 36.9518 2.42E-05

115 0.204584 3.87E-14 675.2397 2.22E-05

116 0.24845 3.17E-12 34.36229 2.49E-05

117 0.224425 7.70E-12 21.07905 2.07E-05

118 0.301541 5.66E-14 468.5755 2.18E-05

119 0.111405 1.25E-12 84.93003 2.35E-05

120 0.204455 6.61E-12 24.45992 2.69E-05

121 0.198614 1.16E-13 111.3416 9.05E-06

122 0.122356 4.39E-13 29.07133 9.01E-06
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123 0.159464 7.86E-13 16.28758 9.04E-06

124 0.138793 7.97E-14 160.5599 8.96E-06

125 0.131443 4.76E-13 26.86079 9.02E-06

126 0.108579 5.17E-13 24.67595 9.12E-06

127 0.109078 5.52E-14 228.6772 9.06E-06

128 0.201186 6.52E-13 19.53772 9.05E-06

129 0.307488 1.40E-12 9.163343 9.08E-06

130 0.178536 9.12E-14 139.182 9.04E-06

131 0.195283 6.32E-13 20.15558 9.04E-06

132 0.254338 1.14E-12 11.23355 9.03E-06

133 0.14988 7.01E-14 152.2738 8.24E-06

134 0.141115 4.36E-13 24.96984 8.14E-06

135 0.246127 1.12E-12 9.900264 8.27E-06

136 0.21167 1.01E-13 106.8954 8.36E-06

137 0.122674 3.75E-13 28.95991 8.22E-06

138 0.149606 6.34E-13 17.31507 8.12E-06

139 0.099047 4.04E-14 256.8643 8.04E-06

140 0.257482 7.17E-13 15.12994 8.23E-06

141 0.249809 9.60E-13 11.38596 8.29E-06

142 0.109513 4.49E-14 231.5579 8.12E-06

143 0.293273 8.29E-13 13.12804 8.19E-06

144 0.274636 1.06E-12 10.31424 8.00E-06

145 0.154434 4.30E-14 162.8757 6.82E-06

146 0.097111 2.04E-13 38.43438 7.21E-06

147 0.156811 5.03E-13 16.41072 6.84E-06

148 0.114395 3.12E-14 221.4163 6.67E-06

149 0.107492 2.26E-13 34.73114 6.87E-06

68



150 0.16771 5.44E-13 15.18394 6.81E-06

151 0.109232 2.61E-14 256.7142 6.76E-06

152 0.287542 5.75E-13 13.75206 6.85E-06

153 0.231716 6.52E-13 12.53933 6.73E-06

154 0.099559 2.36E-14 283.37 6.42E-06

155 0.243358 4.72E-13 16.64488 6.98E-06

156 0.299198 8.76E-13 9.386758 6.99E-06

157 0.181212 1.39E-14 197.1762 4.71E-06

158 0.143705 1.46E-13 29.7814 4.57E-06

159 0.091576 1.51E-13 32.41691 4.99E-06

160 0.117083 8.67E-15 309.2299 4.91E-06

161 0.249802 2.74E-13 16.22028 4.34E-06

162 0.263542 5.11E-13 9.874056 4.76E-06

163 0.102761 6.79E-15 382.9961 5.06E-06

164 0.194194 1.74E-13 24.59539 4.60E-06

165 0.250624 3.90E-13 12.5851 4.88E-06

166 0.10207 6.64E-15 389.4287 4.76E-06

167 0.287357 2.66E-13 16.25081 4.84E-06

168 0.154396 2.30E-13 21.19134 4.71E-06

169 0.109517 2.04E-16 1257.377 2.60E-06

170 0.127305 1.78E-14 61.56473 2.41E-06

171 0.176308 7.28E-14 22.80505 2.54E-06

172 0.202657 3.85E-16 678.3971 2.46E-06

173 0.099865 1.42E-14 76.6537 2.33E-06

174 0.189961 7.73E-14 21.5227 2.55E-06

175 0.202977 3.46E-16 739.7563 2.16E-06

176 0.094968 1.07E-14 98.19577 2.90E-06
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177 0.143567 4.62E-14 34.79588 2.35E-06

178 0.121102 2.12E-16 1199.211 2.14E-06

179 0.192061 2.18E-14 49.08643 2.82E-06

180 0.166213 5.45E-14 29.57587 1.96E-06

181 0.101505 5.79E-12 219.7178 9.03E-05

182 0.091109 3.21E-11 39.68223 9.01E-05

183 0.10438 4.95E-11 25.79841 8.99E-05

184 0.110824 6.34E-12 200.9671 8.99E-05

185 0.164018 6.04E-11 21.21626 9.01E-05

186 0.253188 1.32E-10 9.721133 9.06E-05

187 0.119056 6.07E-12 208.1165 8.98E-05

188 0.226251 7.40E-11 17.24424 9.04E-05

189 0.242824 1.08E-10 11.79714 9.02E-05

190 0.102526 5.22E-12 241.8064 9.04E-05

191 0.171906 5.53E-11 23.02091 9.06E-05

192 0.299538 1.36E-10 9.414715 9.09E-05

193 0.143854 6.72E-12 158.5953 7.96E-05

194 0.093942 2.79E-11 38.77752 8.19E-05

195 0.161625 6.91E-11 15.90699 8.24E-05

196 0.099207 4.60E-12 229.4318 8.07E-05

197 0.096151 2.87E-11 37.64052 8.19E-05

198 0.106521 4.35E-11 25.08052 8.12E-05

199 0.208387 8.66E-12 121.6191 8.22E-05

200 0.30255 8.57E-11 12.69796 8.16E-05

201 0.240321 9.22E-11 11.85736 8.21E-05

202 0.145454 6.00E-12 174.0187 8.25E-05

203 0.212504 5.86E-11 18.4453 8.23E-05
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204 0.201753 7.60E-11 14.35358 8.33E-05

205 0.155388 4.34E-12 161.581 6.64E-05

206 0.090662 1.90E-11 41.25479 6.63E-05

207 0.135156 4.22E-11 19.46395 6.72E-05

208 0.120237 3.28E-12 210.9517 6.90E-05

209 0.131657 2.83E-11 27.87983 6.86E-05

210 0.097311 2.95E-11 27.74199 6.95E-05

211 0.096793 2.29E-12 291.281 6.84E-05

212 0.197994 3.79E-11 20.63253 6.85E-05

213 0.188834 5.23E-11 15.60193 6.93E-05

214 0.296168 7.40E-12 94.13373 6.73E-05

215 0.167314 3.17E-11 24.61126 6.92E-05

216 0.275828 7.99E-11 10.26955 6.62E-05

217 0.20096 1.60E-12 175.8384 4.73E-05

218 0.09089 8.91E-12 48.02914 4.63E-05

219 0.214489 4.17E-11 12.06083 5.11E-05

220 0.110504 8.13E-13 327.9554 4.86E-05

221 0.131113 1.34E-11 32.31255 4.87E-05

222 0.114629 1.93E-11 25.56706 4.74E-05

223 0.237875 1.58E-12 168.6487 4.69E-05

224 0.17461 1.53E-11 27.77278 4.78E-05

225 0.211079 3.26E-11 15.02697 4.77E-05

226 0.124425 8.09E-13 321.5227 4.91E-05

227 0.155988 1.40E-11 30.35515 5.20E-05

228 0.169207 2.56E-11 19.03065 5.03E-05

229 0.116826 2.22E-14 1162.707 2.34E-05

230 0.091362 1.11E-12 96.49444 2.24E-05
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231 0.173426 6.58E-12 25.13821 2.27E-05

232 0.19063 3.66E-14 713.1374 2.43E-05

233 0.097611 1.20E-12 89.62547 2.37E-05

234 0.162102 6.43E-12 25.67823 2.27E-05

235 0.145215 2.51E-14 1013.95 2.21E-05

236 0.19797 2.35E-12 45.78475 2.11E-05

237 0.149383 4.83E-12 33.30207 2.43E-05

238 0.172341 3.12E-14 826.5165 2.21E-05

239 0.180206 2.05E-12 52.28994 2.89E-05

240 0.274737 9.28E-12 17.56293 2.37E-05

241 0.074669 1.68E-13 174.0523 1.65E-05

242 0.127726 7.40E-13 69.46686 2.09E-05

243 0.144163 1.29E-12 51.39044 2.39E-05

244 0.223781 2.00E-12 30.05941 1.83E-05

245 0.183296 2.52E-12 14.9653 1.74E-06

246 0.255502 4.15E-12 5.70859 6.35E-06
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Appendix B

Code Database

Pore size distribution �tting

1 % Fi t s pore th roa t leng th d i s t r i b u t i o n s to d i s t r i b u t i o n s from l i t

2 % Scr i p t wr i t ten by Brandon Yokeley

3 % Scr i p t c rea ted on 27 May 2020

4 % Scr i p t was l a s t updated 27 May 2020

5

6 % Fi t s pore th roa t leng th d i s t r i b u t i o n s c rea ted by a t runcated

we ibu l l

7 % d i s t r i b u t i o n as desc r ibed in Valvatne , 2004 to pore th roa t

leng th

8 % d i s t r u b t i o n s gathered in the l i t e r a t u r e . Add i t iona l l y , makes

example

9 % d i s t r i b u t i o n p l o t s f o r t h e s i s , to d e s c r i b e d i f f e r e n c e s in pore

s i z e

10 % d i s t r i b u t i o n s .

11
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12 %Closes a l l p lo ts , c l e a r s a l l va r i ab les , and s t a r t s t imer

13 c l o s e a l l

14 c l e a r

15 t i c

16

17

18 %% Data f i t t i n g

19

20 %Creates a vec to r o f random va lues between 0 and 1 to c rea te the

we ibu l l

21 %d i s t r i b u t i o n

22 X = rand (100000 ,1) ;

23 %Sets minimum pore th roa t leng th

24 minPore = 0 . 1 ;

25 %Sets max pore th roa t leng th

26 maxPore = 10 ;

27

28 % dataD i f f = nan (1883891 ,1) ;

29 % count = 0 ;

30 %

31 % %Loops through de l t a and Eta va lues u n t i l a match i s found

32 % f o r de l taVa l = 0 . 1 : 0 . 0 1 : 1 0

33 % f o r etaVal = 1 : 0 . 0 1 : 2 0

34 % count = count +1;

35 %

36 % %Creates t runcated we ibu l l d i s t r i b u t i o n

37 % we ibu l lD i s t = ( maxPore = minPore ) * (= de l taVa l * log (X
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. * (1= exp(= 1/ de l taVa l ) ) + exp( = 1/ de l taVa l ) ) ) . ^ (1 / etaVal ) +

minPore ;

38 % %Normal izes f requency d i s t r i b u t i o n

39 % [N, E] = h i s t coun t s ( we ibu l lD is t , leng th ( l i tDa ta ) ) ;

40 % N = N/ leng th (X) ;

41 %

42 % %D i f f e r e n c e in data

43 % dataD i f f ( count ) = nan ( ) ;

44 % end

45 % end

46

47 %Sets Del ta va lue f o r d i s t r i b u t i o n shape

48 de l taVa l = 0 . 2 ;

49 %Sets eta va lue f o r d i s t r i b u t i o n shape

50 etaVal = [ 2 4 , 1 2 , 6 , 3 , 1 . 3 5 ] ;

51

52 %Loops through each eta va lue

53 f o r i = 1 :5

54 %Creates we ibu l l d i s t r i b u t i o n

55 we ibu l lD i s t 24 = ( maxPore = minPore ) * (= de l taVa l * log (X . * (1=

exp(= 1/ de l taVa l ) ) + exp( = 1/ de l taVa l ) ) ) . ^ (1 / etaVal ( i ) ) + minPore

;

56 %Created we ibu l l d i s t r i b u t i o n

57 f i g 1 = f i g u r e (1 ) ;

58 subp lo t (1 ,2 ,1 )

59 histogram ( we ibu l lD is t 24 , 100 , ' Normal izat ion ' , ' count ' )

60 hold on
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61 %s e t ( gca , ' XScale ' , ' log ' )

62 s e t ( gca , ' FontSize ' , 14)

63 xl im ( [ 0 , 1 0 ] )

64 legend (f ' Eta : 24 ' , ' Eta : 12 ' , ' Eta : 6 ' , ' Eta : 3 ' , ' Eta : 1 .35 ' g , '

Locat ion ' , ' bes t ' )

65 x l a b e l ( ' Pore Throart Radi i [um] ' , ' FontSize ' , 18)

66 %s g t i t l e ( ' Cummulative pore s i z e s ' , ' FontSize ' , 2 4 )

67 end

68

69 %Sets minimum pore th roa t leng th

70 minPore = 1 ;

71 %Sets max pore th roa t leng th

72 maxPore = 100;

73

74 %Loops through each eta va lue

75 f o r i = 1 :5

76 %Creates we ibu l l d i s t r i b u t i o n

77 we ibu l lD i s t 24 = ( maxPore = minPore ) * (= de l taVa l * log (X . * (1=

exp(= 1/ de l taVa l ) ) + exp( = 1/ de l taVa l ) ) ) . ^ (1 / etaVal ( i ) ) + minPore

;

78 %Created we ibu l l d i s t r i b u t i o n

79 f i g 1 = f i g u r e (1 ) ;

80 subp lo t (1 ,2 ,2 )

81 histogram ( we ibu l lD is t 24 , 100 , ' Normal izat ion ' , ' count ' )

82 hold on

83 %s e t ( gca , ' XScale ' , ' log ' )

84 s e t ( gca , ' FontSize ' , 14)

76



85 xl im ( [ 1 , 100 ] )

86 legend (f ' Eta : 24 ' , ' Eta : 12 ' , ' Eta : 6 ' , ' Eta : 3 ' , ' Eta : 1 .35 ' g , '

Locat ion ' , ' bes t ' )

87 x l a b e l ( ' Pore Throart Radi i [um] ' , ' FontSize ' , 18)

88 end

89

90

91 %Ends timmer

92 toc
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Initial data set creation

1 % Creates pore networks to f i nd permeab i l i t y va lues f o r a l l

samples

2 % Scr i p t c rea ted on 15 Novemeber 2019

3 % Scr i p t c rea ted by Brandon Yokeley

4 % Scr i p t updated on 5 .15 .2020

5 %

6 % Creates and runs netgen and pore f low code over a l l 240 samples .

This

7 % code runs 10 i t e r a t i o n o f each sample at a l a t t i c e s i z e o f 10 ,

20 , 30 ,

8 % 40 , 50 , 60 , and 65 .

9

10 c l e a r

11 c l o s e a l l

12 t i c

13

14 %% Model Setup

15

16 %La t t i ce S ize to c a l c u l a t e

17 l a t I n c = [10 ,20 ,30 ,35 ,40 ,45 ,50 ,55 ,60 ,65 ] ;

18 %Marker c o l o r s f o r p l o t s

19 markerColor = [ '#E6194B ' ; '#f58231 ' ; '#f f e 1 1 9 ' ; '#b fe f45 ' ; '#3

cb44b ' ; '#42d4f4 ' ; ' #4363d8 ' ; '#911eb4 ' ; '#f032e6 ' ; '#a9a9a9 ' ] ;

20 %Number o f i t e r a t i o n s f o r f o r loop

21 itNum = 10 ;
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22

23 %=== Netgen input parameters

24 ng3 = load ( ' throatRadi . csv ' ) ;

25 ng4 = load ( ' throatLength . csv ' ) ;

26 ng5 = load ( ' aspec tRat io . csv ' ) ;

27 ng6 = load ( ' shapeFactor . csv ' ) ;

28 ng7 = load ( ' porePropor t ions . csv ' ) ;

29 ng8 = load ( ' t h roa tPropor t i ons . csv ' ) ;

30 ng9 = load ( ' c layContent . csv ' ) ;

31 ng10 = load ( ' connNumber . csv ' ) ;

32 ng11 = 'T ' ;

33

34 %=== Poref low input parameters

35 pf1 = 'INIT CON ANG ' ;

36 pf2 = load ( ' contactAngle . csv ' ) ;

37 pf3 = '#' ;

38 pf4 = 'NETWORK' ;

39 pf6 = '#' ;

40 pf7 = 'TITLE ' ;

41 pf9 = '#' ;

42

43 %=== Folder S t ruc tu re

44 f o l de rLoc = cd ;

45 dataLoc = s t r c a t ( f o l de rLoc ( 1 : end= 7) , ' Data ' ) ;

46 netgenLoc = [ s t r c a t ( fo lderLoc , 'nnetgen win32 . exe ' ) , ' ' , s t r c a t (

fo lderLoc , 'nnetgenInput . dat ' ) ] ;

47 poref lowLoc = [ s t r c a t ( fo lderLoc , 'npore f low win32 . exe ' ) , ' ' ,
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s t r c a t ( fo lderLoc , 'npore f lowInput . dat ' ) ] ;

48

49 %% I n i t i a l Parameters

50

51 %Test number

52 count = 0 ;

53 %Output Counter

54 outputCount = 0 ;

55 %Output data from pore f low s imu la t ion

56 outputData = nan ( leng th ( l a t I n c ) * itNum , 6 ) ;

57 %Drain data , Sw, Kro , Krw

58 drainData = [ ] ;

59 %Sing le phase data

60 avgOutputData = nan ( leng th ( l a t I n c ) ,4 ) ;

61 %D i s t r i b u t i o n Data

62 poreRadi = [ ] ;

63 poreShape = [ ] ;

64 throatData = [ ] ;

65

66 %Rela t i ve permeab i l i t y p l o t s marker c o l o r

67 markerColor = [ '#E6194B ' ; '#f58231 ' ; '#f f e 1 1 9 ' ; '#b fe f45 ' ; '#3

cb44b ' ] ;

68

69

70

71 %% Data Creat ion

72
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73 %Star t o f the data c r e a t i o n loop that w i l l loop through each model

74

75 %Pore s i z e broadness

76 f o r i = 1 : leng th ( ng3 )

77 %Test number

78 count = count +1;

79 %Sets t i t l e s f o r netgen and pore f low input f i l e s

80 ng1 = s t r c a t ( ' t e s t ' , num2str ( count ) ) ;

81 pf5 = s t r c a t ( ' t e s t ' , num2str ( count ) ) ;

82 pf8 = s t r c a t ( ' t e s t ' , num2str ( count ) ) ;

83

84

85

86 %Creates the working d i r e c t o r y f o r t h i s t e s t

87 t e s tFo l de r = s t r c a t ( dataLoc , ' n ' , ng1 ) ;

88 mkdir ( t es t Fo ld e r ) ;

89 mkdir ( s t r c a t ( tes tFo lde r , ' nResu l ts ' ) ) ;

90

91 %=== D i rec to r t Creat ion = For Loop

92 f o r n = 1 : leng th ( l a t I n c )

93 l a tFo l de r = s t r c a t ( tes tFo lde r , ' nL a t t i c e ' , num2str ( l a t I n c (n

) ) ) ;

94 mkdir ( l a tFo l de r ) ;

95 f o r o = 1 : itNum

96 i n tFo lde r = s t r c a t ( la tFo lder , ' n ' , num2str ( o ) ) ;

97 mkdir ( i n tFo lde r ) ;

98 end
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99 end

100

101 %=== Data Creat ion = For Loop

102 f o r n = 1 : leng th ( l a t I n c )

103

104 %=== Data Creat ion = Input F i l e s

105 %Writes netgen input f i l e

106 netgenWrite ( ng1 , l a t I n c (n ) , ng3 ( i , : ) , ng4 ( i , : ) , ng5 ( i , : ) , ng6 ( i

, : ) , ng7 ( i , : ) , ng8 ( i , : ) , ng9 ( i ) , ng10 ( i ) , ng11 ) ;

107 %Writes pore f low input f i l e

108 c o p y f i l e basePoreFlowInput . dat pore f lowInput . dat

109 poref lowWri te ( pf1 , pf2 ( i , : ) , pf3 , pf4 , pf5 , pf6 , pf7 , pf8 , pf9 ) ;

110 %La t t i ce s i z e

111 l a t S i z e = l a t I n c (n ) ;

112 %=== Data Creat ion = P a r a l l e l loop

113 f o r o = 1 : itNum

114 i n tFo lde r = s t r c a t ( dataLoc , ' n ' , ng1 , ' nL a t t i c e ' , num2str

( l a t S i z e ) , ' n ' , num2str ( o ) ) ;

115 cd ( i n tFo lde r ) ;

116 system ( netgenLoc ) ;

117 %!E:n rockTyping Datan i n t e r p o r e S c r i p t snnetgen win32 . exe

E:n rockTyping Datan i n t e r p o r e S c r i p t snnetgenInput .

dat

118 cd ( fo lde rLoc ) ;

119 end

120

121 pa r fo r o = 1 : itNum
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122 i n tFo lde r = s t r c a t ( dataLoc , ' n ' , ng1 , ' nL a t t i c e ' , num2str

( l a t S i z e ) , ' n ' , num2str ( o ) ) ;

123 cd ( i n tFo lde r ) ;

124 system ( poref lowLoc ) ;

125 %!E:n rockTyping Datan i n t e r p o r e S c r i p t snporef low win32 .

exe E:n rockTyping Datan i n t e r p o r e S c r i p t sn

pore f lowInput . dat

126 cd ( fo lde rLoc ) ;

127 end

128

129 %=== Pr in t i ng Code

130 %=== Imports output data

131 f o r o = 1 : itNum

132 %Sets i t e r a t i o n number

133 outputCount = outputCount + 1 ;

134 %Sta tes i t e r a t i o n f o l d e r number

135 i n tFo lde r = s t r c a t ( dataLoc , ' n ' , ng1 , ' nL a t t i c e ' , num2str

( l a t S i z e ) , ' n ' , num2str ( o ) ) ;

136 %Creates temp v a r i a b e l s to import drain , output , and

pore th roa t r a d i i data

137 %Drain data

138 drainTemp = drainDataImport ( s t r c a t ( in tFo lder , ' n ' , ng1 , '

d r a i n c y c l e 1 . csv ' ) ) ;

139 %Sing le Phase data

140 outputTemp = outputDataImport ( s t r c a t ( in tFo lder , ' n ' , ng1

, ' . p r t ' ) ) ;

141 %Pore th roa t rad i
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142 throatRadiTemp = throatRadi Import ( s t r c a t ( in tFo lder , ' n '

, ng1 , ' l i n k 1 . dat ' ) ) ;

143 %Pore body rad i and pore shape

144 [ poreRadiTemp , poreShapeTemp ] = poreDataImport ( s t r c a t (

in tFo lder , ' n ' , ng1 , ' node2 . dat ' ) ) ;

145 %Throat Length

146 throatLengthTemp = throatLengthImport ( s t r c a t ( in tFo lder

, ' n ' , ng1 , ' l i n k 2 . dat ' ) ) ;

147 %Adds l a t t i c e s i z e and i t e r a t i o n number to dra in data

148 drainTemp = [ ones ( leng th ( drainTemp ) , 1) * l a t S i z e ,

ones ( leng th ( drainTemp ) , 1) * o , drainTemp ] ;

149

150 %Saves pore th roa t length , rad i , pore body radi , and

pore body

151 %shape d i s t r i b u t i o n s so they can be p lo t t ed

152 throatData = [ throatData ; throatLengthTemp ,

throatRadiTemp ] ;

153 poreRadi = [ poreRadi ; poreRadiTemp ] ;

154 poreShape = [ poreShape ; poreShapeTemp ] ;

155

156 %Finds mode o f pore th roa t rad i d i s t r i b u t i o n

157 throatRadiTemp = mode( throatRadiTemp ) ;

158 %Adds imported dra in and output data to v a r i a b l e s to

then be

159 %wr i t ten to new f i l e s

160 drainData = [ drainData ; drainTemp ] ;

161 outputData ( outputCount , : ) = [ count , l a t S i z e ,
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outputTemp , throatRadiTemp ] ;

162 end

163

164

165 %Averages s i n g l e phase data so i t can be p lo t t ed to f i nd

s i n g l e phase

166 %REV

167 tempAVG = outputData ( outputData ( : , 2 ) == l a t I n c (n ) , : ) ;

168 avgOutputData (n , : ) = [ l a t I n c (n ) , mean(tempAVG( : , 3 : 5 ) ) ] ;

169 dra inP lo t = drainData ( drainData ( : , 1 ) == l a t I n c (n ) , : ) ;

170

171 %Color f o r p l o t t i n g

172 c o l o r = markerColor (n , : ) ;

173

174 %Rela t i ve Permeab i l i t y P lo ts

175 %Kro vs Sw

176 f i g 1 = f i g u r e (1 ) ;

177 hold on

178 p lo t ( d ra inP lo t ( : , 3 ) , d ra inP lo t ( : , 6 ) , ' o ' , ' MarkerFaceColor

' , co lo r , ' MarkerEdgeColor ' , co lo r , ' MarkerSize ' , 3)

179 x l a b e l ( ' Water Sa tu ra t ion [ = ] ' , ' FontSize ' ,18)

180 y l a b e l ( ' Re la t i ve Permabi l i t y = Oi l [mD] ' , ' FontSize ' ,18)

181 legend (f ' 30 ' , ' 40 ' , ' 50 ' , ' 60 ' , ' 65 ' g , ' Locat ion ' , ' bes t ' )

182 t i t l e ( f ' Test Number : ' , count g , ' FontSize ' , 18)

183

184 %Krw vs Sw

185 f i g 2 = f i g u r e (2 ) ;
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186 hold on

187 p lo t ( d ra inP lo t ( : , 3 ) , d ra inP lo t ( : , 5 ) , ' o ' , ' MarkerFaceColor

' , co lo r , ' MarkerEdgeColor ' , co lo r ' , ' MarkerSize ' , 3)

188 x l a b e l ( ' Water Sa tu ra t ion [ = ] ' , ' FontSize ' ,18)

189 y l a b e l ( ' Re la t i ve Permabi l i t y = Water [mD] ' , ' FontSize ' ,18)

190 legend (f ' 30 ' , ' 40 ' , ' 50 ' , ' 60 ' , ' 65 ' g , ' Locat ion ' , ' bes t ' )

191 t i t l e ( f ' Test Number : ' , count g , ' FontSize ' , 18)

192

193 end

194

195 %=== P lo t t i ng Code

196

197 %Sing le phase REV p l o t s

198 f i g 3 = f i g u r e (3 ) ;

199 s g t i t l e ( f ' Test Number : ' , count g , ' FontSize ' , 18)

200 %s g t i t l e ( f ' Pore Throat Length Parameters ' , num2str ( ng4 ( i , : ) )g ,

' FontSize ' , 1 8 )

201 subp lo t (3 ,1 ,1 )

202 p lo t ( avgOutputData ( : , 1 ) , avgOutputData ( : , 2 ) , ' = or ' , '

MarkerFaceColor ' , ' b ' , ' MarkerEdgeColor ' , ' b ' , ' LineWidth '

, 1 . 2 5 )

203 y l a b e l ( ' Poros i t y [ = ] ' , ' FontSize ' ,16)

204 yl im ( [ 0 1 ] ) ;

205 subp lo t (3 ,1 ,2 )

206 p lo t ( avgOutputData ( : , 1 ) , avgOutputData ( : , 3 ) , ' = or ' , '

MarkerFaceColor ' , ' b ' , ' MarkerEdgeColor ' , ' b ' , ' LineWidth '

, 1 . 2 5 )
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207 y l a b e l ( ' Permabi l i t y [mD] ' , ' FontSize ' ,16)

208 subp lo t (3 ,1 ,3 )

209 p lo t ( avgOutputData ( : , 1 ) , avgOutputData ( : , 4 ) , ' = or ' , '

MarkerFaceColor ' , ' b ' , ' MarkerEdgeColor ' , ' b ' , ' LineWidth '

, 1 . 2 5 )

210 y l a b e l ( ' Formation Factor [ = ] ' , ' FontSize ' ,16)

211 x l a b e l ( ' La t t i ce S ize ' , ' FontSize ' ,16)

212 s e t ( gcf , ' Pos i t i on ' , get (0 , ' S c r e e n s i z e ' ) ) ;

213

214 %D i s t r i b u t i o n p l o t s

215 f i g 4 = f i g u r e (4 ) ;

216 s g t i t l e ( f ' Test Number : ' , count g , ' FontSize ' , 18)

217 subp lo t (2 ,2 ,1 ) ;

218 histogram ( poreRadi )

219 x l a b e l ( ' Pore Body Radi [m] ' , ' FontSize ' ,16)

220 subp lo t (2 ,2 ,2 ) ;

221 histogram ( throatData ( : , 1 ) )

222 x l a b e l ( ' Pore Throat Length [m] ' , ' FontSize ' ,16)

223 subp lo t (2 ,2 ,3 ) ;

224 histogram ( poreShape )

225 x l a b e l ( ' Pore Shape Factor [= ] ' , ' FontSize ' ,16)

226 %Sets f i g u r e s to be f u l l sc reen f o r p r i n t i n g

227 s e t ( gcf , ' Pos i t i on ' , get (0 , ' S c r e e n s i z e ' ) ) ;

228 subp lo t (2 ,2 ,4 ) ;

229 histogram ( throatData ( : , 2 ) )

230 x l a b e l ( ' Pore Throat Radi [m] ' , ' FontSize ' ,16)

231
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232 %=== Writes output data to output f i l e

233

234 %Opens dra in output f i l e

235 f i dDra in = fopen ( s t r c a t ( ng1 , ' Drain . tx t ' ) , 'w ' ) ;

236 %Writes header f o r dra in data f i l e

237 f p r i n t f ( f idDra in , ' Test Number : %d nn ' , count ) ;

238 f p r i n t f ( f idDra in , ' Lat S i ze I t e r a t i o n Sw PC

Krw Kro nn ' ) ;

239 %Writes Drain Data f i l e

240 f o r q = 1 : leng th ( drainData )

241 f p r i n t f ( f idDra in , '%d %d %e %e %e %enn ' , drainData (q , 1 ) ,

drainData (q , 2 ) , drainData (q , 3 ) , drainData (q , 4 ) ,

drainData (q , 5 ) , drainData (q , 6 ) ) ;

242 end

243

244 %Opens r e s u l t s output f i l e

245 f idOutput = fopen ( s t r c a t ( ng1 , ' Output . tx t ' ) , 'w ' ) ;

246 %Writes header f o r output f i l e

247 f p r i n t f ( f idOutput , ' Test Number : %d nn ' , count ) ;

248 f p r i n t f ( f idOutput , ' Lat S i ze I t e r a t i o n Poros i t y

Permabi l i t y Form Factor nn ' ) ;

249 %Writes output data in to complete output f i l e

250 f o r q = 1 : outputCount

251 f p r i n t f ( f idOutput , '%d %d %f %f %f %e nn ' , outputData (q , 1 ) ,

outputData (q , 2 ) , outputData (q , 3 ) , outputData (q , 4 ) ,

outputData (q , 5 ) , outputData (q , 6 ) ) ;

252 end
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253 f c l o s e ( ' a l l ' ) ;

254

255 %=== Output sav ing

256

257 %Moves output data f i l e s to r e s u l t s f o l d e r

258 move f i l e ( ' pore f lowInput . dat ' , s t r c a t ( dataLoc , ' n ' , ng1 , ' nResu l ts

' ) ) ;

259 move f i l e ( ' netgenInput . dat ' , s t r c a t ( dataLoc , 'n ' , ng1 , ' nResu l ts ' )

) ;

260 move f i l e ( s t r c a t ( ng1 , ' Output . tx t ' ) , s t r c a t ( dataLoc , ' n ' , ng1 , ' n

Resu l ts ' ) ) ;

261 move f i l e ( s t r c a t ( ng1 , ' Drain . tx t ' ) , s t r c a t ( dataLoc , ' n ' , ng1 , ' n

Resu l ts ' ) ) ;

262

263 %Saves p l o t s and moves them to r e s u l t s f o l d e r

264 p r i n t ( f i g1 , s t r c a t ( ng1 , ' k roP lo t ' ) , ' = dpng ' , '= r300 ' ) ;

265 p r i n t ( f i g2 , s t r c a t ( ng1 , ' krwPlot ' ) , ' = dpng ' , '= r300 ' ) ;

266 p r i n t ( f i g3 , s t r c a t ( ng1 , ' ou tputP lo t ' ) , ' = dpng ' , '= r300 ' )

267 p r i n t ( f i g4 , s t r c a t ( ng1 , ' d i s t P l o t s ' ) , ' = dpng ' , '= r300 ' ) ;

268 c o p y f i l e ( s t r c a t ( ng1 , ' k roP lo t . png ' ) , s t r c a t ( dataLoc , ' n ' , ng1 , ' n

Resu l ts ' ) ) ;

269 c o p y f i l e ( s t r c a t ( ng1 , ' krwPlot . png ' ) , s t r c a t ( dataLoc , ' n ' , ng1 , ' n

Resu l ts ' ) ) ;

270 c o p y f i l e ( s t r c a t ( ng1 , ' ou tputP lo t . png ' ) , s t r c a t ( dataLoc , ' n ' , ng1

, ' nResu l ts ' ) ) ;

271 c o p y f i l e ( s t r c a t ( ng1 , ' d i s t P l o t s . png ' ) , s t r c a t ( dataLoc , ' n ' , ng1 ,

' nResu l ts ' ) ) ;
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272

273

274 %Dele tes raw data to save d isk space

275 rmdir ( s t r c a t ( dataLoc , ' n ' , ng1 , ' nL a t t i c e * ' ) , ' s ' ) ;

276

277 %=== Clears v a r i a b l e s f o r next sample

278 %Clears f i g u r e s

279 c l f ( f i g 1 )

280 c l f ( f i g 2 )

281 c l f ( f i g 3 )

282 c l f ( f i g 4 )

283

284 %Clears output v a r i a b l e s f o r r e w r i t e

285 drainData = [ ] ;

286 outputData = [ ] ;

287 outputCount = 0 ;

288 poreRadi = [ ] ;

289 poreShape = [ ] ;

290 throatData = [ ] ;

291

292

293 end

294

295 toc

90



Drain data import

1 f unc t i on [ drainData ] = drainDataImport ( f i l ename )

2

3 %f i lename = ' po reTes t6 04811 2 d ra incyc le 1 . csv ' ;

4 f i d = fopen ( f i l ename ) ;

5

6 %Checks to make sure the f i l ename i s co r rec t , i f not i t does not

add any

7 %data to the inputed va r iab le , and then ends the func t i on

8 i f f i d == = 1

9 re tu rn

10 end

11

12 %Imports dra in data from . csv f i l e

13 temp = ce l l2mat ( tex tscan ( f i d , '%f%f%f%f%f ' , ' De l im i te r ' , ' , ' , '

HeaderLines ' , 2) ) ;

14 %Adds imported dra in data in to the inputed var iabe

15 drainData = [ temp ( : , 1 ) , temp ( : , 2 ) , temp ( : , 3 ) , temp ( : , 4 ) ] ;

16

17 %Closes a l l open f i l e s

18 f c l o s e ( ' a l l ' ) ;

19

20 end

Output data import

1 f unc t i on [ outputData ] = outputDataImport ( f i l ename )%, outputData )

2
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3 %Opens output f i l e

4 f i d = fopen ( f i l ename ) ;

5

6 %Checks to make sure f i l ename i s co r rec t , i f i t i s not then i t

te rmina tes

7 %the func t i on

8 i f f i d == = 1%

9 outputData = outputData ;

10 re tu rn

11 end

12

13 %Imports po ros i t y [= ] , abso lu te pe rmeab i l i t y [mD] , and format ion

f a c t o r [ = ]

14 temp = tex tscan ( f i d , '%s ' , 18 , ' HeaderLines ' , 58) ;

15 %Saves poros i t y , permeab i l i t y , and format ion f a c t o r to inputed

v a r i a b l e

16 %outputData = [ outputData ; s t r2doub le ( temp f 1g(3) ) , s t r2doub le ( temp

f 1g(11) ) , s t r2doub le ( tempf 1g(18) ) ] ;

17 outputData = [ s t r2doub le ( temp f 1g(3) ) , s t r2doub le ( tempf 1g(11) ) ,

s t r2doub le ( tempf 1g(18) ) ] ;

18 %Closes a l l open f i l e s

19 f c l o s e ( ' a l l ' ) ;

20

21 end

Throat radii import

1 f unc t i on throatVar1 = throatRadi Import ( f i l ename )
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2

3 %Opens F i l e

4 f i d = fopen ( f i l ename ) ;

5

6 %Checks to make sure the f i l ename i s co r rec t , i f not i t does not

add any

7 %data to the inputed va r iab le , and then ends the func t i on

8 i f f i d == = 1

9 re tu rn

10 end

11

12 %Imports pore rad i and pore shape f a c t o r from node f i l e

13 poreData = ce l l2mat ( tex tscan ( f i d , '%f %f %f %f %f %f %f %f ' , '

HeaderLines ' ,1 ) ) ;

14 %Throat Length

15 throatVar1 = poreData ( : , 4 ) ;

16

17

18 %Closes the f i l e

19 f c l o s e ( ' a l l ' ) ;

20

21 end

Throat length import

1 f unc t i on throatVar1 = throatLengthImport ( f i l ename )

2

3 %Opens F i l e
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4 f i d = fopen ( f i l ename ) ;

5

6 %Checks to make sure the f i l ename i s co r rec t , i f not i t does not

add any

7 %data to the inputed va r iab le , and then ends the func t i on

8 i f f i d == = 1

9 re tu rn

10 end

11

12 %Imports pore rad i and pore shape f a c t o r from node f i l e

13 poreData = ce l l2mat ( tex tscan ( f i d , '%f %f %f %f %f %f %f %f ' ) ) ;

14 %Throat Length

15 throatVar1 = poreData ( : , 6 ) ;

16

17

18 %Closes the f i l e

19 f c l o s e ( ' a l l ' ) ;

20

21 end

Final data set creation

1 % Creates pore networks to f i nd permeab i l i t y va lues f o r a l l

samples

2 % Scr i p t c rea ted on 25 August , 2020

3 % Scr i p t c rea ted by Brandon Yokeley

4 % Scr i p t updated on 8 .25 .2020

5 %
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6 % Creates and runs netgen and pore f low code over a l l 240 samples .

This

7 % code runs 100 i t e r a t i o n o f each sample at a l a t t i c s i z e o f 65

8

9

10 c l e a r

11 c l o s e a l l

12 t i c

13

14 %% Model Setup

15

16 %La t t i ce s i z e to c a l c u l a t e at

17 l a t I n c = 65 ;

18

19 %=== Netgen input parameters

20 ng3 = load ( ' throatRadi . csv ' ) ;

21 ng4 = load ( ' throatLength . csv ' ) ;

22 ng5 = load ( ' aspec tRat io . csv ' ) ;

23 ng6 = load ( ' shapeFactor . csv ' ) ;

24 ng7 = load ( ' porePropor t ions . csv ' ) ;

25 ng8 = load ( ' t h roa tPropor t i ons . csv ' ) ;

26 ng9 = load ( ' c layContent . csv ' ) ;

27 ng10 = load ( ' connNumber . csv ' ) ;

28 ng11 = 'T ' ;

29

30 %=== Poref low input parameters

31 %=== Poref low input parameters
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32 pf1 = 'INIT CON ANG ' ;

33 pf2 = load ( ' contactAngle . csv ' ) ;

34 pf3 = '#' ;

35 pf4 = 'NETWORK' ;

36 pf6 = '#' ;

37 pf7 = 'TITLE ' ;

38 pf9 = '#' ;

39

40 %=== Folder S t ruc tu re

41 f o l de rLoc = cd ;

42 dataLoc = s t r c a t ( f o l de rLoc ( 1 : end= 7) , ' Data ' ) ;

43

44 %% I n i t i a l Parameters

45

46 %Output counter

47 outputCount = 0 ;

48 %Output data from pore f low s imu la t ion

49 outputData = nan (100 ,6 ) ;

50 %Drain Data matr ix

51 drainData = [ ] ;

52

53 %% Data Creat ion Loop

54

55 %Star t o f data c r e a t i o n

56 f o r i = 1 :240

57 %% Data Creat ion

58 %Test number
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59 count = i ;

60 %Creates t i t l e f o r d i r e c t o r y

61 ng1 = s t r c a t ( ' t e s t ' , num2str ( count ) ) ;

62

63 %Creates the working d i r e c t o r y f o r t h i s t e s t

64 t e s tFo l de r = s t r c a t ( dataLoc , ' n ' , ng1 ) ;

65 mkdir ( t es t Fo ld e r ) ;

66 mkdir ( s t r c a t ( tes tFo lde r , ' nResu l ts ' ) ) ;

67

68 c o p y f i l e ( ' basePoreFlowInput . dat ' , t e s t Fo ld e r ) ;

69 c o p y f i l e ( ' * win32 . exe ' , t es tFo l de r )

70 c o p y f i l e ( ' dataLoop * ' , t e s tF o lde r ) ;

71 cd ( t es tF o lde r ) ;

72

73 f o r j = 1 :100

74 %Sets t e s t number t i t l e

75 netgenName = s t r c a t ( ' netgenInput ' , ' ' , num2str ( j ) ) ;

76 ng1 = s t r c a t ( ' t e s t ' , num2str ( count ) , ' ' , num2str ( j ) ) ;

77 pf5 = s t r c a t ( ' t e s t ' , num2str ( count ) , ' ' , num2str ( j ) ) ;

78 pf8 = s t r c a t ( ' t e s t ' , num2str ( count ) , ' ' , num2str ( j ) ) ;

79 %wr i t es needed network f i l e s

80 netgenWrite ( netgenName , ng1 , l a t Inc , ng3 ( i , : ) , ng4 ( i , : ) , ng5 ( i

, : ) , ng6 ( i , : ) , ng7 ( i , : ) , ng8 ( i , : ) , ng9 ( i ) , ng10 ( i ) , ng11 ) ;

81 %Writes needed pore f low input f i l e

82 c o p y f i l e ( ' basePoreFlowInput . dat ' , s t r c a t ( ' pore f lowInput ' , '

' , num2str ( j ) , ' . dat ' ) ) ;

83 poref lowWri te ( num2str ( j ) , pf1 , pf2 ( i , : ) , pf3 , pf4 , pf5 , pf6 , pf7 ,
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pf8 , pf9 ) ;

84 end

85

86 %Runs netgen and pore f low code in 25 i t e r a t i o n chunks u n t i l

a l l 100

87 %i t e r a t i o n s are completed . Uses custom wr i t ten batch f i l e s to

run code

88 system ( ' dataLoop 1 . bat 1>NUL 2>NUL ' ) ;

89 system ( ' dataLoop 2 . bat 1>NUL 2>NUL ' ) ;

90 system ( ' dataLoop 3 . bat 1>NUL 2>NUL ' ) ;

91 system ( ' dataLoop 4 . bat 1>NUL 2>NUL ' ) ;

92 system ( ' dataLoop 5 . bat 1>NUL 2>NUL ' ) ;

93 system ( ' dataLoop 6 . bat 1>NUL 2>NUL ' ) ;

94 system ( ' dataLoop 7 . bat 1>NUL 2>NUL ' ) ;

95

96 %% Pr in t ing Code

97 %Imports a l l d ra in and output data f o r i t to be wr i t ten

98 f o r j = 1 :100

99 %Sets i t e r a t i o n number f o r w r i t i ng

100 outputCount = outputCount + 1 ;

101 %Sets dra in data name

102 ng1 = s t r c a t ( ' t e s t ' , num2str ( count ) , ' ' , num2str ( j ) ) ;

103 %Creates a temp v a r i a b l e to s t o r e dra in data in

104 drainTemp = drainDataImport ( s t r c a t ( ng1 , ' d r a i n c y c l e 1 . csv '

) ) ;

105 %Creates temp v a r i a b l e to s t o r e output data in

106 outputTemp = outputDataImport ( s t r c a t ( ng1 , ' . p r t ' ) ) ;
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107 %Imports th roa t rad i data to f i nd mode o f pore th roa t rad i

108 throatRadiTemp = throatRadi Import ( s t r c a t ( ng1 , ' l i n k 1 . dat ' )

) ;

109 %Finds mode o f pore th roa t rad ius

110 throatRadiTemp = mode( throatRadiTemp ) ;

111

112 %Creates dra in data matr ix to be wr i t ten to dra in output

f i l e

113 drainData = [ drainData ; ones ( leng th ( drainTemp ) , 1) *

l a t I nc , ones ( leng th ( drainTemp ) , 1) * j , drainTemp ] ;

114 %Creates output data matr ix to be wr i t ten too

115 outputData ( outputCount , : ) = [ count , l a t I nc , outputTemp ,

throatRadiTemp ] ;

116 end

117

118 %Sets t i t l e f o r r e s u l t s f i l e s

119 ng1 = s t r c a t ( ' t e s t ' , num2str ( count ) ) ;

120

121 %===== Writes Drain Data to Text F i l e

122 %Opens dra in output f i l e

123 f i dDra in = fopen ( s t r c a t ( ng1 , ' Drain . tx t ' ) , 'w ' ) ;

124 %Writes header f o r dra in data f i l e

125 f p r i n t f ( f idDra in , ' Test Number : %d nn ' , count ) ;

126 f p r i n t f ( f idDra in , ' Lat S i ze I t e r a t i o n Sw PC

Krw Kro nn ' ) ;

127 %Writes Drain Data f i l e

128 f o r q = 1 : leng th ( drainData )

99



129 f p r i n t f ( f idDra in , '%d %d %e %e %e %enn ' , drainData (q , 1 ) ,

drainData (q , 2 ) , drainData (q , 3 ) , drainData (q , 4 ) ,

drainData (q , 5 ) , drainData (q , 6 ) ) ;

130 end

131

132 %===== Writes Output Data to Text F i l e

133 %Opens r e s u l t s output f i l e

134 f idOutput = fopen ( s t r c a t ( ng1 , ' Output . tx t ' ) , 'w ' ) ;

135 %Writes header f o r output f i l e

136 f p r i n t f ( f idOutput , ' Test Number : %d nn ' , count ) ;

137 f p r i n t f ( f idOutput , ' Lat S i ze I t e r a t i o n Poros i t y

Permabi l i t y Form Factor Throat Radi i Modenn ' ) ;

138 %Writes output data in to complete output f i l e

139 f o r q = 1 : outputCount

140 f p r i n t f ( f idOutput , '%d %d %f %f %f %e nn ' , outputData (q , 1 ) ,

outputData (q , 2 ) , outputData (q , 3 ) , outputData (q , 4 ) ,

outputData (q , 5 ) , outputData (q , 6 ) ) ;

141 end

142 f c l o s e ( ' a l l ' ) ;

143

144

145 %% F i l e Clean up

146 %Copies needed f i l e s over to r e s u l t s s e c t i o n

147 c o p y f i l e ( ' * . t x t ' , s t r c a t ( tes tFo lde r , ' nResu l ts ' ) ) ;

148 c o p y f i l e ( ' * Input 1 . dat ' , s t r c a t ( tes tFo lde r , ' nResu l ts ' ) ) ;

149 %Dele tes a l l the unneed f i l e s

150 d e l e t e *
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151 %Goes back to s c r i p t f o l d e r to s t a r t next t e s t

152 cd ( fo lde rLoc ) ;

153

154 %Clears output v a r i a b l e s f o r next t e s t

155 drainData = [ ] ;

156 outputData = nan (100 ,6 ) ;

157 outputCount = 0 ;

158

159

160 end

161

162

163 %% End of s c r i p t

164 toc

165

166 %% Funct ions

167

168 %Netgen Writ ing

169 f unc t i on netgenWrite ( f i leName , l i ne1 , l a t t i c e S i z e , l i ne3 , l i ne4 ,

l i ne5 , l i ne6 , l i ne7 , l i ne8 , l i ne9 , l i ne10 , l i n e 1 1 )

170

171 %Opens netgen input f i l e

172 f i d = fopen ( s t r c a t ( f i leName , ' . dat ' ) , 'w ' ) ;

173

174 %Pr in ts data in to n e t g e n f i l e

175 f p r i n t f ( f i d , '%s nn ' , l i n e 1 ) ;

176 f p r i n t f ( f i d , '%i %i %i nn ' , l a t t i c e S i z e , l a t t i c e S i z e , l a t t i c e S i z e ) ;
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177 f p r i n t f ( f i d , '%f %f %f %f nn ' , l i n e 3 (1 ) , l i n e 3 (2 ) , l i n e 3 (3 ) , l i n e 3 (4 ) )

;

178 f p r i n t f ( f i d , '%f %f %f %f nn ' , l i n e 4 (1 ) , l i n e 4 (2 ) , l i n e 4 (3 ) , l i n e 4 (4 ) )

;

179 f p r i n t f ( f i d , '%f %f %f %f nn ' , l i n e 5 (1 ) , l i n e 5 (2 ) , l i n e 5 (3 ) , l i n e 5

(4 ) ) ;

180 f p r i n t f ( f i d , '%f %f %f %f nn ' , l i n e 6 (1 ) , l i n e 6 (2 ) , l i n e 6 (3 ) , l i n e 6

(4 ) ) ;

181 f p r i n t f ( f i d , '%f %f nn ' , l i n e 7 (1 ) , l i n e 7 (2 ) ) ;

182 f p r i n t f ( f i d , '%f %f nn ' , l i n e 8 (1 ) , l i n e 8 (2 ) ) ;

183 f p r i n t f ( f i d , '%f nn ' , l i n e 9 ) ;

184 f p r i n t f ( f i d , '%f nn ' , l i n e 1 0 ) ;

185 f p r i n t f ( f i d , '%s nn ' , l i n e 1 1 ) ;

186 %c l o s e s a l l open f i l e s

187 f c l o s e ( ' a l l ' ) ;

188 end

189

190 %Poref low Writ ing

191 f unc t i on poref lowWri te ( testNum , l i ne1 , l i ne2 , l i ne3 , l i ne4 , l i ne5 ,

l i ne6 , l i ne7 , l i ne8 , l i n e 9 )

192

193 %Opens netgen input f i l e that i s miss ing the l a s t two parameters ,

t i t l e and

194 %network f i l e s

195 f i d = fopen ( s t r c a t ( ' po re f lowInpu t ' , testNum , ' . dat ' ) , ' a ' ) ;

196

197 %Pr in ts data in to pore f low f i l e
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198 %Wet tab i l i t y

199 f p r i n t f ( f i d , ' nnnn%snn ' , l i n e 1 ) ;

200 f p r i n t f ( f i d , '%f %f %f %f nn ' , l i n e 2 (1 ) , l i n e 2 (2 ) , l i n e 2 (3 ) , l i n e 2 (4 ) )

;

201 f p r i n t f ( f i d , '%s ' , l i n e 3 ) ;

202 %Network

203 f p r i n t f ( f i d , ' nnnn%snn ' , l i n e 4 ) ;

204 f p r i n t f ( f i d , 'F %s nn ' , l i n e 5 ) ;

205 f p r i n t f ( f i d , '%s nnnn ' , l i n e 6 ) ;

206 %T i t l e

207 f p r i n t f ( f i d , '%s nn ' , l i n e 7 ) ;

208 f p r i n t f ( f i d , '%s nn ' , l i n e 8 ) ;

209 f p r i n t f ( f i d , '%s nn ' , l i n e 9 ) ;

210

211 f c l o s e ( ' a l l ' ) ;

212 end

213

214 %Drain Data Import

215 f unc t i on [ drainData ] = drainDataImport ( f i l ename )

216

217 %f i lename = ' po reTes t6 04811 2 d ra incyc le 1 . csv ' ;

218 f i d = fopen ( f i l ename ) ;

219

220 %Checks to make sure the f i l ename i s co r rec t , i f not i t does not

add any

221 %data to the inputed va r iab le , and then ends the func t i on

222 i f f i d == = 1
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223 re tu rn

224 end

225

226 %Imports dra in data from . csv f i l e

227 temp = ce l l2mat ( tex tscan ( f i d , '%f%f%f%f%f ' , ' De l im i te r ' , ' , ' , '

HeaderLines ' , 2) ) ;

228 %Adds imported dra in data in to the inputed var iabe

229 drainData = [ temp ( : , 1 ) , temp ( : , 2 ) , temp ( : , 3 ) , temp ( : , 4 ) ] ;

230

231 %Closes a l l open f i l e s

232 f c l o s e ( ' a l l ' ) ;

233

234 end

235

236 %Output Data Import

237 f unc t i on [ outputData ] = outputDataImport ( f i l ename )%, outputData )

238

239 %Opens output f i l e

240 f i d = fopen ( f i l ename ) ;

241

242 %Checks to make sure f i l ename i s co r rec t , i f i t i s not then i t

te rmina tes

243 %the func t i on

244 i f f i d == = 1%

245 outputData = outputData ;

246 re tu rn

247 end
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248

249 %Imports po ros i t y [= ] , abso lu te pe rmeab i l i t y [mD] , and format ion

f a c t o r [ = ]

250 temp = tex tscan ( f i d , '%s ' , 18 , ' HeaderLines ' , 58) ;

251 %Saves poros i t y , permeab i l i t y , and format ion f a c t o r to inputed

v a r i a b l e

252 %outputData = [ outputData ; s t r2doub le ( temp f 1g(3) ) , s t r2doub le ( temp

f 1g(11) ) , s t r2doub le ( tempf 1g(18) ) ] ;

253 outputData = [ s t r2doub le ( temp f 1g(3) ) , s t r2doub le ( tempf 1g(11) ) ,

s t r2doub le ( tempf 1g(18) ) ] ;

254 %Closes a l l open f i l e s

255 f c l o s e ( ' a l l ' ) ;

256

257 end

258

259 %Throat Radius Import

260 f unc t i on throatVar1 = throatRadi Import ( f i l ename )

261

262 %Opens F i l e

263 f i d = fopen ( f i l ename ) ;

264

265 %Checks to make sure the f i l ename i s co r rec t , i f not i t does not

add any

266 %data to the inputed va r iab le , and then ends the func t i on

267 i f f i d == = 1

268 re tu rn

269 end

105



270

271 %Imports pore rad i and pore shape f a c t o r from node f i l e

272 poreData = ce l l2mat ( tex tscan ( f i d , '%f %f %f %f %f %f ' , '

HeaderLines ' ,1 ) ) ;

273 %Throat Length

274 throatVar1 = poreData ( : , 4 ) ;

275

276

277 %Closes the f i l e

278 f c l o s e ( ' a l l ' ) ;

279

280 end
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Random REV Plots

1 % Creates

2 % Scr i p t c rea ted on 9 March 2021

3 % Scr i p t c rea ted by Brandon Yokeley

4 % Scr i p t updated on 9 March 2021

5 %

6 %

7 % Plo ts ten reandomly s e l e c t e d networks over a range o f l a t t i c e

s i z e s to

8 % i l l u s t r a t e that REV i s determined to be between a l a t t i c e s i z e

o f 60 and

9 % 65. I t a l s o p l o t s Sw= krw to show how water r e a l t a t i v e

10 % permeab i l i t y changes by l a t t i c e s i z e . Last ly , i t shows our water

r e l a t i v e

11 % permeab i l i t y f i t f o r the data desc r ibed in L indqu is t e t a l , and

Arns , e t

12 % al .

13 %

14 %

15 % Clears a l l va ra i b l es , c l o s e s a l l p lo ts , and s t a r t s a t imer

16 c l e a r

17 c l o s e a l l

18 t i c

19

20 %% I n i t i a l Parameters

21
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22 %Plo t t i ng c o l o r s f o r REV Plo ts

23 l i n e C o l o r = [ '#E20000 ' ; '#9B1010 ' ; '#f58231 ' ; '#f f e 1 1 9 ' ; '#99D649 '

; . . .

24 '#1D9128 ' ; ' #013220 ' ; '#42d4f4 ' ; '#455DA0 ' ; ' #02075d ' ; . . .

25 ' #791F89 ' ; '#FF1AAD ' ; '#f f 0 0 7 f ' ; '#a9a9a9 ' ; ' #000000 ' ] ;

26

27 %Locat ion f o r data

28 f o l de rLoc = 'C: n UsersndudemnOneDrive = Kansas Sta te Un ive rs i t yn

poreNetworkModelnrockTypingPro jectnrockDatanrockTypingDatan ' ;

29

30 %Creates empty matr ix f o r p l o t t i n g data

31 avgData = nan (7 ,4 ) ;

32 %Counter f o r p l o t t i n g averaged data

33 count = 0 ;

34 %Counter f o r l i n e c o l o r

35 l i neCounter = 0 ;

36

37 %% Data P lo t t i ng = REV Pl tos

38

39 %Picks random t e s t numbers

40 t e s t S e l e c t i o n = round (240* rand (10 ,1 ) ) ;

41

42 %Loops through t e s t data to p lo t REV p l o t s

43 f o r i = t e s t S e l e c t i o n '

44

45 %Creates the working d i r e c t o r y f o r t h i s t e s t

46 testNum = s t r c a t ( ' t e s t ' , num2str ( i ) ) ;
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47 t e s tFo l de r = s t r c a t ( fo lderLoc , testNum , ' nResu l tsn ' ) ;

48

49 [ s inglePhaseData , drainData ] = resu l tsData Impor t ( s t r c a t (

tes tFo lde r , testNum , ' Output . tx t ' ) , s t r c a t ( tes tFo lde r ,

testNum , ' Drain . tx t ' ) ) ;

50

51 %Calcu la tes l a t t i c e s i z e s

52 l a t S i z e s = unique ( s ing lePhaseData ( : , 2 ) ) ;

53

54 f o r j = [10 ,20 ,30 ,40 ,50 ,60 ,65 ]

55 count = count + 1 ;

56 avgData ( count , : ) = mean( s ing lePhaseData ( s ing lePhaseData

( : , 2 ) == j , 2 : 5 ) ) ;

57

58 i f i == t e s t S e l e c t i o n ( end )

59

60 f i g 2 = f i g u r e (2 ) ;

61 hold on

62 p lo t ( drainData ( drainData ( : , 1 ) == j , 3) , drainData (

drainData ( : , 1 ) == j , 5) , ' . ' , . . .

63 ' Color ' , l i n e C o l o r ( count , : ) , ' MarkerSize ' , 12)

64 x l a b e l ( ' S w ' )

65 y l a b e l ( ' k f rwg ' )

66 s e t ( gca , ' FontSize ' , 14)

67 lgd = legend (f ' 10 ' , ' 20 ' , ' 30 ' , ' 40 ' , ' 50 ' , ' 60 ' , ' 65 '

g , ' l o c a t i o n ' , ' bes t ' , 'NumColumns ' ,2 ) ;

68 t i t l e ( lgd , ' La t t i ce S ize ' )
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69 end

70

71 end

72

73 %Converts pe rmeab i l i t y from mD to m^2

74 avgData ( : , 3 ) = avgData ( : , 3 ) .* 9 .869233 e= 16;

75

76 %Counter f o r l i n e c o l o r

77 l i neCounter = l ineCounter + 1 ;

78 %=== P lo t t i ng Code

79 f i g 1 = f i g u r e (1 ) ;

80 %=== La t t i ce S ize vs Poros i t y

81 subp lo t (3 ,1 ,1 )

82 hold on

83 p lo t ( avgData ( : , 1 ) , avgData ( : , 2 ) , '= ' , ' Color ' , l i n e C o l o r (

l ineCounter , : ) , ' LineWidth ' , 1 .25 )

84 xl im ( [ 0 , 7 0 ] )

85 x l a b e l ( ' La t t i ce S ize ' )

86 yl im ( [ 0 . 0 5 , 0 . 3 5 ] )

87 y l a b e l ( ' Poros i t y ' )

88 %=== La t t i ce S ize vs Permeab i l i t y

89 subp lo t (3 ,1 ,2 )

90 hold on

91 p lo t ( avgData ( : , 1 ) , avgData ( : , 3 ) , '= ' , ' Color ' , l i n e C o l o r (

l ineCounter , : ) , ' LineWidth ' , 1 .25 )

92 xl im ( [ 0 , 7 0 ] )

93 yl im ( [ 1 0 e= 16, 10e= 10])

110



94 y t i c k s ( [ 1 0 e= 16, 10e= 14, 10e= 12, 10e= 10]) ;

95 y t i c k l a b e l s (f ' 10e= 16 ' , ' 10e= 14 ' , ' 10e= 12 ' , ' 10e= 10 ' g)

96 x l a b e l ( ' La t t i ce S ize ' )

97 y l a b e l ( ' Permeab i l i t y [m^2 ] ' )

98 s e t ( gca , ' YScale ' , ' l og ' )

99 %=== La t t i ce S ize vs Formation Factor

100 subp lo t (3 ,1 ,3 )

101 hold on

102 p lo t ( avgData ( : , 1 ) , avgData ( : , 4 ) , '= ' , ' Color ' , l i n e C o l o r (

l ineCounter , : ) , ' LineWidth ' , 1 .25 )

103 xl im ( [ 0 , 7 0 ] )

104 yl im ( [ 5 , 2* 10^3 ] )

105 y t i c k s ( [ 5 , 10^1 , 10^2 , 10^3 , 2* 10^3 ] ) ;

106 y t i c k l a b e l s (f ' 5 ' , ' 10 ' , ' 100 ' , ' 1000 ' , ' 2000 'g)

107 x l a b e l ( ' La t t i ce S ize ' )

108 y l a b e l ( ' Formation Factor ' )

109 s e t ( gca , ' YScale ' , ' l og ' )

110

111

112

113

114 %Resets p l o t t i n g counter

115 count = 0 ;

116 end

117

118 %% Data P lo t t i ng = L indqu is t /Arns Data

119
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120 %Imports the pore network data

121 twoPhaseFID = fopen ( ' totWaterData . tx t ' ) ;

122 %Reads in syn the t i c network data

123 networkData = ce l l2mat ( tex tscan ( twoPhaseFID , '%f %f %f ' , '

HeaderLines ' ,1 ) ) ;

124

125 %Loads in d i g i t i z e d data from l i t e r a t u r e

126 l i ndqu is tDa ta = load ( ' l i ndqu is tDa ta . tx t ' ) ;

127

128 f o r i = 241:244

129

130 %Synthe t i c Network data

131 synData = networkData ( networkData ( : , 1 ) == i , : ) ;

132 %L i t e r a t u r e Data

133 expData = l indqu is tDa ta ( l i ndqu is tDa ta ( : , 1 ) == i , : ) ;

134 %Converts l i t e r a t u r e data to f r a c t i o n a l

135 expData = expData . / 100 ;

136 %Counter f o r subp lo t

137 count = count + 1 ;

138

139 %=== P lo t t i ng Code

140

141 %Sets po ros i t y o f network

142 l i n d T i t l e s = [ 7 . 5 , 13 , 15 , 2 2 ] ;

143 %Sets t i t l e f o r subp lo ts

144 p l o t T i t l e = s p r i n t f ( ' L indqu is t %d , %2.1 f phi ' , count ,

l i n d T i t l e s ( count ) ) ;
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145

146 f i g 3 = f i g u r e (3 ) ;

147 subp lo t (2 ,2 , count )

148 hold on

149 p lo t ( expData ( : , 2 ) , expData ( : , 3 ) , ' . k ' , ' MarkerSize ' , 12)

150 p lo t ( synData ( : , 2 ) , synData ( : , 3 ) , '= r ' , ' LineWidth ' , 1 .25 )

151 x l a b e l ( ' S w ' )

152 y l a b e l ( ' k f rwg ' )

153 t i t l e ( p l o t T i t l e )

154

155 end

156

157

158 %% Funct ions

159

160 f unc t i on [ outputVar , drainVar ] = resu l tsData Impor t ( outputF i le ,

d r a i n F i l e )

161

162 %Sets f i l ename

163 outFID = fopen ( ou tpu tF i le ) ;

164 drainFID = fopen ( d r a i n F i l e ) ;

165

166 %Checks to make sure the f i l ename i s co r rec t , i f not i t does not

add any

167 %data to the inputed va r iab le , and then ends the func t i on

168 i f outFID == = 1 j j drainFID == = 1

169 re tu rn
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170 end

171

172 %Imports data from . tx t f i l e

173 outputVar = ce l l2mat ( tex tscan ( outFID , '%f %f %f %f %f %f ' , '

HeaderLines ' ,2 ) ) ;

174 drainVar = ce l l2mat ( tex tscan ( drainFID , '%f %f %f %f %f %f ' , '

HeaderLines ' ,2 ) ) ;

175 f c l o s e ( ' a l l ' ) ;

176

177 end
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Initial processing script

1 % Tests rock typ ing techn ique on s i x t e s t pore networks

2 % Scr i p t c rea ted on 31 Janurary 2020

3 % Scr i p t c rea ted by Brandon Yokeley

4 % Scr i p t updated on 1 October 2020

5 %

6 % Clears a l l va ra i b l es , c l o s e s a l l p lo ts , and s t a r t s a t imer

7 c l e a r

8 c l o s e a l l

9 t i c

10

11 %% Data import Setup

12

13 %La t t i ce S ize to import

14 l a t S i z e = 65 ;

15 %Rock type f o r p l o t t i n g

16 p lo t t i ngCo lo r = load ( ' p l o t t i n g C o l o r s . csv ' ) ;

17 %Number o f i t e r a t i o n s

18 itNum = 10 ;

19 %Folder l o c a t i o n s to s t o r e p l o t s

20 %Laptop l o c a t i o n

21 f o l de rLoc = ' / Users / yokeleyba /OneDrive = Kansas Sta te Un ive rs i t y /

poreNetworkModel / rockTypingPro ject / rockData / rockTypingData / ' ;

22 %Personal Desktop l o c a t i o n

23 %fo lde rLoc = 'C: n UsersndudemnOneDrive = Kansas Sta te Un ive rs i t yn

poreNetworkModelnrockTypingPro jectnrockDatanrockTypingData n ' ;
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24 %Lab Desktop l o c a t i o n

25 %fo lde rLoc = 'C: n UsersnyokeleybanOneDrive = Kansas Sta te

Un ive rs i t y nporeNetworkModelnrockTypingPro jectnrockDatan

rockTypingData n ' ;

26 oneDrive = 'C: n UsersnyokeleybanOneDrive = Kansas Sta te Un ive rs i t yn

poreNetworkModelnrockTypingPro jectnrockDatanp l o t s ' ;

27 %Loads in coo rd ina t i on numbers so that they can be c o l o r coded

28 connNumber = load ( ' connNumber . csv ' ) ;

29 %Test Counter

30 count = 0 ;

31 %Loads in c o l o r s f o r p l o t t i n g

32 %plo tCo lo rs = load ( ' p l o t t i n g C o l o r s . csv ' ) ;

33 alpha3 = 0 ;

34 alpha4 = 0 ;

35 alphaValues = [3 .021579832 , 2 .867739711 , 2 .852532311 , 2 .916683901 ,

2 .877303371 , 2 .852532311 ] ;

36

37 l i n e C o l o r = [ '#E20000 ' ; '#f58231 ' ; '#f f e 1 1 9 ' ; '#99D649 ' ; '#1D9128 '

; '#42d4f4 ' ; '#455DA0 ' ; '#791F89 ' ; '#FF1AAD ' ; '#a9a9a9 ' ; '

#000000 ' ; '#9B1010 ' ] ;

38

39 po ros i t y = nan (1 ,240) ;

40 formFactor = nan (1 ,240) ;

41 permeab i l i t y = nan (1 ,240) ;

42 kMeansData = [ ] ;

43 kMeansOutputData = [ ] ;

44 rcSwData = c e l l (240 ,1 ) ;
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45 seData = c e l l (240 ,1 ) ;

46 sampleData = nan (100 ,240) ;

47 sampleData 2 = [ ] ;

48 krwData = nan (100 ,240) ;

49 %sampleData 2 = c e l l (240 ,1 ) ;

50

51 %% Data import

52

53 %Loops through samples

54 f o r i = 1 :240

55 count = count +1;

56

57 %Creates the working d i r e c t o r y f o r t h i s t e s t

58 testNum = s t r c a t ( ' t e s t ' , num2str ( count ) ) ;

59 t e s tFo l de r = s t r c a t ( fo lderLoc , testNum , ' / Resu l ts / ' ) ;

60

61 %Imports abso lu te permeab i l i t y , format ion fac to r , poros i t y ,

and a l l

62 %dra in data ( water sa tu ra t ion , Kro , Krw, and capp i l a r y

p ressu re )

63 [ outputData , drainData ] = resu l tsData Impor t ( s t r c a t ( tes tFo lde r ,

testNum , ' Output . tx t ' ) , s t r c a t ( tes tFo lde r , testNum , ' Drain .

tx t ' ) ) ;

64

65 %Sor ts dra in data to ex t rac t REV value f o r r e s p e c t i v e pore

network

66 drainData = drainData ( drainData ( : , 1 ) == l a t S i z e , 2 : 6 ) ;
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67 %Sor ts output data to ex t rac t REV value f o r r e s p e c t i v e pore

network

68 outputData = outputData ( outputData ( : , 2 ) == l a t S i z e , 2 : 6 ) ;

69 %Creates empty c e l l a r ray to s t o r e s imula ted water sa tu ra t i on

in to

70 simSw = c e l l ( itNum , 1 ) ;

71 %Creates empty c e l l a r ray to s t o r e s imula ted water r e l a t i v e

72 %permeab i l i t y i n to

73 simKrw = c e l l ( itNum , 1 ) ;

74 %Creates empty c e l l a r ray to s t o r e s imula ted capp i l a r y

p ressu re curves

75 simCp = c e l l ( itNum , 1 ) ;

76 %Creates an empty matr ix to s t o r e the leng th o f each s imula ted

sw=krw

77 %curve in to

78 dataLength = nan ( itNum , 1 ) ;

79

80 %Bins dra in data to ex t rac t only one Krw curve . . . mikama or

s p l i n e

81 %i n t e r p o l a t i o n func t i ons

82 %=== Makima i n t e r p o l a t i o n

83 %Simulated sw va lues f o r modi f ied akima p iecew ise cub ic

Hermite

84 %i n t e r p o l a t i o n

85 f o r j = 1 : itNum

86 %F i l t e r s out i t e r a t i o n number

87 tempDrain = drainData ( drainData ( : , 1 ) == j , 2 : 5 ) ;
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88 %Finds water sa tu ra t i on va lues that repea ts

89 [ ~ ,A, ~ ] = unique ( tempDrain ( : , 1 ) ) ;

90 %F i l t e r s out repeated water sa tu ra t i on va lues

91 tempDrain = tempDrain (A, : ) ;

92 %Finds Krw repeated va lues

93 [ ~ ,A, ~ ] = unique ( tempDrain ( : , 3 ) ) ;

94 %F i l t e r s out repeated Krw va lues

95 tempDrain = tempDrain (A, : ) ;

96 %Finds repeated Cap Pressure Values

97 [ ~ ,A, ~ ] = unique ( tempDrain ( : , 2 ) ) ;

98 %F i l t e r s out repeated Cap Pressure Values

99 tempDrain = tempDrain (A, : ) ;

100 %Creates equa l l y spaced water sa tu ra t i on va lues that w i l l

101 %correspond to the i n t e r p o l a t e d Krw va lues

102 simSwf j g = l i n s p a c e (min ( tempDrain ( : , 1 ) ) ,max( tempDrain ( : , 1 )

) ,100) ;

103 %simSwf j g = l i n s p a c e (min ( tempDrain ( : , 1 ) ) ,max( tempDrain

( : , 1 ) ) , leng th ( tempDrain ( : , 1 ) ) ) ;

104 %I n t e r p o l a t e s Krw va lues

105 simKrwf j g = makima( tempDrain ( : , 1 ) , tempDrain ( : , 3 ) , simSwf j

g) ;

106 %I n t e r p o l a t e s Cap Pressure Values

107 simCpf j g = makima( tempDrain ( : , 1 ) , tempDrain ( : , 2 ) , simSwf j

g) ;

108 %Inputs leng th o f each i n t e r p o l a t e d data s e t

109 dataLength ( j ) = leng th ( simSwf j g) ;

110 end
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111

112 %Creates a temperorary matr ix to s t o r e s imula ted data in to

113 tempSw = nan ( itNum , max( dataLength ) ) ;

114 tempKrw = nan ( itNum , max( dataLength ) ) ;

115 tempCp = nan ( itNum , max( dataLength ) ) ;

116

117 %Adds s imula ted data in to newly c rea ted matr ix so that the

s imula ted

118 %data can then be averaged

119 f o r j = 1 : itNum

120 tempSw( j , 1 : leng th ( simSwf j g) ) = simSwf j g;

121 tempKrw( j , 1 : leng th (simKrw f j g) ) = simKrw f j g;

122 tempCp( j , 1 : leng th ( simCpf j g) ) = simCp f j g;

123 end

124

125 %Converts c e l l ar ray to matr ix ar ray so that the data can be

averaged

126 simSw = mean( tempSw) ;

127 simKrw = mean( tempKrw) ;

128 simCp = mean( tempCp) ;

129 %Uncomment t h i s i f t he re i s only one i t e r a t i o n

130 %simSw = tempDrain ( : , 1 ) ;

131 %simKrw = tempDrain ( : , 3 ) ;

132

133 %f i g u r e (6 )

134 %plo t ( drainData ( : , 2 ) , drainData ( : , 4 ) , ' k . ' )

135 %hold on
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