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Acidizing is a common practice aspired to regain initial skin factor or even reduce it
further. Acids tend to create conductive channels, usually referred to as wormholes,
through carbonate formations connecting the reservoir to the wellbore and bypassing
damaged zones. Optimum wormholes are formed when certain conditions are met, such
as optimum acid concentration and injection rate. In order to thoroughly comprehend

wormholes, several characterization techniques should be performed.

Computerized tomography (CT) scan and differential pressure data are two common
practices to characterize wormholing in laboratories using core plug samples. Differential
pressure data and CT scan can verify acid breakthrough occurrence, and qualitatively
suggest the size and path of a wormhole. In this study, nuclear magnetic resonance
(NMR) was introduced as a new characterization tool for wormholes. In addition, this
study shows a comparison between four acid systems at different injection rates, pH
values and lithologies, namely reservoir core plug samples and Indiana limestone

samples.

The pore size distribution, provided by NMR technique, can indicate the new wormhole
porosity by comparing two stages of pre- and post-acidizing. The different acid systems

generated unique wormholes, which was used to validate the NMR technique.

xii



Hydrochloric acid (HCI), emulsified acid, and two chelating agents were used to create
wormholes using core plug samples from two carbonate formations. NMR was able to
accurately analyze, in terms of pore size distribution, different characteristics of the
wormholing process of an acid and was consistent with and complementing the CT scan
analysis. Furthermore, NMR was able to indicate the changes in interconnectivity
between different pore systems and detect the materialization of formation damage.
Moreover, emulsified acid has shown the best performance using different injection rates
and core plug samples. The performance of Chelating Agent | was dependent on injection
rate, pH value and lithology. Chelating Agent Il showed dependence on pH value and

lithology, whereas HCI showed dependence on lithology.
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1 CHAPTER1

INTRODUCTION

The purpose of performing well stimulation is to improve the formation permeability or
bypass the damaged zones. Fracturing and matrix acidizing are the two key techniques of
well stimulations. Acid stimulation is employed to facilitate the flow in the near wellbore
area, while fracture stimulation resolves flow impediments of the reservoir in a far larger
area. High percentage of flow constraints are primarily a result of formation damage
around the wellbore. This formation damage is triggered by different factors such as
drilling fluid filtrate invasion, mud cake creation and scale deposition. Acidizing
sandstone formations takes place by dissolving clays and quartz to clear the way for
flowing fluids. In carbonates, acid stimulation generates channels that evade the damaged
zones to reach the unharmed part of the reservoir. The complication of applying acid
stimulation is a combination of suitable designs, reservoir conditions and lithology. The

complexity increases with elevated temperatures, and deeper and tighter reservoirs.

Acids ideally react with carbonate formations to form conductive channels connecting the
wellbore to the reservoir. These conductive channels are often referred to as wormholes,
which are the result of several chemical and physical processes, including acid diffusion,
reaction kinetics and dynamics of fluid flow in porous media (Buijse 1997). The chemical
reactions of stimulation fluids with the rock are different from one acid/fluid type to

another. The reservoir conditions tremendously influence the reaction products and the



performance of the acid stimulation operation. Effective wormholes are characterized by
the breakthrough of a core plug sample (in the laboratory), or by extending to a certain
distance around the wellbore (in the field). Stimulation fluids can reach deeper into the
formation and minimize the face dissolution phenomena when favorable conditions are
met. The key elements that govern the creation of wormholes are: 1) acid strength and
concentration, 2) rock composition, 3) injection rate, and 4) temperature and pressure.
For example, the reaction rate of stimulation fluid with calcium carbonate has to be slow
to create conductive and deep wormholes. The reaction between strong acids, e.g.
hydrochloric acid (HCI), and calcite (calcium carbonate) is extremely rapid and vigorous,
while weak acids, such as organic acids or chelating agents, react rather gradually with
calcite. Therefore, slow reacting acids are more likely to create wormholes than strong
acids. At high temperatures, the reaction rate of any given acid and calcite is increased
prominently, which elevates the complexity of creating effective wormholes even with

normally slow reacting acids rather than highly reactive ones (Frenier et al. 2001).

Hydrochloric acid has been the most used acid in the oil and gas industry for acidizing
conventional wells in carbonate formations of low temperatures, for its high dissolution
capability and relatively low cost. The setbacks of the high reaction rate between acid and
rock, and the corrosion of tubulars and downhole equipment, raise critical concerns
during acid stimulation treatments. These complications are further amplified in the cases
of high temperatures and deep reservoirs. Emulsified acid, where the acid is mixed and
coated with a hydrocarbon phase at a certain ratio, has been employed as a retarded form
of a strong acid. One of the eminent emulsified acids is HCI-in-diesel emulsified acid.

The diesel phase protects tubulars from corrosion and the formation from reacting



vigorously with HCI. Several studies have been conducted to optimize the emulsified
acid to get the best penetration and wormholing (Al-Mutairi et al. 2009, Sayed and Nasr-

El-Din 2013).

Chelating agents are another technique to achieve optimum wormholing conditions
without the risk of corrosion caused by low pH fluids, or face dissolution caused by high
reaction rates. These chelating agents have high pH values and slow reaction rates with
reported considerable thermal stability. These chemicals react with carbonates gradually
and form complexes with metal ions such as Ca®*, Mg** or Fe**, depending on their
affinity, and keep these cations in solution. Examples of these chelating agents are
Ethylenediaminetetraacetic acid (EDTA)(Fredd and Fogler 1998a), L-glumatic acid-N,
N-diacetic acid (GLDA) (LePage et al. 2009), hydroxyethylenediaminetetraacetic acid
(H-EDTA), nitrilotriacetic acid (NTA), hydroxyethyliminodiacetic acid (HEIDA)
(Frenier et al. 2003), and aminopolycarboxylic acid (APCA) (Reyes et al. 2013).
According to the literature, each of these chelating agents has its advantages and
applications. The wormholes created as a result of reacting chelating agents with calcium

carbonate may differ from those created by reacting HCI with carbonate.

In this study, four different stimulation fluids, mainly HCI, an emulsified acid and two
chelating agents, have been investigated in terms of wormhole generation and breaking-
through (deeply penetrating) core plug samples of similar petrophysical properties. The
resulting wormholes clearly reflect the differences between these fluids at the tested
conditions. The first objective of this study is to validate the NMR as a wormhole
characterization technique and correlate its results with CT scan and coreflooding

differential pressure data. The second objective is to determine the performance of the

3



subject stimulation fluids in generating conductive wormholes through similar core plug

samples at similar conditions.

1.1 The Importance of Wormhole Characterization

The significance of wormhole characterization stems from its role in the evaluation and
guidance of the design of stimulation treatments. Prior to field implementation,
stimulation fluids are often tested and evaluated in laboratories through various stages,
including wormhole generation in coreflooding experiments. Depending on the
conclusions of the evaluation and/or optimization of these fluids, recommendations of
stimulation designs are directed to field implementation. Therefore, the success of any
given acid stimulation treatment depends primarily on the initial laboratory assessment as

well as the proper field execution.

The efficiency of the wormhole is evaluated by the depth of penetration and the
consumed volume to reach that depth. Fredd and Miller (2000) have categorized the
wormholes from face dissolution, conical wormhole, dominant wormhole, ramified
wormhole, and uniform dissolution, as seen in Figure 1. Furthermore, the health of a
wormhole is another vital parameter for characterization. In order to avoid collapse or
plugging, wormholes should have certain radii to sustain pressure or allow fines to flow
through. Optimum wormholes connect the wellbore to the undamaged reservoir rock

through the shortest and healthiest path with limited acid consumption.
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Figure 1: Types of Wormholes (Fredd 2000).



1.2 Nuclear Magnetic Resonance (NMR) as a Characterization Tool

for Wormholes

Different tools have been used in the industry to evaluate and characterize wormhole
generation. The introduction of NMR as a new characterization tool was an attempt to
add a different perspective to increase the comprehension of the factors governing the
wormhole generation. Currently, the most used characterization techniques for
wormholes are the differential pressure data from coreflooding experiments and
computed tomography (CT) scan images of core plugs before and after the introduction

of acid.

1.2.1 Coreflooding Differential Pressure Data

Differential pressure data reflect the nature of acid progress inside the core plug sample,
indicate the occurrence of a breakthrough, and qualitatively imply the size of wormhole
based on the volume of acid consumed. The fluctuation of the differential pressure value
also indicates the liberation of CO, and the changes in rheological properties of the
injected fluid as it reacts with the rock. The breakthrough pore volume (PVgr) is
calculated from the starting point of injecting a certain fluid, in this case an acid, to a
point where the differential pressure drops dramatically often below the initial level, as

seen in Figure 2.
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Figure 2: The procedure of calculating the breakthrough pore-volume.



1.2.2 CT Scan

The CT scan provides a graphical representation of density distribution at certain slices
along the core plug sample, as seen in the example in Figure 3. High density areas are
denoted with high CT numbers, and vice versa. Core plug samples should be scanned
before and after the introduction of the stimulation fluid for the analysis to be complete.
The difference between the two scans is often caused by the rock dissolution as a result of
acid injection. The size and path of generated wormholes are very distinctive in the CT
scan images and can be measured qualitatively. Further processing of CT scan data can
produce visualized representation of the generated wormhole. This representation can
lead to further measurements, such as the volume, average diameter and tortuosity of the
wormhole. In addition, CT scan can be used to indicate the presence of different
lithologies, e.g. calcite and dolomite, inside the core plug sample at high accuracy using

the dual energy technique (Siddiqui and Khamees 2004).
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Figure 3: CT slices of core plug sample no. 10 pre- and post-acidizing.



1.2.3 NMR

Nuclear magnetic resonance (NMR) in laboratory and field applications has gained
recognition for being one of the most valuable formation characterization tools. Among
various NMR applications in the field of geoscience, measurement of the rock porosity,
which is independent of mineralogy, became one of the standard tools (Kenyon 1992;
Straley 1997). The measured total amplitude of H:-NMR signal is directly proportional to
the total amount of hydrogen nuclei in the sample. Thus, when all the pores inside a
porous material are filled with fluids contain proton nuclei, such as water and

hydrocarbons, the total amplitude of NMR signal represents the total porosity.

Another well-received NMR application is the determination of pore size distribution by
NMR relaxation measurements. The two NMR relaxation times, T; (spin-lattice
relaxation) and T, (spin-spin relaxation) are directly correlated with pore size distribution
(Kenyon 1992; Straley 1997; Kleinberg 1994; Sgrland 2007). Since T, measurement is
more time consuming, T, measurement is widely used in the modern NMR laboratory
and logging application. The principles of NMR T, relaxation in porous media can be

described as (Korringa 1962):
1_r s, b 2
=t eyt S Ge) (@)

where 1/T,g is the bulk relaxation rate, S/V is the surface area to the volume ratio of
pores, p is the surface relaxivity, D is the molecular self-diffusivity, G is the magnetic
field gradient, y is the gyromagnetic ratio of proton, and z. is the echo delay time. Under
fast diffusion regime or surface limited regime with low-field NMR, the above equation

of T, relaxation rate can be approximated by (Kleinberg 1994):
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S
5= Py (9)

Thus, the geometrical parameters of pores, S/V, can be derived from T, relaxation rate. If
specific surface relaxivity (p) of the pore is known, the accurate determination of pore

body size is also possible.

The direct relationship between NMR relaxation time and pore size distribution
mentioned above breaks down in pore system with complicated connectivity between
different pore types, such as micro- and macro-pores in carbonates. Due to the diffusion
of magnetization, called diffusion coupling, between various pore types, the
determination of pore sizes from NMR relaxation times from multi-modal porosity
system is non-trivial (Freeman 1999; Toumelin 2002; Grunewald 2011; Toumelin 2003;
Ramakrishnan 1998). Figure 4 shows two bi-model pore systems with different
connectivity. When two types of pores are completely isolated, the T, time is directly
related to the pore body size. When they are, however, connected to each other, T,

distributions are getting close to
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each other. In this case, T, time fail to determine true pore body size unless the
connectivity is known. The measured total amplitude of H'-NMR signal is directly
proportional to the total amount of hydrogen nuclei in the sample. Thus, when all the
pores inside a porous material are filled with fluids contain proton nuclei, such as water

and hydrocarbons, the total amplitude of NMR signal represents the total porosity.
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2 Chapter 2

EXPERIMENTAL PROCEDURE AND STUDY

PREPARATIONS

2.1 Core Plug Preparations

Core plug samples from Formation X were received after they were cleaned (leached),
and the permeability, porosity and grain density were measured. In addition, a set of core
plug samples from Indiana limestone were measured for petrophysical properties. The
dimensions (length and diameter) were measured to calculate the bulk and pore volumes.
The petrophysical properties, dimensions and volumes of the subject core plug samples
are presented in Table 1. In addition, core plug samples were analyzed semi-
quantitatively using XRD. Table 2 shows the results of the XRD analysis of these

samples.
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Table 1: Petrophysical properties, dimensions and volumes of core plug samples.

Pore
Core sample # | Porosity % | Permeability, md | Length, inch | Diameter, inch | Volume, | Source
cc

1 9.2 34.2 1.81 1.49 4.76
2 15.5 19.4 1.80 1.49 7.97
3 13.8 2.9 1.811 1.493 7.17
4 11.1 2.6 1.904 1.502 6.14
5 20.7 9.9 1.715 1.495 10.21

x

6 22.4 8.2 1.715 1.488 10.95 c

i)

IS

7 20.3 7.8 1.824 1.488 10.56 13

e

8 10.1 29.3 1.76 1.49 5.08 £

5

2

9 22.3 76.1 1.79 1.49 11.41 8
10 22.8 7.3 1.835 1.498 11.02
11 20.2 7.8 1.835 1.488 10.56
12 18.5 6.1 1.83 1.49 11.25
13 21.1 5 1.925 1.493 11.65
14 17.5 2.4 1.763 1.494 8.86

25 16.17 3.18 1.917 1.495 8.92 o

S

26B 16.97 2.67 2.009 1.494 9.79 é

£

26 16.27 2.43 1.91 1.491 8.89 s

[

?

25B 16.61 3.21 1.93 1.494 9.21 -
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Table 2: XRD semi-quantitative analysis of some of the core plug samples.

Core sample # | Calcite, wt% | Dolomite, wt% | Quartz, wt% | Depth, ft
1 - - - 6768.5
2 - - - 6573.5
3 73.1 26.4 0.5 7304.7
4 - - - 7036.7
5 87.3 12.5 0.2 7298.2
6 82.4 17.4 0.2 7291.8
7 89.5 10.5 Trace 7297.2
8 - - - 6712.5
9 - - - 6595.5
10 84.4 15.4 0.2 7292.3
11 74.3 25.7 Trace 7279.8
12 - - - 7298.7
13 79.4 20.6 Trace 7279.3
14 72.4 27.6 Trace 7280.3
25 99 - 1.0 -

26B 99 - 1.0 -
26 99 - 1.0 -
25B 99 - 1.0 -
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2.2 CT Scan Experimental Procedure

Core plug samples in dry condition were non-destructively scanned using X-ray
Computed Tomography (CT) scanner at 5 mm intervals starting at 3 mm from the inlet
face of the plug towards the outlet face before and after the acid treatment. A total of
average of 8 slice images for each plug samples was obtained. The resolution of the
images obtained was 100 pm. Since the CT scanning was performed at the same
locations for each plug samples (before and after the acid treatment), a direct comparison
of the effect of the acid treatment was possible. In fact, this is of a great contribution in
evaluating the efficiency of the acid treatment on the rock samples.

Figure 3 shows the CT slice images of core plug sample no. 10 pre- and post-acidizing.
As the density scale specifies, the color becomes darker as the CT number, or grain
density, becomes smaller. In addition, slices in the pre-acidizing stage might indicate the
presence of initial vugs, porous media, or even different mineralogy, depending on the
CT resolution. In the post-acidizing stage, the slices contain more dark areas than in the
pre-acidizing stage, which reflects the creation of new porous areas as a result of acid
injection and rock dissolution. Also, the path of the wormhole might confirm the
presence of a low-density path which the acid/stimulation fluid preferably would follow

as the opposing pressure becomes less.

2.3 NMR Experimental Procedure

The T, relaxation time measured by the Carr-Purcell-Meiboom-Gill (CPMG) sequence
method provides information about the fluid saturation, pore structure, and surface

chemistry alteration during core-flooding experiments. CPMG however, does not provide
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site specific information. In other words, CPMG only provides a lump sum response of
T, relaxation from a given sample. Samples were saturated in 3 wt.% KCI brine prior to
analysis. Samples were analyzed with and without the use of the Teflon mold (tube). The
inner diameter of the Teflon tube is 1.503 inch, which was large enough to insert the
samples and small enough to minimize the interference of the water residing between the

samples and the inner wall.
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3 CHAPTER3

LITERATURE REVIEW

3.1 HCI and Emulsified Acid

The literature is rich with discussions and debates about carbonate acidizing and acid
systems. It has been reported in the literature (Kalfayan 2008) that HCI was first used for
oil wells stimulation from carbonate formations in Lima, Ohio in 1895. However, it was
only after almost a century when emulsified acid was first used to acidize the carbonate
matrix in 1985 (Hoefner and Fogler 1985, Hoefner et al. 1987, Navarrete et al. 1998).
Acid in micro-emulsion was then investigated in terms of its viscosity, diffusion rate,
spent pore volumes, and created wormhole efficiency (Hoefner et al. 1987). Emulsified
acids are mainly constrained by temperature, at which the emulsion stability is at risk. In
addition, several emulsified acid systems have been studied and their performances were
compared to live HCI acid in terms of injection rate, viscosity and thermal stability
(Buijse and van Domelen 1998). The use of emulsified acid in core plug samples with tar
saturation was of a less advantage than that of samples with water saturation (Al-Mutairi
et al. 2012). It was also concluded in this study that breakthrough pore volume in rock
saturated with intermediate oil was less than that of condensate saturation. Sayed et al.
(2012) have recently introduced a new emulsifier that can withstand temperatures up to

300 °F and exhibit rheological properties better than those of the widely used commercial
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emulsifiers. Rotating disks were used to determine the reaction rate between emulsified

acid and rock, and coreflooding experiments to investigate its wormholing efficiency.

3.2  Chelating Agents

EDTA has been discovered to be effective to create wormholes in limestone at pH range
of 4-13 (Fredd and Fogler 1998a). They stated that EDTA and acetic acid (HAC)
stimulated limestone more efficiently than HCI at rates greater than 0.1 cm®min, where
the latter created face dissolution. In another study, it was determined that the structure
and permeability response of wormholes created by injection chelating agents into calcite
are dependent on Damkaohler number (Fredd et al. 1997), which is defined as the ratio of
the rate of dissolution by acid to the rate of convective transport of acid. As the
Damkohler number is decreased, the amount of wormhole branching increases when
injecting calcite with chelating agents such as cyclohexanediaminetetraacetic acid
(CDTA) and diethylenetriaminepentaacetic acid (DTPA). Acetic acid and EDTA were
compared to long-chained carboxylic acid (LCA) at high temperatures (Huang et al.
2003). It was found that LCA can be injected at lower rates than EDTA and acetic acid.
In addition, LCA created smaller wormholes than that by HAc and EDTA at the optimum
rates. GLDA and HEDTA were studied and compared to HCI (Mahmoud et al. 2011).
The study concluded that GLDA and HEDTA, unlike HCI, did not cause face dissolution
at low injection rates. In addition, GLDA was more efficient at high temperatures than

HEDTA or HCI.
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Chelating agents react with calcium carbonate in a different mechanism. EDTA, as an
example of chelating agents, undergoes a stepwise loss of protons to reach the fully

ionized state, as shown in Equations 2-5 (Fredd and Fogler 1998b):

HY & HY '+ HY (2)
HyY ' H,Y 2+ H?t ()
H,Y™2 & HY 3 + H* 4)

HY 3 oY ™4+ HY (5)

where H,Y represents EDTA. Li et al. (2008) discussed in detail the chelation chemistry
and the interfacial reactions. Reactions at the solid-liquid interface include water attack,

proton attack and ligand attack, which are detailed below:

Water Attack:
H,0) + CaCO3 < OHgy + Cafy + HCO3; (6)

Proton Attack:
H)y + CaC0z & Cafy + HCOz (7)
H,Ly + CaCOz & H3Lyy + Cafy + HCO3 (8)
H3Lgy + CaCO3 & HpL3 + Caly + HCO3 (9)
H,Ly + CaC03 < HLY,y + Cafy + HCO3 (10)
HL3; + CaC03 < Ly + Cally + HCO3, (11)
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where H, L represents a chelating agents such as EDTA.

Ligand Attack:

L*” 4+ CaC03 & Cal*™ + CO% (12)
HL*>~ 4+ CaC03 < CaHL™ + CO%~ (13)
H,1*~ + CaC03 < CaH,L + CO%~ (14)

The water/ligand attack controls the reaction rate for high pH, while the proton attack
controls the reaction rate at low pH (Fredd and Fogler 1998b). At high pH, the
dissolution process consists of the adsorption of deprotonated chelating ions on the
surface, the complexation and the desorption of calcium complex and carbonate products.

The process becomes as follows:

L o L (15)

L* g5+ CaCOs © Cal®™ o+ CO5™ (16)
Cal?*~ ads) < Cal*~ - (17)

CO3™ a5 © €03y (18)

where ads and i indicate adsorbed species at the surface, and species located at the solid-

liquid interface, respectively.
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3.3 NMR as an Analytical Tool for Wormholes

Nuclear magnetic resonance (NMR) was first discovered in 1945 by two independent
research groups (Purcel et al., 1945; and Bloch et al., 1946) (Akkurt et al., 2009). NMR
was then recognized as a potential analytical tool in the 1950s, which lead to the
development of nuclear magnetic logging (NML) in the 1960s (Freedman 2006). In 1978,

Wyman introduced the first commercial NMR tool (Akkurt et al., 2009).

Laboratory studies of flow in porous media using NMR was first done in 1965 by Saraf
and Fatt (1967). They were able to measure two- and three-phase relative permeability
values of Boise sandstone core plug samples by using NMR technique for measuring
fluid saturations. Edelstein et al. (1988) have used NMR to measure several petrophysical
properties such as porosity and oil/water saturations. They have recommended the use of
NMR to conduct petrophysical analysis on core plug samples over the use of
conventional core analysis, which were done at a slower pace than NMR analysis.
Doughty and Maerefat (1989) investigated the modification of NMR spectrometer for
imaging capabilities of water in different sandstone samples. They suggested that higher
magnetic field was not always the best option for petrophysical analysis using NMR.
Kubica (1995) has compared the permeability and porosity values of sandstone core plug
samples obtained from conventional core measurements and Laboratory NMR
spectrometer. The study found a valid correlation between the permeability values
obtained from the two sources, with a possibility of improving the NMR calibration to
increase the accuracy of the permeability estimates. Ohen et al. (1996) studied NMR

relaxometry for NMR log calibration to enhance petrophysical measurements for
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downhole equipment in oil wells. They showed that laboratory NMR instrument, which
provides transverse relaxation characteristics of water, can provide the same information
as the NMR logging tool, which provides longitudinal relaxation characteristics. In
addition, they established that the abundance of micro- to macro-porosity can be

concluded from NMR relaxation time distributions.

The influence of pore scale heterogeneities on carbonate stimulation has been studied
(Ziauddin 2007). Although NMR has been used in the study, the objective was to
characterize the rock’s mineralogy, texture, fabric, porosity and density distribution, but
not the wormhole formation. CT and geostatistics have been used to characterize the fine-
scale heterogeneity, and a connected component-labeling algorithm to characterize the
large-scale heterogeneity in carbonate (Izgec 2008). This study reported that acid follows
the path of the spatially correlated permeability in addition to the high permeability path.
In addition, it was discovered that the connectivity between the vugs is a major factor in
determining the path of wormhole. Darcy-Brinkman formulation, which is a coupled
Darcy and Stokes flow Principles, has been used to understand and model the wormhole
path and acid breakthrough in vuggy carbonate (Izgec 2009). They have concluded that
the localized pressure drops created by vugs dominates the flow of acid more than the
chemical reaction at the pore level. It has been stated that the fraction of vugs in the total
porosity is inversely proportional to the acid breakthrough volume. The modeling and
digital visualization of flow through wormholes in acid-stimulated carbonate rock has
been investigated (Valsecchi 2012). Experimental, imaging and modeling techniques

have been conducted to understand the structure and fluid flow impacts of wormhole
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networks formed during acidizing. The targeted parameters were the completion type,

saturating fluid, rock type, and acid injection rate.
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4 CHAPTERA4

RESULTS AND DISCUSSION

4.1  Comparison between Different Stimulation Fluids

The results of coreflooding results varied depending on the acid systems, injection rates,

and pH values. Table 3 shows the conditions and results of each test.
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Table 3: Coreflooding experiments conditions and results using different stimulation fluids, injection rates, pH

values and pressure*.

Injection PV
Stimulation Fluid Cor;zoplug Rate pH Back Pztiassure,
' cm®/min P Injected | Breakthrough
1 1 0.5 0 500 18 No Breakthrough
15% HCI
2 2 1 500 145 14.5
3 3 0.5 1000 0.5 0.5
Emulsified Acid
4 (15% HCI) 4 1 0 1000 0.8 0.8
5 5 2 0 1000 0.8 0.8
6 6 0.5 3-4 1000 185 No Breakthrough
7 7 1 3-4 500 15 No Breakthrough
8 8 1 3-4 500 52 No Breakthrough
Chelating Agent I
9 (20 %) 9 1 3-4 1000 12 No Breakthrough
10 10 2 3-4 1000 7.8 7.8
11 11 3 3-4 500 51 5.1
12 12 1 13 1000 4.1 5.1
13 Chelating Agent I 13 1 13 1000 1.2 1.2
14 (20 wt%) 14 1 35 1000 8.1 8.1

* All experiments were conducted at 200°F and 1,500 psi confining pressure.
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4.1.1 Acid Systems

4.1.1.1 Hydrochloric Acid (HCI) at 0.5 and 1 cm®min

HCI was used to stimulate the core plug samples at two rates: 0.5 and 1 cm*/min. Figures
5 and 6 show the differential pressure obtained from the coreflooding experiments. The
differential pressure increased with the introduction of acid into the core plug sample.
Since the lithology of the core plug sample contains anhydrite, there is a possibility that it
was dissolved by HCI, and then re-precipitated with the increase in CaCl, concentration, a
product of the reaction between HCI and calcium carbonate. This might have resulted in
plugging the pores of the core plug, as seen in 5, which created a seal against the
injection of acid. As a result, the increase in pressure, after ~64 PV, was due to the
compression of injected fluid. In Figure 6, the increase was due to the liberation of
carbon dioxide (CO,) as a product of the reaction of HCI with calcite. The produced CO,
existed in a free gas form, since the pore pressure was below its critical pressure
(~1100psi), which created a new relative permeability and resulted in the reduction of
liquid permeability. Although a breakthrough was only achieved when a 1 cm*min
injection rate was used, the consumed PV is considered very high and ineffective. The
face dissolution has been observed from the inlet of the core plug sample as can be seen
from Figure 7. Since HCI is a strong acid with extremely high reactivity towards calcium
carbonate, the injection rate is considered the dominating factor which controls the
progress of breakthrough. Therefore, injection rate has to be increased to compete with
the reaction rate between HCI and calcium carbonate, which can lead to a breakthrough at

a reasonable PVgr.
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Figure 7: Core plug no. 2 after injection of 15 wt% HCI at 1 cm®/min
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4.1.1.2 Injection of Emulsified Acid at 0.5, 1 and 2 cm*/min

An emulsified acid, made from 70 v% HCI (15 wt%) and 30 v% diesel, was injected
through core plug samples at different rates (0.5, 1 and 2 cm*/min). Figures 8-10 show
the differential pressure between the two ends of a core plug sample at different injection
rates. In Figure 10, the change in injection rate when switching from brine, at 1 cm*/min,
to emulsified acid, at 2.0 cm*/min, caused a sudden jump in the differential pressure.
Nonetheless, the differential pressure at 2.0 cm*/min of emulsified acid was identical to
that obtained with brine injection at the same rate, Figure 10. The injected emulsified acid
slightly increased the differential pressure due to the liberation of carbon dioxide (CO,)
as a reaction product. In these experiments, the pore pressure was set at 1000 psi, which
was still below the critical pressure of CO,. Therefore, CO; existed in a free gas form
which reduced the permeability of injected fluid, hence the increase in differential
pressure. However, the pressure dropped immediately indicating the completion of a
breakthrough and the connection between the two ends of the core plug samples. The
immediate drop in pressure also reflected the low PVgyt. This phenomenon was observed
with all employed injection rates, as seen in 11. Inlets and outlets of the used core plug
samples are shown in Figure 12. CT scan images of core plug samples no. 3 and 5 show
very conductive wormholes (Figures 13 and 14). By comparing the pre- and post-
acidizing stages, it is strongly possible that the emulsified acid has followed the path of
the least density, especially in Figure 13. Furthermore, 3D visualizations of the created
wormholes, rendered using the CT scan data, are shown in Figure 15. It is worth noting
that these visualizations are only for qualitative comparisons as they are not yet

standardized.
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Figure 13: CT Scan analysis of core plug no. 3 (Emulsified Acid at 0.5 cm®min).
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Figure 14: CT Scan images of core plug no. 5 (Emulsified Acid at 2.0 cm®min).
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4.1.1.3 Injection of Chelating Agent I at 0.5, 1, 2, and 3 cm*/min
Several tests have been performed using Chelating Agent | (pH of 3-4) at different
injection rates including 0.5, 1, 2, and 3 cm®min. Results have varied depending on the

employed injection rate.

When 0.5 cm*/min injection rate was used, the differential pressure increased and reached
a plateau during the first 10 PV, as seen in Figure 16. After that, the pressure started to
decrease gradually and continued for the next 8 PV. However, no breakthrough was
achieved after the injection of 18 PV of Chelating Agent 1. The core plug sample was
dissolved partially at the inlet face, which indicated face dissolution, as seen in Figure
17. The CT scan images further confirmed the manifestation of face dissolution, Figure
18. The behavior of Chelating Agent | at this rate was similar to that of HCI, where no
face dissolution was observed and a breakthrough was not achieved. Figure 19 shows a

3D visualization of the dissolved parts of the core plug.
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Figure 17: CT Scan images of core plug no. 6 (Chelating Agent I at 0.5 cm*/min).
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Figure 18: Core plug no. 6 after injecting Chelating Agent I of 0.5 cm*/min.
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Figure 19: 3D visualizations of dissolution created by Chelating Agent I at 0.5 cm*/min.
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At an injection rate of 1 cm*/min, a similar behavior was observed, where the pressure
increased and plateaued during the injected 15 PV without achieving a breakthrough,
Figure 20. Face dissolution was observed in the CT scan images and on the core plug
sample, as seen in Figures 21 and 22. When extracting the core plug sample from the
core holder, a mud-like material was observed. This material was analyzed using XRD

and it mainly consisted of calcite (CaCO3) and dolomite (CaMgCQO3), Table 4.

This injection rate was repeated given that it was successful with HCI, even though a high
PVgr was consumed. The attempts were executed with minor changes in the back-
pressure values as seen in Table 3, and using core plug samples with higher permeability
values. The differential pressure data for these attempts are shown in Figures 23 and 24.
Nevertheless, none of the attempts was successful in achieving a breakthrough using the

injection rate of 1 cm*/min of Chelating Agent I.
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a)

Figure 22: a) Core plug no. 7 after injecting Chelating Agent I, and b) Dissolved material found in the core

holder after extracting the sample.

49



Table 4: XRD semi-quantitative analysis of the material produced when Dissolvine StimWell was used at

injection rates of 0.5 and 1 cm*/min.

Component(s) Concentration, wt%
Calcite-CaCOg3 69
Dolomite-CaMg(CO3), 31
Quartz-SiO, Traces
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Figure 23: Coreflooding performance of Chelating Agent | (pH 3-4, 1 cm®min, 200°F).

51




3.5

= N
= o ) o

Differential Pressure, psi

o
o

Core plug no. 9

[
K.= 76.1 md = =
= 22.3% £ T
e
(@]
o
—
® ®
= O
X Chelating Agent | X
> @ 1 cm3/min S
3Wt%KCI@L,2 | = 5
. o
and 3 cm3/min
5 10 15 20 25 30 35

Cumulative Pore Volume

40

Figure 24: Coreflooding performance of Chelating Agent | (pH 3-4, 1 cm®min, 200°F).

52




When the injection rate was increased to 2.0 cm®/min, Chelating Agent I was able to
achieve a breakthrough after consuming 7.8 PVgr, as seen in Figure 25. The relatively
high PVt suggested the generation of a broad wormhole. The CT scan images further
confirmed this postulation as seem on Figure 26. It is worth mentioning that dissolved

material, similar to that found in Figure 22 (b), was observed at a lower quantity.

It is clear that increasing the injection rate has enhanced the performance of Chelating
Agent I. However, to confirm this trend, another experiment was conducted using a

higher injection rate.
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Figure 26: CT Scan images of core plug no. 10 (Chelating Agent I at 2.0 cm®/min).
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Chelating Agent | was used at an injection rate of 3.0 cm*/min using core plug sample no.
11. Figure 27 shows the differential pressure data of this experiment as well as the PVgT
at which Chelating Agent | achieved a breakthrough. The CT scan images, Figure 28,
show a narrower wormhole than that achieved using the injection rate of 2.0 cm®min.
This confirmed the PVgr of 5.1 calculated from the differential pressure data. In this
experiment, only traces of the dissolved material, found in Figure 22 (b), were found in

the core holder after extracting the core plug sample.

The breakthroughs of Chelating Agent | at injection rates of 2.0 and 3.0 cm®min
followed a similar behavior, where the differential pressure increased after the
introduction of the stimulation fluid, followed by a gradual decrease in pressure as the
chelating agent progressed deeper into the core plug sample. Yet, this behavior is far
from optimum where the differential pressure drops instantly, as in Figures 8 - 10, which
would result in a small PVgr. Figure 29 shows a summary of the performance of
Chelating Agent | at different injection rates. A 3D visualization of the generated

wormholes is shown in Figure 30.

Since altering the pressure values did not enhance the performance, the poor functioning
of Chelating Agent | may possibly be caused by the lithology of the used core plugs or

the employed temperature. The effect of lithology will be discussed later in the study.
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Figure 28: CT Scan images of core plug no. 11 (Chelating Agent I at 3.0 cm®/min).
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Figure 29: Effect of injection rate on coreflooding performance (Chelating Agent I).

59




2.0 cm®/min 3.0 cm®/min

Figure 30: 3D visualizations of generated wormholes (Chelating Agent I).
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4.1.1.4 Chelating Agent 11

In addition to Chelating Agent I, Chelating Agent Il was used at the injection rate which
the first chelating agent did not succeed in accomplishing a breakthrough. Therefore,
Chelating Agent 11, initially has a pH value of >13, was injected at 1 cm®min through
core plug sample no. 12. A breakthrough was observed after consuming 1.2 PV of
Chelating Agent II, as seen in Figure 31. This PVt was comparable to that achieved by
emulsified acid showed in Figure 10. The sudden drop in differential pressure can be
related to the initial presence of small vugs inside the core plug sample, as seen in the CT
scan images in Figure 32. The initial abundance of vugs in this core plug sample could
explain the drop in pressure when brine was injected again at 1 cm®min. Initially, the
differential pressure, when brine was injected at 1 cm®min, was 12-13 psi. However,
when brine was injected again at 1 cm*/min, after the step-rate test, the differential
pressure was lowered to 10 psi. It is suspected that the high injection rates, 2 and 3
cm®min, have stimulated the sample mechanically by creating porethroats between large
adjacent vugs with thin walls, and/or migrating some fine particles that were initially

plugging porethroats.

This enhancement of permeability enabled Chelating Agent 11 to flow throughout the core
plug sample without noticeable increase in differential pressure. Nevertheless, the
dissolution of the core plug sample was very comparable to that of emulsified acid, and to
the contrary of Chelating Agent I. In addition, the phenomenon of face dissolution was
not observed, as shown in Figure 33, as in the cases of Chelating Agent | and 15 wt%
HCI. The 3D visualization in Figure 34 shows the generated wormhole throughout the

core plug sample. With the use of micro-CT, a natural fracture was detected at the bottom
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half of the core plug sample, as seen in Figure 34. This fracture enabled Chelating Agent

| to flow easily and breakthrough with minimal require PV.
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Figure 31: Coreflooding performance of Chelating Agent 11 (pH >13, 1 cm*/min, 200°F).
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Figure 32: CT Scan images of core plug no. 12 (Chelating Agent 11 at 1.0 cm*min).
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Figure 33: Core plug no. 12 after injecting Chelating Agent 11 at 1.0 cm*/min.
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Figure 34: 3D visualizations of generated wormholes (Chelating Agent 11, 1.0 cm®/min).
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4.1.2 Effect of Acid/Fluid Type

For this part of the study, core plug samples (25, 25B, 26 and 26B) from Indiana
Limestone were used because of their high lithology consistency. As shown in Table 1,
these samples have very similar petrophysical properties in terms of porosity and
permeability. In addition, these samples have exactly the same percentage of calcite, as
seen in Table 2. Therefore, this test should emphasize the effect of varying the

stimulation fluid.

In all four experiments, the conditions were maintained exactly the same, while only
varying the type of injected stimulation fluid. The conditions of these experiments are
shown in Table 5. After analyzing the coreflooding pressure data, the performances of
these four stimulation fluids are shown in Figure 35 as a function of PVgr. While HCI
consumed 14.5 PVgr using sample no. 2, it only consumed 4.9 PVt when sample no. 25
was used. The difference in lithology has impacted the performance of HCI especially in
the presence of dolomite in sample no. 2. Emulsified acid, however, has consumed 0.5
PVt using sample no. 26B compared to 0.8 PVt using sample no. 4. The incremental
decrease in PVgr was not significant. Chelating Agent | showed significant improvement
when sample no. 26 was used. The PVgrwas 2.5, while it did not achieve a breakthrough
at 1 cm*/min when samples no. 7, 8 or 9 were used. Chelating Agent 11, on the contrary,
has shown poor performance when sample no. 25B was used. It consumed 5.5 PVgt
compared to 1.2 PVt when sample no. 13 was used. The CT scan of used core plugs
before and after the introduction of stimulation fluids are presented in Figures 36-39.
Photos of inlet and outlet faces of the used core plug samples are presented in Figure 40.

Although their PVt are close, HCI, in Figure 36, might show a very broad wormhole
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compared to Chelating Agent Il, in Figure 39. This was a result of the pushed dead
volume of HCI through the sample, which increased the dissolution and broadened the
wormhole. Chelating Agent Il, on the other hand, was not as reactive as HCI, hence, the

dissolution due to the dead volume was less.

The lithology has definitely affected the performance of Chelating Agent I and HCI. As
for Chelating Agent 11, the performance might have been affected; however, sample no.
13, through which Chelating Agent 1l performed well, had a facture that was not detected

initially. This might have improved its performance in the first place.
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Table 5: Coreflooding experiments conditions and results to determine the effect of injected fluid*.

Injection Rate

Stimulation Fluid Core plug no. cm/min pH Breakthrough PV
1 15% HCI 25 1 0 4.93
2 | Emulsified Acid (15% HCI) 26B 1 0 0.51
3 | Chelating Agent I (20 wt%) 26 1 3-4 2.47
25B 1 13 5.54

4 | Chelating Agent Il (20 wt%)

psi of back pressure.
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* All experiments were conducted at 200°F, 1,500 psi of confining pressure, and 1,000




5.54

4.93

Breakthrough PV
w

0 .
15% HCI Emulsified Acid Chelating Agent | Chelating Agent Il
Stimulation Fluid Type

Figure 35: Effect of stimulation fluid type on PVgt using Indiana limestone samples.
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Figure 37: CT Scan analysis of core plug no. 26B (Emulsified acid at 1.0 cm®/min).
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Figure 38: CT Scan analysis of core plug no. 26 (Chelating Agent I at 1.0 cm®/min).
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Figure 40: Core plugs no. 25, 26B, 26 and 25B after injecting different stimulation fluids.
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4.1.3 Effect of pH on Chelating Agents

The pH value of Chelating Agents I and 11 were varied to examine the influence of pH on
the chelation mechanism. Since initially Chelating Agent | had a pH value of 3-4m
sodium hydroxide (NaOH) was added to raise the pH to almost 13. On the contrary,
Chelating Agent Il had a pH value of more than 13; therefore, it was lowered to 3.5 by
adding HCI. The coreflooding performances of both pH-altered chelating agents are

shown in Figures 41 and 42.

When injected at 1 cm®/min, high-pH Chelating Agent | performed slightly better than its
low-pH version by achieving 4.1 PVgr rather than 5.1 PVgr at 3 cm*/min injection rate.
The differential pressure behaved differently compared to the raw Chelating Agent |
experiments. In Figure 41, the differential pressure increased and dropped gradually,
where it formally increased dramatically and declined slowly, as seen in Figures 25 and
27. However, this result was not conclusive as the core plug sample was broken through
from the side, as seen in Figure 43, which might have lowered the PVgt. Nonetheless,
the consumed PVgr is still very high compared to that achieved by Chelating Agent Il or
emulsified acid. In addition, the associated dissolved material was not observed when this

pH-modified version of Chelating Agent | was used.

The low-pH version of Chelating Agent Il (pH 3.5) achieved a breakthrough after
consuming 8.1 PV at an injection rate of 1 cm®/min, as seen in Figure 42. Formally,
Chelating Agent Il (pH 13) achieved a breakthrough after consuming 1.2 PV. The
mechanism of dissolution, hence the differential pressure behavior, has changed

according to the new pH value, which was a major influence on both chelating agents.
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Figure 43: Core plug no. 13 after injecting Chelating Agent I (pH 13, 1.0 cm*/min).
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4.2 Results of NMR Characterization of Formed Wormholes

The NMR analysis was focused on six cases which included the use of emulsified acid,

Chelating Agent I and Chelating Agent Il at different injection rates.

4.2.1 Emulsified Acid at 0.5 cm*/min

The 5MHz CPMG chart, Figure 44 shows that in the pre-stage (blue line) most of the
detected porosity was initially macro-pores (20-2000 milliseconds) with very minimal
micro-pores presence (2-20 milliseconds). This indicated that either micro-pores barely
existed initially, or the porethroats of micro-pores were mostly sealed which resulted in
preventing the brine from saturating them. Nonetheless, the system originally can be

referred to as a single pore system (macro-pores).

After the introduction of acid, the sample was analyzed. The post-stage (red line) shows a
dramatic change in the pores distribution. The macro-pores, which previously dominated
the detected porosity, merged with the wormhole porosity, which at this stage was not
detected due to the in ability to sustain the saturation fluid inside the wormhole porosity.
The micro-pores appeared differently in two distinctive sizes represented by two peaks
(0.06-7 milliseconds and 10-600 milliseconds). The acid was able to enlarge some of the
micro-pores and connect others, therefore, creating two species of micro-pores. The
interconnectivity (diffusion coupling) between these two species is very high as seen in

Figure 44.

When the Teflon tube was used, the wormhole porosity was detected (300-3000
milliseconds), as the green line shows in Figure 44. The use of Teflon tube maintained

the core plug sample in full saturation which enabled the NMR to detect the new
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porosity. As seen in Figure 44, three peaks are present which suggested that the pore
system has become triple rather than dual. The first two peaks represent micro- (0.1-10
milliseconds) and meso-pores (10-200 milliseconds), while the third peak represents the
macro-pores (300-3000 milliseconds), which merged with the wormhole. Moreover, the
acid was able to keep the whole detected pore system connected by increasing the

interconnectivity (diffusion coupling).

Furthermore, the wormhole porosity peak (300-3000 milliseconds) ends shortly after the
original porosity (20-2000 milliseconds). This indicates that the acid did not dramatically
increase the porosity, yet was able to significantly connect the three pore systems to each

other.

The decrease in intensities of peaks between the three analyses can be traced back to the
presence of hydrocarbons inside the pores (originated from the emulsified acid).
Although the sample was flushed with brine after the breakthrough, some of the pores
might still be partially filled with diesel, which prevented the core plug sample from

reaching a full saturation level even while utilizing the Teflon tube.
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Figure 44: 5MHz CPMG chart of core plug no. 3 (Emulsified Acid at 0.5 cm*/min).
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4.2.2 Emulsified Acid at 2.0 cm*/min

The 5MHz CPMG analysis, Figure 45, shows that micro-pores (3-30 milliseconds) and
macro-pores (30-5000 milliseconds) initially existed with high interconnectivity. Micro-
pores were minimal compared to macro-pores due to isolation. Although it might appear
as a single-pore system due to the high diffusion coupling, the micro-pores peak is very

distinctive from the macro-pores, which suggests that it is initially a single-pore system.

The post-acidizing analysis shows an increase in the intensity of the macro-pores (20-800
milliseconds) due to dissolving some of the micro-pores and enlarging some of the
macro-pores. In addition, the micro-pores slightly increased (2-10 milliseconds)
indicating that the acid has re-connected some of the initially isolated pores. However,
the increase in micro-pores is not comparable to that observed in the previous test, Figure
44. This can be an effect of the high injection rate used in this experiment. The wormhole
porosity was not detected at this stage due to the in inability to sustain the saturation fluid

inside the created wormhole.

After using the Teflon tube, the wormhole porosity was detected as an extension of the
macro-pores (30-3000 milliseconds). Previously, the peak of macro-pores ended at 800
milliseconds. When the core plug was fully saturated, the wormhole appeared by
extending the peak of macro-pores to 3000 milliseconds, which indicates that this acid
has not increased the porosity dramatically, yet maintained and partially increased the

interconnectivity between the pore systems.

The intensity of each peak has slightly dropped as a result of the diesel residual in the

pores. This hydrocarbon phase can fill some of the pores and/or alter the wettability.
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Figure 45: 5MHz CPMG chart of core plug no. 5 (Emulsified Acid at 2.0 cm*/min).
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4.2.3 Chelating Agent I at 0.5 cm®min

The 5MHz CPMG chart in Figure 46 shows that the system was initially a dual-pore
system where the micro-pores resided between 4-30 milliseconds, and macro-pores
resided between 30-1000 milliseconds. In addition, the two pore systems were initially

connected with a relatively low diffusion coupling.

When the stimulation fluid was injected through the core plug sample, the pore system
changed dramatically. The post-stage in Figure 46 shows a sharp increase in the macro-
pores (50-700 milliseconds), while micro-pores (2-5 milliseconds) were further reduced
and isolated. The diffusion coupling has decreased between the two pore systems. The
porosity of the created dissolution was not detected at this stage due to the inability to

sustain saturation fluid in the big vugs, as seen in Figure 18.

When Teflon tube was used, the large vugs were able to sustain the saturation fluid. As
seen in Figure 46, the post-acidizing stage with Teflon tube shows a new peak between
700-4000 milliseconds. This peak is associated with the large vugs created at the inlet
face of the core plug sample, as seen in Figures 17 and 18. The huge range of relaxation
time, which this peak resides on, indicates an extreme change in the porosity of the core
plug. Although Chelating Agent | was not able to create a breakthrough in this sample, it
managed to increase the porosity by dissolving large volumes of the rock, as seen in
Figure 19. The diffusion coupling was decreased between the micro- and macro-pores,

however, the macro-pores were well-connected to the large vugs.

The intensity of the peaks decreased post stage and the Teflon tube stage due to

precipitating Chelating Agent I with time. The core plug sample was not fully saturated
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because this precipitation plugged the porethroats connection part of the pores, which

prevented the saturation fluid from reaching them.
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Figure 46: 5MHz CPMG chart of core plug no. 6 (Chelating Agent I, pH 3-4, 0.5 cm*/min).
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4.2.4 Chelating Agent I at 1.0 cm®/min

Initially, the 5MHz CPMG chart in Figure 47 show that prior to introducing Chelating
Agent | to the sample, macro-pores (30-1000 milliseconds) dominated the porosity with
low presence of micro-pores (3-30 milliseconds). In addition, the dual-pore system had a

relatively high diffusion coupling between detected pore systems.

When Chelating Agent | was injected, the peak of macro-pores slightly was increased in
intensity (20-800 milliseconds), while the micro-pores (3-10 milliseconds) were reduced
and isolated from macro-pores, which decreased the interconnectivity between the two
pore systems. The porosity associated with the large dissolution at the inlet face of the
core plug sample, Figure 22 (a), was not detected at this stage due to the inability to

sustain the saturation fluid inside the dissolved area.

By using the Teflon tube, the porosity associated with the dissolved part of the inlet face
was detected, as seen in Figure 47 (700-2000 milliseconds). This peak should not be
mistaken with a wormhole peak even though it resembles the same characteristics. The
core plug samples in this experiment lost around 15 vol.% as deposited material, as seen
in Figure 22 (b). Therefore, the porosity associated with this lost part was not accounted
for during the NMR analysis. Nonetheless, this porosity would have appeared as a large
peak at much larger relaxation time, with similar characteristics to the peak in Figure 46
(700-4000 milliseconds). The diffusion coupling decreased as the micro-pores were

isolating the micro-pores because of plugging the porethroats with the deposited material.
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Figure 47: 5MHz CPMG chart of core plug no. 7 (Chelating Agent I, pH 3-4, 1.0 cm*/min).
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4.25 Chelating Agent I at 2.0 cm®/min

The 5MHz CPMG chart in Figure 48 shows that the system had initially macro-pores
(30-800 milliseconds) constituting the majority of the detected porosity, while micro-
pores (3-20 milliseconds) were hardly detected due to natural obstructions. The diffusion
coupling was very low since the macro- and micro-pores were barely connected. By

looking at the blue line in Figure 48, the system can be recognized as a dual-pore system.

After injecting Chelating Agent I, the initial diffusion coupling was further reduced, and
the micro-pores (1-6 milliseconds) were further isolated due to plugging porethroats with
the particles carried by the spent fluid. The macro-pores (30-700 milliseconds)
significantly increased by enlarging some of the micro-pores. Still, the wormhole
porosity was not detected at this stage due to the inability to sustain the saturation fluid

inside the wormhole.

When Teflon tube was used to maintain the sample saturated, the peak of macro-pores
extended to higher relaxation time (50-2000 milliseconds). This extension is associated
with wormhole porosity. The wormhole was well connected to the macro-pores since
they constituted most of its porosity. Micro-pores (2-5 milliseconds) were isolated as
seen earlier. The injection of Chelating Agent | has increased the porosity significantly
while sealing the connecting channels between different pore sizes. The pore system after

the introduction of Chelating Agent I can be referred to as a single-pore system.
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Figure 48: 5 MHz CPMG chart of core plug no. 10 (Chelating Agent 1, pH 3-4, 2.0 cm®/min).
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4.2.6 Chelating Agent Il at 1.0 cm®min

The 5MHz CPMG chart in Figure 49 shows that, originally, the system consisted of a
major peak representing macro-pores (30-800 milliseconds) and a minor peak
representing micro-pores (2-10 milliseconds). The pore system can be referred to as a
single-pore system due to the absence of sufficient micro-pores population, which can be
sealed naturally and couldn’t not be saturated and detected. In addition, there was no

interconnectivity (diffusion coupling) between the macro-pores and micro-pores initially.

Chelating Agent Il was able to disturb the initial pore system by increasing the micro-
pores significantly (0.1-10 milliseconds), and connect them with macro-pores (0.1-2500
milliseconds). The new peaks are a result of dissolving barriers isolating micro-pores,
enlarging micro-pores and connecting them with macro-pores. Initial macro-pores
decreased as a result of merging with the wormhole porosity, which was not detected at
this stage, as a result to the inability to sustain saturation fluid inside the wormhole. The
diffusion coupling has increased dramatically, indicating the pre-existence of sealed
(isolated) micro-pores in the system. At this stage, the system can be referred to as a dual-

pore system.

After using the Teflon tube, a new peak representing the wormhole porosity was detected
(400-2000 milliseconds). This peak was very similar to that created by emulsified acid at
Figure 44. The diffusion coupling between the triple-pore systems was relatively
decreased due to precipitation with time, which resulted in plugging some of the pores
and porethroates. Nonetheless, the three different pore sizes can be considered well-

connected.
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Figure 49: 5MHz CPMG of core plug no. 13 (Chelating Agent 11, pH>13, 1 cm®min).
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5 CHAPTERS

CONCLUSIONS

The importance of wormhole characterization originates from its vital role in the
evaluation and design of acid stimulation treatments. Typically, the characterization of
wormholes is done using the coreflooding differential pressure data and CT scan analysis
technique. In this work, NMR has been introduced and evaluated as an additional
characterization technique for wormholing. By using different acids, the resulting
wormholes were variant and unique, consequently, providing better opportunities to
validate the NMR technique. Based on the results and findings of this study, the

followings were concluded:

-
1

Nuclear Magnetic Resonance (NMR) introduced accurate analysis, in terms of
pore size distribution, to different characteristics of the wormholing process of an
acid.

2- Coreflooding differential pressure data and CT scan analysis provided verification
of breakthrough occurrence, and suggested qualitatively the size and path of a
wormhole.

3- NMR, as a wormholing characterizing tool, indicated the changes in porosity and
pore-size distribution, and the diffusion coupling of different pore systems.

4- Complete core plug saturation by using a Teflon tube has significantly enhanced

the NMR detection.

5- NMR was able to detect the materialization of formation damage inside samples.
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6- NMR analysis was consistent with and complementing the CT scan analysis.

7- Using samples from Formation X, at an injection rate of 0.5 cm*/min, only
emulsified acid achieved a breakthrough. At an injection rate of 1 cm®/min,
emulsified acid, 15 wt% HCI, and Chelating Agent Il achieved breakthrough.
Chelating Agent | only achieved a breakthrough when injected at 2 and 3
cm®/min.

8- Face dissolution was observed when Chelating Agent | and 15 wt% HCI were
used at 0.5 and 1 cm®/min.

9- Increasing the injection rate enhanced the performance of 15 wt% HCI and
Chelating Agent I. The performance of emulsified acid was not enhanced when
the injection rate was increased.

10- Chelating Agents | and Il are pH-dependent.

11- Chelating Agent | produced a mud-like material, which was identified as calcite
and dolomite.

12-Using samples from Indiana limestone, emulsified acid achieved 1.1 PVar,
Chelating Agent | achieved 2.7 PVgr, 15 wt% HCI achieved 5.9 PVpgr, and
Chelating Agent Il achieved 6.2 PVgr.

13- Lithology heterogeneity only affected the performances of HCI and Chelating
Agents | and 11.

14- NMR analysis showed a sharp decrease in the interconnectivity between micro-
and macro-porosities when Chelating Agent | was used. Emulsified acid and
Chelating Agent Il showed an increase in the interconnectivities between the two

porosities.
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