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Abstract

This study focuses on a tight carbonate reservoir which is located in Northern Kuwait and is classified
as an unconventional reservoir. A practical imaging technique of wettability contact angle (6°) presents
"big data" as well as relative-permeability (K, and K,,) measurements. Also, modeling, through rock
image technology, the vast well-documented grain/pore boundary morphology available inside fresh
rock fragments have achieved good results. Conventional laboratory relative-permeability experiments
are expensive and time-consuming. This study introduces a novel method to measure/calculate relative
permeability through fast, less expensive, non-destructive, and environmentally friendly techniques of
imaging technology. One tight carbonate reservoir is selected, imaged, processed, analyzed, and then
modeled using several pore diameter morphological models. The images are captured using a backscattered
electron microscopy BSE-SEM technology analyses.

In this study, two-dimensional images are used to characterize the morphology of selected samples grains
and pores, using a two-step technique. In the first step, the image is captured using a backscattered electron
detector (BSE), digital electron microscopy imaging, and pore-counting processing technology. All of the
sample grain/pore features captured in the image are reported in micrometer units. In the second step, the
pore area of such features is scanned using image analysis software that can accurately measure several
morphological parameters of pore and grain spaces.

A robust technique of visual estimate is used, which has the advantage of speeding the image analysis
process. The visual analysis software tool counts different pores and counts grains and also measures
their shapes and sizes which are crucial for relative permeability calculations. Several pore morphological
models have been considered for optimum accuracy comparisons, including pore/grain relationships (area/
perimeter), pore contact angle (0), and pore count. Relative permeability is calculated based on the area of
the pore/grain features measured from two-dimensional images.

€202 AeN G1 U0 Jasn Yyoa | @ 80UBI0S JO Ayssaaun unossiy Aq |/pd-sw-G91 1.2-0ds/06Z¥80€/L008+20S 1 20A/S LODEZ-2/SLODELAPA-sBuIpesooid/s 1 093 dS/Bi0 0edauo)/:dpy woly papeojumoq


https://dx.doi.org/10.2118/214165-MS

2 SPE-214165-MS

The study objectives are to accurately measure the wettability contact angle of huge pore geometries
using 2D image technology to understand the nature of the pore network in the candidate reservoir. To
study the relative permeability of internal influences of pore and grain morphology needed for enhanced oil
recovery/improved oil recovery (EOR/ IOR) future programs. And, finally, to measure relative permeability
faster and more accurately.

Introduction

Classic Kuwaiti carbonate reservoir is known to exist as a thick and fractured limestone formation in North
Kuwait that shows good production (1). However, in this formation, production is getting difficult. In the
North field, referred to in this study as "LIMESTONE" formation averages about 430 feet of net-oil-pay. It
exhibits high porosity —about 18% — and a low matrix permeability between 0.0001 - 10's millidarcies.

Porosity and permeability petrophysical reservoir general knowledge justified the agenda of maximizing
the production from LIMESTONE by characterizing the relative permeability as well as the wettability
for future IOR production programs. A total of 27 vertical sequences core samples were proposed for
relative permeability curves construction study. First, this study proposes the investigation of wettability
contact angle at the pore/ grain level. Then, it continues to create its subsequent relative permeability(s)
measurements based on the cumbersome captured pore/ grain morphology contact angles. Wettability
contact angles are presented as big data and they are manifested at the pore-scale. These thousands
reported contact angles are then modeled using 2D digital imaging technologies and morphological pre-
logics. 27-core chips from carbonate native samples covering the entire carbonate formation thickness
of the LIMESTONE reservoir are the candidate representations for EOR/ IOR unconventional reservoir
characterization using this novel technique.

The main objective of this project is to conduct a laboratory trial to use the novel method of using
pore scale measurement and modeling using 2D digital imaging to estimate wettability contact angle (0
°) and subsequent relative permeability curves (K., and K,,) in the static physics of the reservoir rock
in the native state. The obtained results will be analyzed for further assessment of the applicability and
validation of the method. The study objectives are: first, to accurately measure Wettability contact angle of
huge pore geometries using 2D image technology. Further, to study relative permeability action of internal
influences of pore and grain morphology. In due action, measure relative permeability faster and more
accurate approach.

This study proposes a detailed characterization of this formation to expedite future reservoir planning
and development. Since the world's demand for oil is increasing, and the price of oil is also increasing,
reservoir engineers are looking forward to developing this reservoir as soon as possible. This study is to
offer information trial of reservoir characterization application that suggests a novel proposed method for
relative-permeability and wettability contact angle determination for tight carbonate oil reservoirs.

This relative permeability measurements introduce the preliminary laboratory results as a trial inception
for a novel application of the method in LIMESTONE formation in North Kuwait.

Background

Wettability is a complex phenomenon for it is difficult to yield accurate measurements, control quantitative
repeatability, shorten the time of experimental data generation, and high cost of analysis (2—10). A new and
novel technique using digital imaging technologies has addressed all these issues. Captured rock physics is
deterministically reported and big-morphological-quantified data is measured. This technique can be applied
to any worldwide EOR/ IOR reservoir candidate (11-14).

Relative permeability is the ratio of the effective permeability of a particular fluid at a particular saturation
to the absolute permeability of that fluid at total saturation (15-21). Relative permeability is dependent upon
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pore geometry, wettability, fluid distribution, and fluid saturation history (22-24). It is requested to study
the wettability of a reservoir for projects where secondary and/or tertiary recovery is being considered.

Recent studies show that the majority of the permeability in the northern Kuwait field is contributed
to the large, unconventional cavern pores, which means that the knowledge of the matrix pore network is
wholly unknown (24-29). As a result, more information is needed at the pore level to evaluate the matrix.
This knowledge will assist in understanding the nature of the reservoir and how better to drain it.

In this study, 2-dimensional images are used to characterize the morphology of the grains and pores, using
a two-step process (8, 14). In the first step, the image is captured. In the second step, the area and average
pore contact area of such features are scanned using image analysis software that can accurately measure
several morphological parameters of pore and grain spaces as indicated in Figure 1. This study utilizes
area measurement and contact angle as the criterion parameter for all analyses. Morphological features
are calculated based on area and contact angle, which brings the level of information accuracy into two
dimensions. This information, which is considered "Big Data," is taken and analyzed to find answers that

enable cost and time reductions.
Perimeter @
Roundness Elongation
oW
Factor
Equivalent Diameter Width Principle

Principle Short
@ | @

Figure 1—Pore/ grain boundary morphological reservoir wettability contact angle and relative permeability model.

Novel Digital Imaging Technique Advantage

o Conventional laboratory relative permeability, as well as wettability experiments, are expensive
and time-consuming.

e This study introduces a novel (static) method to measure wettability and relative permeability
through fast, less expensive, and environmentally friendly techniques of imaging technology.

¢ Static Method requires no fluids to be introduced into the rock samples, but measures natural
attributes and features available in the rock through pores and grain morphology of which porosity
and permeability are accurately measured and big data is reported in detail.

o Core samples are selected, 2D imaged, processed, analyzed, and then modeled using several pore
diameter morphological models.

e The images are captured using SEM at different magnification scales.

e In this incepted research study, wettability characterization (quantitatively) is considered a
deterministic microscopic approach based on measuring the contact angle of actual pore size and
distribution.

e An innovative morphological approach to capture 2D images is critical for mapping pore geometry
contact angle.

e Discover new wettability relationships and/or configurations.

o It encourages the identification and investigation of boundary conditions (limits, extremes, and
cutoffs).
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Equipment used for the analytical solution is imaging by static experimental data in SEM

Nk =

Backscattered Scattered Electron Microscopy (SEM).
Image processing software.

Relative Permeability Global Database Suite.

Relative Permeability Correlations Suite.

Hearn PseudoRelative Permeability Analysis software.

Project Description and Methodology
The practicality in measurement will include:

NN R W=

Capturing grain/ pore geometry at 2D level for 7 rock types.

Image Processing using point counting method and generating big data.
Grain/ pore wettability contact angle measurement.

Porosity maps.

Grain diameter maps.

Absolute permeability calculations.

Connate water saturation (S,,.) and residual oil saturation (S,;) estimation
Developing 2D-digital relative permeability curves.

The equations used for this study are available in Table 1 for estimating the relative permeabilities
LIMESTONE reservoir in the presence of two phases of oil and water is described by the following:
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Table 1—Formulation of models.

Parameter Method Units Approach Description C nts
Pore Area Z Pore Area p-m? Visual Counting Measured Accurate
Grain Area ¥ Grain Area p-m? Visual Counting Measured Accurate
Wettability (0°)
Contact Angle Rough edges between pore and grain Visual Counting Measured Accurate
0° Degrees
p z PoreArea
; = - » Summation/ Al .
Porosity Z PoreArea + ZGram Area Fraction Statistical Calculated Low Error
Avoid
- (1) By Class Area Calculated/  Circular or
]ngl:::llr:::i:r Swe=——"— Fraction  Strong Water Wet Statistical/ Triangular
: t(Total) Definition Averaging Shape
Simplicity
Avoid
. . 7(10) By Class Area Calculated/ Circular or
[:Ziﬁi?iltg;l Sor = ——— Fraction Strong Oil Wet Statistical/ Triangular
’ (Total) Definition Averaging Shape
Simplicity
Modified
koW = Brook/Corey
. ro Ibrahim/ Calculated/
Water Relative 2 . . L -
, o So—Sorw S0—S Fraction Koederitz Statistical/ Confidant
Permeability  1.2624 S0TW .
: 1—-Sorw 1-Swi-Sorw Honapour/ Averaging
Koederitz/
Harvey
Modified
k%9 = Brook/Corey
. . ro 2 Ibrahim/ Calculated/
Oil Relative . . L
. so V4| so-s Fraction Koederitz Statistical/ Confidant
Permeability ) 93752 org -
. 1—Swi 1-Swi—Sorg Honapour/ Averaging
Koederitz/
Harvey
Originally
Grain L I Kumar& Cui Sieve Applied for
. GrainDiameter = —— p-m Calculated mm-scale
Diameter 1.32 Method Grai
. rain
Particles
5 Diameter &
Absolute d’ ¢’ Milli- Porosity are
. k=5.6281 - ——— Carmen & Kozeny  Calculated
Permeability (1 _ ¢)— Darcy Accurately
Measured
Class Pore Total Pore Areas Fitted in a Range of Pore 3 . N ) .
Area Areas where MHR is Located -m Visual Counting Measured Accurate
Pore/grain 2D
Wettability © = Pore Shapes and Morphology Degrees Orientations Measured 0° - 360°

(New Proposal)

The novel method promises advantages: low cost of implementation, estimation of S, and S,; values

averaged in a large volume of big data from native core samples at the pore level.

Methodology

The study is spanned over 27 core samples, containing 7 rock types. The study is for one thick tight carbonate
reservoir with one formation strata and several (7) rock types or 7 sub-reservoirs with limited types of strata's
tight carbonates with well-defined rock types. First, we selected 27 core samples either end plugs or rock
core fragments. Preferred in depths that are known for routine core analysis (RCA), where air permeability,
and porosity, is statistically measured. The technique prefers that two core samples maybe three are selected

for each rock type spanned in the rock type zone of interest.
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The reservoir rock sample is imaged for unconventional wettability and relative permeability
measurement. Each rock type is represented with, also, two to three samples throughout the rock type's
thickness. The image is captured using a BSE-SEM digital electron microscopy imaging to characterize the
morphology of the grains and pores boundaries. The morphology area of grain/ pore features is captured and
then scanned using image analysis software to measure several morphological parameters twice for each
selected image — once for grain morphology and once for pore morphology as shown in Figure 2. The "Big
Data" is tabled for each sample for porosity, absolute permeability, contact angle, and relative permeability.
Figure 3 depicts the logical experimental design for this study.

s Methodology (Image Capturing)

- — 5) Classes based on area
3) Image Capturing 4) Image Analysis

2D

Area
Imaging

RCAL Pore Size

Validations

Relative
Permeability

Image
Processing

Morphology Morphology Technology
1 Y :
= o
Conventional
i i Nano Pore
Thin section Pore

Figure 3—Logical experimental design.

Results

Analysis of routine and special core data relative permeability
Table 1 shows the empirical equations for estimating two-phase relative permeability in the LIMESTONE
reservoir. Table 2 demonstrates a summary of the 7 rock types in LIMESTONE. All relative permeability
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runs were on the global database and on Mohammed Ibrahim/ Koederitz model as well as Honapour/

Koederitz/ Harvey model as shown in Table 3 and Figures 4-5, respectively.
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Figure 4—LIMESTONE data matching on global database using Mohammed Ibrahim/ Koederitz model.
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Figure 5—Overall LIMESTONE and 7 rock types summary on global
database using hearn PseudoRelative Permeability multi rock types model.

Table 2—Summary of the 7 rock types in LIMSTONE

Rock i
Type No. LIMSTONE Top(gfpth Botto?;t)l)epth Rock Tyﬂ;}‘hlckness Pﬁ: l:)gfs

1 A 7676 7712 36 36

2 B 7712 7738 26 21

3 C 7738 7776 38 36

4 D 7776 7833 57 55

5 E 7833 7878 45 40

6 F 7878 7918 40 41

7 G 7918 7982 64 13
z 306 242
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Table 3—LIMSTONE 7 rock types relative permeability of several pore geometry models.

Ibrahim/ Koederitz deritz/ Harvey - ‘Average
Rock Type Ibrahim/ Koederitz | Honapour/ Kaederitz/ Harvey
RT-Name Sample No.|Rock Type| Depth (ft)

Krow Krw Krow Krw Krow Krw Krow Krw
A 1 RT1 7684.2 0.933 10.200 0.897 0.000
A 2 RT1 7688.4 0.941 0.057 0.806 0.019
A 3 RT1 7700.4 0.627 0.03889 0.162 1.725 e s e e
A 4 RT1 7708.6 0.886 0.163 0.741 0.009
B 7713.25 0.873 0.116 0.857 0.000
B 7718.45 0.873 0.116 0.857 0.023
B 7720.2 0.713 0.915 0.333 0.000 0.761 11.286 0.574 0.124
B 7721.9 0.762 0.018 0.527 0.001
B 7735.3 0.582 55.265 0.297 0.595
C 7741.45 0.823 22.489 0.323 0.000
c 7755.2 0.993 0.026 0.593 0.031
c 7759.85 0.827 0.129 0.805 0.006 0.855 4618 0.478 0.014
o 7767.1 0.730 0.069 0.303 0.005
C 7773.8 0.903 0.379 0.362 0.026
D 7777 0.854 0.142 0.526 0.124
D 7806 0.662 0.000 0.416 0.005
D 7820.75 0.884 0.000 0.510 0.023 ke %578 Az Q008
D 7828.9 0.866 58.569 0.436 0.000
E 7838.95 0933 0.000 0.736 0.034
E 7848 0.912 0.105 0.649 0.036
E 7854.4 0.722 0.127 0.392 0.004 083 PA10 Beate i
E 7878.2 0.865 43,272 0.552 0.000
F 21 RT6 7887.8 0.867 0.000 0.297 0.007
F 22 RTE 7889.7 0.620 0.129 0.464 0.112 0.817 0.059 0.545 2.863
F 23 RTE 7918.3 0.965 0.049 0.873 8.470
G 24 RT7 7926.5 0.756 97.473 0.405 1.524
G 25 RT7 7933.8 0.996 0.044 0.478 0.107 a7z ABE22 0442 i

SEM-BSE Image capturing of 27 rock fragments after selection

According to Table 4 and Figures 6—18, LIMESTONE captured wettability contact angle images at mm 40X,
um 400X, and nm 4000X. The images were carefully selected and captured at three zoom magnifications,
40X which transfer the level of analysis in the millimeter scale. The 400X captures features in the
micrometer scale and, finally, the 4000X studies pore, grain wall, and their interface important petrophysics

phenomenon such as the wettability contact angle(s).
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Figure 6—wettability contact angle classification key color identification. (a) classification
by automatic refracted 10 degree angle range, (b) classification with its designated
coloring of automatic pore area 10 class area mean and sum for estimation Swc and Sor
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Figure 7—LIMESTONE has 10-wettability regions available in the 46X magnification. LIMESTONE
total contact Angle (6 = 0° - 360°)-wettability regions with and total average contact angle 6 = 40.876°.

Figure 8—LIMESTONE class 1 (8 = 0° - 36°)-wettability regions with class average contact angle 8 = 0.276°.

Figure 9—LIMESTONE class 2 (6 = 36° - 72°)-wettability regions with class average contact angle 6 = 49.687°.
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Figure 10—LIMESTONE class 3 (6 = 72° - 108°)- wettability regions with class average contact angle 6 = 90.191°.

Figure 11—LIMESTONE class 4 (6 = 108° - 144°)- wettability regions with class average contact angle 6 = 129.122°.

Figure 12—LIMESTONE class 5 (8 = 144° - 180°)- wettability regions with class average contact angle 6 = 160.889°.
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1"

Figure 13—LIMESTONE class 6 (8 = 180° - 216°)- wettability regions with class average contact angle 6 = 199.372° or 160.628°.

Figure 14—LIMESTONE class 7 (8 = 216° - 252°)- wettability regions with class average contact angle 6 = 231.488° or 128.512°.

Figure 15—LIMESTONE class 8 (8 = 252° - 288°)- wettability regions with class average contact angle 8 = 270.299° or 89.701°.
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Figure 16—LIMESTONE class 9 (0 = 288° - 324°)- wettability regions with class average contact angle 8 = 308.057° or 51.943°.

Figure 17—LIMESTONE class 10 (6 = 324° - 360°)- wettability regions with class average contact angle 6 = 340.281° or 19.719°.

Figure 18—Practical capture of 2D-wettability contact angle for sample #10 (RT
3) and (depth 7755.2 ft) at X40 (6 = 30.94°), X400 (6 = 67.33°), X4000 (6 = 30.77°).
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Table 4—Captured and measured contact angles for 27 LIMESTONE samples, contact angle 8° at 400X magnification (um)
is the pore throat size and is expected to be the corridor where oil is moving. Therefore, it is expected to be lesser water
wet (so greater in value) than contact angles 6° at 4000X magnification (hm) and contact angle 8° at 40X magnification (mm).

40X 400X 4000X
Sample Rock fwerpes Angle | Number Average Angle | Number Aiecage Angle | Number
No. Type Uegth | Contacs Area |of Angles contagt Area |of Angles Cantact Area |of Angles
Angle Angle Angle
R:_::;LP: RT#| Reasons for Selection # q el (ft) [: um”2 | counts e° um"2 | counts e° um"2 | counts

A 1 | Dolomite, tight matrix 7684.2 32.495 75.496 17245 59.787 2.971 5901 58.044 0,117 963

A 1 maximum perm 7688.4 | 26.607 | 83.455 7129 66.448 11.037 12047 76.591 1.571 1757
A 1 minimum perm 7700.4 | 26,686 | 122.256 | 10437 51.424 3.458 9580 26.929 0.094 2661
A 1 maximum por 7708.6 47.236 | 104.722 11930 69.143 16.334 5734 34.615 0.199 4627
B 2 Tight Matrix 7713.45 | 31.198 | 97.742 3991 50.235 3.896 14942 28.793 0.095 4002
B 2 maximum perm 771845 | 33442 93.744 20732 56.859 | 81.033 1755 32.25 0.377 1702
B 2 maximum por 7720.2 89.829 293.1 3781 71.573 25.59 3583 62.687 2.457 272

B 2 KOC Selection 7721.9 | 20.503 62.06 1941 52.773 3.067 7042 28.961 0.064 3246
B 2 minimum perm 77353 | 37.462 | 43.019 16174 70.348 5.538 3468 27.433 0.354 1503
C 3 minimum perm 774145 | 54.635 | 192.453 | 11811 91.41 13.994 2047 45.279 1.366 428

C 3 maximum perm 7755.2 30.949 | 59.767 12334 67.334 5.836 4965 30.768 0.441 1398
G 3 maximum por 7759.85 | 35674 | 51.628 23045 35.983 2.135 2848 38.745 0.23 1337
C 3 KOC Selection 7767.1 44,086 | 64.029 22439 60.58 5.16 5792 37.616 0.115 2177
C 3 Dolomite 7773.8 | 35443 | 69.513 17864 71.436 9.194 6766 80.645 0.794 277

D 4 maximum GD 7777.7 | 39183 | 111.642 | 24635 38.563 3.635 13015 65.79 0.565 597

D 4 maximum por 7806 50.291 | 184.792 4115 101.951 | 138.009 761 54.578 2.757 477

D 4 maximum perm 7820.75 | 47.447 | 117.893 | 22596 66.692 5.098 9310 32.985 0.064 6779
D 4 minimum perm 78289 35.906 81,987 25210 48.643 2.567 14442 34.52 0.042 10412
E 5 maximum perm 7838.95 | 37.053 88.408 18370 59.719 4,139 7830 30.102 0.151 3112
E 5 Dolomite 7848 41,254 | 69.712 11452 65.093 4.14 7687 33.224 0.218 3064
E S maximum por 7854.4 33.629 43.045 21855 51.358 3.012 10224 62.371 0.454 740

E 5 minimum perm 7878.2 38.541 | 48.718 21811 66.24 5.514 8581 34.935 0.178 1334
F 6 maximum por 7887.8 | 35.186 | 62.672 12042 66.934 4.36 9540 32,195 0.113 1701
F 6 maximum perm 7889.7 | 35.672 76.163 18072 55.508 3.402 8637 33.956 0.193 2285
F 6 [inimum perm, Tight matq 23 RTE 7918.3 | 11.105 413 3215 44,642 2.22 6548 31.803 0.056 4571
G 7 linimum perm, Tight mat 24: RT? 7926.5 | 40.387 | 85358 20665 38.851 1.834 4290 30.873 0.046 3285
G 7 imum perm, maximum 25 RT7 7933.8 18.304 47.148 7701 52,198 3.09 6830 34.914 0.149 1331

This method is categorized by reflected angles between 0° - 360°. Figure 6 shows 10 classes of contact
angles identified with distinct colors. Angles in blue (0° - 36°) are strong water wet (SWW) regions and

angles in red (144° - 180°) are identified as being strong oil-wet (SOW).

Analysis of 7 images at a micrometer scale (400X) for 2D porosity (®) and permeability (k)

measurements
According to Table (5 and 6) and Figure 19-, LIMESTONE Captured Average Grain Diameter (Blue-Maps)
images at the scale of 400X magnification. The grain diameter is automatically captured and processed data
is reported. All data is reported in micrometers. With measured porosity and grain Diameter, then applying
modified Carmen & Kozeny formula to measure the abstract permeability (k,ps)
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Table 5—Porosity calculations and absolute permeability calculations.

Lab y Routine Core Data Scanned 2D Digital Image at 400X
';T:::r: RT#| Reasons for Selection ‘:;;:1::2 Sample No.|Rock Type| Depth (ft) GD %Kair (Amb) PN, [re—- m:mm: ::w}m ;.:,. :v: i:::' mua:::n: Lm;mm
gm/ec | mD mD % % um mD
A 1 | Dolomite, tight matrix MWW ) RT1 7684.2 2.84 0.0001 0.0001 4.9 8.7 1676 0.0125
A 1 maximum perm sww 2 RT1 7688.4 2.69 15.1 13.1 185 18.3 23459 28.4374
A | 1| minimum perm sww 3 RTL | 77004 | 269 oooo1 [ 0000t | 15 | 30 | 18 | 00005
A 1 i por MWW 4 RT1 7708.6 2.69 111 8.73 231 10.2 2.558 0.0485
B 2 Tight Matrix MWW 7713.25 27 0.0001 | 0.0001 5.2 15.9 2.158 0.14%0
B 2 maximum perm MWW 7718.45 2.67 236 20.5 26.1 16.4 2.631 0.2459
B 2 maximum por Www 77202 2.64 242 1.64 329 32.7 2731 3.2405
B 2 KOC Selection SWw 77219 2.69 615 | 456 | 273 | 222 4052 1.6703
B 2 i perm MWW 77353 271 0.0001 | 0.0001 26 33 3.252 0.0023
c 3 minimum perm Mww 7741.45 27 0.0001 | 0.0001 3.6 4.8 3.463 0.0082
C 3 maximum perm MWW 7755.2 262 35 26.1 164 17.0 2.352 0.2220
c 3 maximum por MWW 7759.85 2.71 5.85 3.83 25.1 22.0 12.203 0.0000
c 3 KOC Selection MWW 7767.1 2.69 5.16 4.37 209 211 2.507 0.5338
C 3 Dolomite MWW 77738 2.72 4.51 4 14.1 17.4 25 0.2716
D 4 maximum GD MWW 77777 2.74 7.82 6.03 20.2 214 2.65 0.6270
D 4 maximum por MWW 7806 2.69 16 12,6 27.2 285 3.548 3.2081
D 4 maximum perm MWW 7820.75 27 86 71 19.8 19.4 2.029 0.2604
2] 4 perm MWW 7828.9 27 0.0001 | 0.0001 4.4 6.8 1.982 0.0080
E 5 maximum perm MWW 7838.95 271 78.6 70.3 19.1 221 2.861 0.8194
E 5 Dolomite MWW 7848 288 1:7 1.19 142 183 3.401 0.5977
E 5 maximum por MWW 7854.4 27 546 39 25 24.7 4.884 3.5679
E 5 perm MWW TBT8.2 2.71 0.0001 0.0001 6.2 10.7 1.864 0.0300
F ] maximum por MWW 21 RTE 7887.8 271 6.57 5.05 216 218 2.78 0.7369
F 6 maximum perm MWW 22 RT6 7889.7 27 13.1 12,2 8.6 134 2.817 0.1433
F 6 | minimum perm, Tight matrix SWwW 23 RT& 79183 2.67 0.0001 0.0001 18 5.7 4?35 0.0201
G 7 | minimum perm, Tight matrix MWW 24 RT7 7926.5 2.69 0.0001 0.0001 22 3.0 11.859 0.0227
G 7 | masimum perm, masimem por|  SWW 25 RT7 79338 271 0.481 0.366 8.9 8.5 3.541 0.0518

Table 6—Average wettability contact angles for the 7 rock types and the overall vertical average contact angle representation.

Overall
Rock Type A B C D E F G LIMESTONE
Average
Averaged 0°
@400 3330 | 4250 | 4020 | 4320 | 37.6° | 273° | 293° 36.2°
magnification
from table 4

Calculation of irreducible water saturation (S,;) and residual oil saturation (S,,)

Big data for the scanned, captured and measured angles in all 7 rock types and in all 27 selected samples are
portrayed for each measured average contact angle available inside the area captured showing number of
angles counted for the designated area (Table 4 and 6). The 10 class areas have shown different wettability
angles (Table 7). Class 1 pores show strong water wetness and angles are most likely the S,.. Class 10
are pores that show oil wetness, therefore, S,,. These measured values are used in the relative permeability
model.
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Table 7—An example of rock sample #1 of rock type #1 with captured
10 classed contact angle distributions spanning from 6° (0° - 360°).

sample 1 7[;:?:& 40X 400X 4000X
Average Average Average
Angle |Number Angle |Number Angle |Number
classes | Contact Area |of Angles Contact Area |of Angles Contact Area |of Angles
Angle Angle Angle
Sequence 0° um”2 | counts 0° um”2 | counts 0° um”2 | counts
1 0.291| 59.686| 12868 0.729 1.162| 3951 0.761 0.018| 784
2 48.477| 157.052 266 51.935 7.505 207 50.177 0.38 25
3 89.939 109.708| 458 90.047 4.776] 453 89.765 0.122 55
4 131.665| 176.765 291 127.387 13.768| 286 129.426 0.514 32
5 162.357| 314.868| 222 160.042| 20.615| 140 163.707 0.264 25
6 198.576| 308.897| 201 199.574| 15.944| 145 201.375 0.896 12
7 229.213| 186.049| 202 230.263| 11.323| 179 232.297 0.299 31
8 269.864| 118.686| 229 268.487 4.822| 290 269.324 0.399 54
9 311.178| 218.565 206 307.272 12.893 208 307.622 0.449 38
10 342.611| 336.24| 248 340.644| 16.952| 144 341.71 0.441 17

Estimation of 2D digital Krw and Kro
Seven rock types and 27 samples are considered for this analysis. Three models were performed:
Mohammed Ibrahim/ Koederitz, Honapour/Koederitz/Harvey, and Global Data which are shown in Figure
21 and Figures 29-30. The best model was Mohammed Ibrahim/Koederitz for low permeability rocks

with small pore spaces that is believed to be controlled by pore geometry and water wet systems as in

the case of LIMESTONE. The LIMESTONE shows strong to medium water wet system (Tables 6—-10).
Figure 28 shows a novel 2D digital imaging technology for estimating two-phase relative permeability

in LIMESTONE. Also, Hearn PseudoRelative Permeability Empirical Equations Analysis (Honapour/

Koederitz/ Harvey) for estimating two-phase relative permeability in LIMESTONE is presented in figure

30.

Title: IHElat'nre P

bility C Lals

[Moh d Ibrahim/Koederitz]

No. of L”.“F {Lapel Net Pay

;j {Lapel Porosity

|Layer End-Points

=]

|Layer Rel. Perms.

_v_] ;La}al Permeability

|

Ly | b |phi |k

|Swe |Sorw | krow | kiw

# R | %X |md

| % | % |@Swc|@Sor

~N MW N -

64.0 5.55

36.0 12.0 545
26.0 18.82 5.34
38.0 16.02 7.66
57.0 7.925 224
45.0 5.125 18.84
40.0 D.667 5.75

.18

37.6 258
31.7 157
47.4 223
551 123
486 11.6
67.6 9.3
63.3

.85 2.615
.76 11.286
.86 4.618

;l Generate Relative Peim. Data
Water-OJ Data
2 4 b 8 1
Sw

Figure 21—Summary of index E: novel 2D digital imaging technology for
estimating two-phase relative permeability in LIMESTONE for the 7 rock types.
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Validation of relative permeability data from dynamic special core data

This data is supplied by Kuwait Oil Company (KOC) to act as a validation of our method. Samples 34-T,
65, and 94 were simulated for Brook's Corey relative permeability model, and the validation is satisfying
with the 2D digital method technology.

Figure 22-23 shows the data provided by KOC for special core analysis (SCAL) on basic reservoir
properties for laboratory relative oil and water end-point data. Figure 22 shows the Brooks-Corey relative
oil and water curves as well as the fractional flow based on data in Figure 23. Figures 22-23 is the overlay
of these relative curves and fractional flow (respectively) showing ideal conditions and a similar pattern
for 3 different rock types. This observation suggests that all 3 rock types behave the same, which is highly
unlikely knowing these rock types have different porosity, permeability, grain density, and lithology.

Relative Permeability

1.00
.80
" -
w
2 060 n,
m -
0.40 .
S, -
W W i
0.20 i T
e L "u
_-_m
- u
-— e, W
0.00 r—ooptt=F— =
0.000 0.200 0.400 D.600 0L500 1.000
Water Saturation, Sw
S#34-T (Kro) ST (Krw) =865 (Kro)  —=S#65 (Krw)  —=-5#94 (Kro)  —=— 5494 (Krw)

Figure 22—LIMESTONE dynamic SCAL relative permeability samples #34-T (RT #2), #65 (RT #3), and #94 (RT #4).
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Figure 23—LIMESTONE dynamic SCAL fractional flow samples #34-T (RT #2), #65 (RT #3), and #94 (RT #4).

The novel method (pore imaging) had different results. Therefore, another overlay technique is carried
out to compare differences and similarities between the two techniques for samples in RT #2, RT #3, and
RT #4 as shown in Figures 24-26.
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Figure 24—Overlay Corey model Vs digital relative permeability model for sample 7721.9 ft (RT #2).
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Figure 25—The overlay Corey model Vs digital relative permeability model for sample 7767.7 ft (RT #3).
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Figure 26—The overlay Corey model Vs digital relative permeability model for sample 7806 ft (RT #4).
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The overlay model for sample #34T in Figure 24 shows that Brooks-Corey has a bigger scale (cm) with
limited access to nanopores or isolated pores, so the recovery comes from only micrometer pores or higher.
While the digital imaging models honor flow regimes in nanometer as well as the micrometer-scale pores.
The endpoints are different because of scale issues, however, both approaches can complement each other.
The researchers’ opinion is that both graphs are important to understand the flow regime from pores of
nanometer sizes to the centimeter scales. An integration of both methods can attempt to cover a wider
size spectrum of pore shapes, and thus, more interesting fluid flow scenarios can be analyzed. The digital
approach has the key advantage of explaining the unconventional tightness of carbonate reservoirs.

The overlay model for sample #65 in Figure 25 has total agreement relative permeability curve trends for
both Brooks-Corey model as well as the digital model. The shift in the digital approach towards the left is
because of nano-scale pores that Brooks-Corey cannot explain. The digital approach has the advantage of
capturing the contact angle wettability; therefore, the digital approach has accuracy over the Brooks-Corey
model where the wettability of the sample is completely ignored.

The overlay model for sample #94 in Figure 26 shows a discrepancy in the fracture of the rock sample
between Brooks-Corey model and the digital novel. The selection of the sample that was in the conventional
SCAL laboratory was based on a high permeability zone. This selection failed to explain that this optimistic
streak of high permeability was due to a natural fracture, which was not detected at the time of sample
selection. Now in this study the depth of 7806 shows that this zone has a noticeable natural fracture, and the
novel digital approach has captured this fracture when the relative permeability curves are produced it shows
the true shape of curves at the fracture zone. Usually, at conventional SCAL laboratories, the fractured zone
is avoided. The advantage of this novel digital approach is the attempt of producing relative permeability
curves for a fractured zone. This research study has yielded breakthrough new information about oil/water
behavior in fractured zones.

Discussion and Recommendations

In North Kuwait LIMESTONE, table 8 shows the conventional pore system (40X) has an Average Contact
Angle 0° of RT6 and RT7 scored less than 30°, which suggests a strong water-wet system. The RT1-RT2-
RT3-RT4-and RTS5 are all medium water wet (MWW).

Table 8—Conventional pore system.

40X
RT1 RT4 RT6 RT7
Average Contact angle 6° 333 42.5 40.2 43.2 37.6 27.3 29.3
Total Area Investigated pm”2 385.9 589.7 437.4 496.3 249.9 180.1 1325
Total of Angles Measured 46,741 46,619 87,493 76,556 73,488 33,329 28,366

In North Kuwait LIMESTONE, table 9 shows the pore-throat system (400X) has an Average Contact
Angle 0° of scores above 45° and less than 65°, which suggests MWW system. This observation is obtained
in all rock types RT1-RT2-RT3-RT4-RT5-RT6 and RT7 are all MWW.

Table 9—Pore-throat pore system.

400X
RT1 3 RT4 RT6 RT7
Average Contact angle 8° 61.7 60.4 65.3 64.0 60.6 55.7 45.5
Total Area Investigated pum”~2 33.8 119.1 36.3 149.3 16.8 10.0 4.9
Total of Angles Measured 33,262 | 30,790 | 22,418 | 37,528 | 34,322 | 24,725 | 11,120
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In North Kuwait LIMESTONE, table 10 shows the unconventional nano pore system (4000X) has an
Average Contact Angle 6° scores above than 32° and less than 50°, which suggests MWW. This observation
is obtained in all rock types RT1-RT2-RT3-RT4-RT5-RT6 and RT7 are all MWW.

Table 10—Unconventional tight nano pore system.

4000X
RT1 RT4 RT6 RT7
Average Contact angle 6° 49.0 36.0 46.6 47.0 40.2 32.7 32.9
Total Area Investigated um~2 2.0 3.4 2.9 34 1.0 0.4 0.2
Total of Angles Measured 10,008 | 10,725 5,617 18,265 8,250 8,557 4,616

The contact angles from different resolution images lead to different answers as presented in Figure
27, and they do not agree with each other. This disagreement is because of the scale and size-area of
pores investigated, pore/wall boundary contact angle wettability distribution, and morphology issues such
as pore, length, width, roundness and elongation, area, perimeter, and equivalent diameter. If the study
addresses reservoir matrix tightness as well as isolated pores, then 4000X is accepted for wettability
contact angle representation (Table 10) because of capturing nano-pores. When connectivity and pore throat
representation are considered, then 400X might be the right model to represent the wettability inside the
pore throat corridors, which is usually in micrometer scale (Table 9). However, the largest scale 40X scale
includes all rock pore systems available in the captured image, so it includes the conventional pore system,
pore throats, and unconventional tight nano pores therefore, Table 8 is the representation of contact angle
wettability of pore body captured in millimeter scale for the rock types samples.
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Figure 27—Wettability contact angle distributions for the 7 rock types.
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Figure 28—The practical 2D digital imaging of the LIMESTONE 7 rock types.
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5 45.05.12518.84 486 11.6 76.3 .0387 9.969 :
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Figure 29—Hearn pseudorelative permeability analysis (Mohamad
Ibrahim/Koederitz) for the entire thickness and entire 7 rock types.
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Figure 30—Digital pseudorelative permeability analysis (Honapour/
Koederitz/Harvey) for the entire thickness and entire 7 rock types.

Conclusions

North Kuwait LIMESTONE is a tight carbonate (fair matrix porosity of about 9.7% and low matrix
horizontal permeability of about 0.36 mD), which has 7 rock type zones (A, B, C, D, E, F, and G) where F
and G at bottom of hydrocarbon zones have the lowest porosity and permeability. LIMESTONE also has
thief zones (Fractures), which are responsible for water production and strong oil wettability. There are 3
main grain minerals in LIMESTONE to make the heterogeneities more complex: Limestone, Dolomite, and
Sandstone, which all were confirmed in the permeability architectures of this LIMESTONE.

A, B, C, D, and E zones are 5 broader rock types with different porosity and permeability henceforth better
oil recoveries than F and G zones. Many digital relative permeability based on digital wettability models
are developed. Global relative permeability data from many reservoirs around the world are surveyed and
show that there are several scenarios for this LIMESTONE relative permeability curve developments, and
they often yield useful responses for primary as well as secondary recovery.

Another method of determining relative permeability is reservoir rock imaging analysis. This method is
commonly known as the wettability morphology model. This study utilizes the morphology of pore types
by counting 2D scale big measured data contact angle Method. 27 samples have been selected for this study
to represent the entire thickness and the entire 7 rock types spanned over 306 feet of vertical depth.

The BSE-SEM instrument has successfully developed 162 images, which all are successfully processed
for porosity, grain diameter, absolute permeability, wettability contact angle, and initial water saturation S,
residual oil saturation S, and water and oil relative permeabilities K,,, and K.

Big Data was yielded and a 2D digital artificial intelligence model is developed. The total average of the
contact angle wettability yielded at 6 = 36.2°, which according to the Al-Bazzaz wettability classification
is considered as a medium water wet spanning over 7 layers A to G for 306 feet. The relative permeability
curves of rock type 4 (RT4) and specifically in rock samples 13 and 14 have not yielded accurate estimates,
and that is because of fractures in the samples. Also, it is known from routine and special core analyses
that RT4 has the highest porosity and permeability due to fractures. However, the small scale of imagining
methods has successfully capture the matrix relative permeability curves for these RT4 samples #13 and
#14 without crossing any existing fractures. This method indicates that imaging techniques are not only low
cost and fast data retrieval but also accurate in capturing the physics at finite levels.
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