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Abstract 

Unconventional oil and gas reservoirs have been given a lot of attention due to 

oil prices in the market. Production costs of these formations are very high due 

to directional drilling completion and hydraulic fracturing operations. However, 

the primary recovery factor of these reservoirs is as low as 2% to 8%. Therefore, 

recent studies have focused on recovery factor improvement. 

Some of these methods in conventional reserves are also applicable for 

unconventional layers like waterflooding, miscible gas injection, and chemical 

material utilization. Acidizing can also be used to extend the productivity of the 

reservoir as an improved recovery method. It can be in the form of acid washing, 

matrix acidizing and acid fracturing. However, acid application in the already 

propped fracture is a new area that has not been fully investigated. 

 This study performed a detailed analysis of HCl acidizing in Eagle Ford shale 

as a typical unconventional oil reservoir. As a first step, a simulation model was 

created to explore the effect of HCl on fractured medium numerically. The 

model was firstly validated by an experimental result and then the effects of 

acid concentration, acid injection rate, and temperature were fully investigated. 

It was revealed that for each of these parameters there is an optimum condition 

that makes required water breakthrough into the minimum.  

Since non-carbonate content is also present within carbonaceous shale 

formations, the acid front movement within the formation is not always reactive.  

Instead, there is a two-phase fluid inside the medium, and saturation changes 

because of injected fluid. Due to the saturation gradient between the injected 

fluid and in-situ irreducible wetting phase, there is a spontaneous imbibition 
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within the porous medium when there is no injection. An  exact analytical 

solution was proposed for co-current and counter-current imbibition of this 

movement and validated by experimental results. The suggested equational 

form can be used to present the distribution of injected fluid within the porous 

medium. 

Finally, experimental tests were conducted to monitor the short-term effect of 

high concentration acid and the long-term impact of low concentration acid. 

During the short-term contact of acid with carbonaceous shale (Eagle Ford shale 

sample), the rock samples were confined by in-situ condition (pressure and 

temperature) and the rock surface was prone to the acid by keeping it open 

through utilization of proppant, as the permeability of the rock sample was very 

low. Again, different effects including acid concentration, proppant type and 

size and acid injection rate were investigated. It was found that 5% HCl acid 

concentration, injection with 8 ml/min and with propant size and concentration 

of 600-700 μm and 0.3 lb/ft2, respectively. 

For long-term effect of acid on the rock surface, mathematical model as well as 

experimental setup were constructed. A semi-analytical solution achieved with 

very good matching with experimental results. Diffusion coefficient of acid into 

the rock matrix was also measured at different acid concentration and with 

various brines.  

Altogether, analytical, experimental and simulation results of this study are the 

tools for different production strategies for carbonaceous shale formations as a 

major unconventional oil and gas resources.  
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Chapter 1 

Introduction 

1. General Background 

Based on the last update given by the US Energy Information Administration 

(as of September 2021), shale reservoirs are major unconventional energy 

resources in North America. Oil and gas in the United States represent 48 and 

58 percent of the energy share in this country, respectively, with 65 percent of 

the produced oil and 86 percent of the produced gas being from unconventional 

shale reserves (US Energy Outlook 2021). However, production plans are very 

sensitive to the market price as it is only economical for high oil and gas prices 

due to high production costs. The oil price peak in 2008 and the consequent 

energy shock  resulted from a steep rise in the oil price that started in 2002. 

Such a continuous increase in energy price resulted in a huge investment  in the 

development of oil and gas shale in North America. Many companies came into 

action during those years. Although oil price dropped dramatically in 2009 and 

2016 and many of these unconventional reservoirs became uneconomic for a 

while, the oil and gas price were gradually increasing and reached over $100 

again in early 2022.  

One of the  significant drawbacks of  unconventional shale resources is their 

average recovery factor of less than 10% [1]. Therefore, different Enhanced Oil 

Recovery (EOR) methods and/or productivity improvement approaches are 

required to increase the efficiency of these resources. Hydraulic fracturing is 

the most critical stage for long-term and efficient production from 

unconventional reservoirs. It is also called fracking, hydrofracking, and 
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hydrofracturing. It is a well stimulation method during which high-pressure 

fluid is injected into the wellbore and cracks are initiated in the deep-rock 

formation. Proppants (usually silicate base) are pumped into these induced 

fractures to keep them open after releasing the fluid pressure. During 

production, these proppants let the fluids inside the well flow freely into the 

wellbore and production tanks. However, hydraulic fracturing is a  costly 

operation and it can  only increasing the maximum recovery up to 15% [2]. 

Accordingly, oil and gas companies and academic research centers investigated 

different strategies to increase the efficiency of hydraulic fracturing operation 

or new methods other than hydraulic fracturing, which can improve the 

recovery of unconventional reservoirs. Some studies showed that a large 

proportion of propped fractures remain unpropped after pressure release despite 

a significant injection of proppant during hydraulic fracturing [3]. Therefore, 

some studies focused on new designs of proppant injection into the hydraulic 

fractures like graded proppant injection [4-6], design of ceramic-based 

proppants [7, 8], incorporation of micro-proppant in stimulation treatment 

designs [9], changing the rheology of the injected fluid to prevent back flow 

into the wellbore [10, 11], etc. All these studies showed some improvements in 

the ultimate recovery factor of hydraulic fracturing due to improvements in 

proppant designs.  Other studies also concentrated on other EOR methods, such 

as Huff-n-Puff methods within carbonaceous shale reservoirs, like Eagle Ford 

[12]. Altogether, these enhancements in hydraulic fracturing highly depend on 

reservoir conditions and in-situ geological characteristics. 

In conventional reservoirs, stimulating processes are known as initial 

improvement operations before initiating  EOR activities. These methods are 
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the most common and cheapest operations in these fields. In carbonate 

reservoirs, hydrochloric acid (HCl) can be used in stimulating procedures with 

different intensities: acid washing, matrix acidizing, and acid fracturing. During 

hydraulic fracturing, a small portion of the injection fluid is acid, as shown in 

Figure 1(a). It should be reminded that the ratio of hydraulic fracturing fluid to 

the proppant is 9 to 1.  

 

(a) 

 

(b) 

Figure 1: a) the components of hydraulic fracturing fluid while injecting into the 

wellbore; b) the difference between hydraulic fracturing and acid fracturing in terms 

of characteristics of fracture walls and comparison with application of both methods. 

Hydraulic Fracturing Acid Fracturing

Proppant
Differential

Etching

Acidizing Propped Fracture

Proppant
+

Etching
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Acid fracturing is the same in terms of concept and operational process while 

no proppant is used during that, and the surface of the rock is rather harsh and 

etching (Figure 1(b)). In fact, after releasing the high pressure from the well, 

proppants prevent the closure of the fracture in a hydraulic fracturing operation. 

In contrast, in acid fracturing, the etching surfaces prevent the complete closure 

of the fracture. This study aims to apply both methods in unconventional 

reservoirs and perform acidizing through the propped fractures (Figure 1(b)). 

Carbonaceous shales are ideal candidates for these operations as a considerable 

amount of the rock is composed of carbonates. However, acidizing already 

propped fractures can be a new approach  that has not been fully investigated 

within the literature and is the main objective of this study. 

2. Literature Review 

Different enhancement methods are conceivable for production through 

unconventional hydrocarbon reservoirs. These methods will be studied briefly 

in the following sections. 

2.1. Gas Injection Techniques 

Injection of gas into the unconventional reservoirs can be in the form of huff-

and-puff (water vapor) [13, 14], CO2 injection [15-17], Nitrogen, lean gas, and 

methane [18].  

Each gas injection method has some advantages and disadvantages. For 

instance, CO2 can decrease the viscosity of the oil within the unconventional 

reservoir, reduction in capillary pressure, oil swelling, and re-pressurization 

[17]. However, it may cause corrosion within surface facilities, and it is not 
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always available next to the large fields [15]. The applicability of gases for EOR 

in unconventional reservoirs is shown in Table 1. 

Table 1: Different gases used in miscible gas injection [17, 19] 

Gases 
Minimum Miscible 

Pressure (MMP) 
Sweep Efficiency Cost In situ Oil Density 

CO2 Lowest Highest Medium > 25° API 

Methane Medium Medium Highest > 30° API 

N2 Highest Lowest Lowest > 40° API 

 

2.2. Water Injection Techniques 

 Low Salinity Waterflooding (LSW) performed through simulations and 

experiments for unconventional and tight formations. It is shown that LSW 

results in wettability alteration, change in interfacial tension [20], clay swelling, 

and shale cracking [21]. Different unconventional shale reservoirs, including 

Eagle Ford, Marcellus, Mancos, and Barnett, were studied through experiments 

[22-24]. These studies showed that LSW in comparison with formation water 

flooding would lead to a higher ultimate recovery factor. However, in long term, 

ultimate recovery of huff-and-puff is higher than LSW [15, 25]. 

In terms of field experiences, a few cases have been reported. The main problem 

of water injection in the field is the injectivity of water. Apart from this issue, 

some successful results of water flooding in the field are available in the 

literature [26]. Still, most of these attempts were unsuccessful , as shown in 

Table 2. 
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Table 2: Field project experiences of water injection 

Field Performance Mode Reference 

Bakken + Lower Shaunavan Oil rate increase waterflooding [27] 

Bakken in North Dakota 
No oil rate increase, 

Low sweep efficiency 
waterflooding [26] 

Bakken in Montana Water breakthrough waterflooding [26] 

Bakken in North Dakota 
Little or no oil increase, 

No injectivity issue 
Huff-n-puff [26] 

Parshall Field No oil increase Huff-n-puff [28] 

   

2.3. Chemical Techniques 

Major chemicals used for EOR are Alkaline, Surfactant, and Polymer (ASP). 

The objective of using chemicals (i.e., surfactants) in unconventional reservoirs 

is to change the wettability from oil-wet to water-wet reservoirs and increase 

the productivity as oil shales are usually oil-wet [29, 30]. Surfactants can also 

be used as an additive in fracturing fluids [31]. Experimental studies showed 

that utilization of surfactant in Bakken formation increased oil recovery up to 

30-40%, which is a significant number in unconventional reservoirs [32].    

Spontaneous imbibition is the primary method for the transfer of these 

chemicals into the formation. After conducting the experiments, they scaled up 

the results into the field scale using simulation [19]. Experimental studies were 

performed on Eagle Ford shale and Bakken formation, and it was revealed that 

recovery would be higher if salinity is also considered [33]. In other words, at 
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higher salinities, the surfactant is less capable of interfacial tension reduction 

and wettability alteration. 

Apart from the injection of chemicals into the formations,  certain formations 

can be a good candidate for acidizing and acid fracturing. Since this section is 

the main objective of this study, it will be discussed separately in another 

section. 

2.4. Acid fracturing history 

Acid fracturing is a production stimulation technique being widely used by the 

oil industry. During this treatment, acid is injected down the well at rates greater 

than the flowing rate of pore fluid. Such injection produces a build-up in 

wellbore pressure in order to overcome compressive and tensile strength. After 

rock failure, a crack is initiated in the rock and continuous fluid injection 

increases the fracture length and width. , The reaction of the acid with the 

formation, makes a flow channel that remains open when the well is put back 

into production. 

Acid fracturing has certain advantages in comparison with proppant fracturing, 

including:  

a) There is no risk of proppant bridging while injection; proppant bridging 

occurs due to the flocculation of particles during injection and may cause 

a sudden increase in pumping pressure.  

b) There is no concern for cleanout problems as gelled residues and 

proppant crushing are two significant causes of permeability impairment 

while proppant fracturing.  
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c) A good conductivity in each channel and between different channels is 

generated,  making a high permeability value and good productivity. 

However, the extent of acid fracturing is also restricted by  several factors like: 

a) In fast-reacting formations (carbonates at high temperatures), the length 

of fracture is short as most of the acid is spent at an immediate distance 

of the injection point. Heterogeneity of the formation may intensify this 

problem, and the final efficiency of acid fracturing becomes less than 

expected. 

b) The conductivity of an acid fracture is far less than infinite conductivity 

and is usually restricted by formation strength. 

c) For chalk formations,  effective stress increases as reservoir depletes, 

leading to pore collapse and a significant decrease in permeability. Such 

geomechanical behaviors should be considered during acid fracturing 

operations. 

Considering  the drawbacks of acid fracturing, some research was carried out to 

improve acid efficiency in carbonates. Some studies focused on the rheological 

characteristics of injected acid [34, 35], while other researchers attempted to 

find a perfect fracture deformation model [36-38]. 

While  many experimental studies were conducted on acid fracturing, most of 

them were laboratory tests and were not scaled to field conditions. Hence, acid 

fracturing conductivity predictions were not able to match actual results [39]. 

This confirms the requirement for new laboratory facilities to create field 

conditions as much as possible and develop the model based on etched volume, 

etched pattern, and fracture strength under closure stress.  



 

9 
 

Applying in-situ stress conditions for acid fracturing treatment and determining 

failure mechanisms was regarded by emerging proper laboratory facilities and 

considering closure stress in conductivity models and experiments.  Several 

acid-fracture conductivity correlations were suggested according to new 

facilities and modeling software [40-42].  

However, most of this research was conducted on carbonate samples (calcite, 

dolomite, chalk, or a mixture of them). Due to the importance of oil shale and 

gas shale, new interest appeared just recently to apply acid fracturing treatment 

in shaly formations. In a study  evaluating acid fracturing in the shale formation, 

samples were made with cuts parallel to bedding to explore the influence of 

carbonate mineral content, acid fluid types and concentrations, fracture plane 

roughness, proppant, and confining pressure on shale samples [43]. Their results 

showed that the previously suggested acid fracture conductivity model [38] is 

not always valid in carbonaceous shale and some other models need to be 

considered. 

 This study attempts to improve the extension of previous studies on acid 

fracturing and hydraulic fracturing by applying acid on propped fractures. The 

experimental results of this study are fully applicable for pilot utilization in 

unconventional shale formations, especially the carbonaceous ones.   

3. Research Objectives 

The overall aim of this study is to fully investigate the short-term and long-term 

effects of acid on carbonaceous shale and optimize acidizing operations 

accordingly. The specific objectives can be categorized as below:  

1. To develop an acid fracturing model and optimize acidizing conditions: 
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• To develop a geochemical model, reaching equilibrium 

condition before acidizing, 

• To validate the model using with some primary laboratory 

results and to further develop it to incorporate a complex 

mixture of minerals within the rock sample, 

• To select the optimum acid concentrations and mixtures 

based on simulation results and design  the most effective 

operation considering rock mineral composition and pore 

fluid condition. 

2. To investigate the fluid front movement through the porous medium as a 

result of saturation difference: 

• Spontaneous imbibition of fluid inside closed fractures and 

cracks (counter-current imbibition) and implementing an 

analytical model; 

• Spontaneous imbibition of low concentration acid within 

non-reactive medium along connected fractured systems 

(co-current imbibition) and suggesting the mathematical 

model; 

3. To generate new experimental data and evaluate acid fracturing in 

carbonaceous shales: 

• To operate acid flooding experiments on the conductivity 

cell while considering previously implemented fracture and 

study advection mass transfer through injection rate, 

changes in heterogeneity and reservoir pressure, 
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• To investigate the effect of different acid concentrations on 

the efficiency of acid fracturing, 

• To recommend optimum conditions while considering all 

economic issues, in-situ conditions of the formation, rock 

mineral composition, and safety and environmental 

concerns. 

4. To study the long-term effect of acid after the injection process: 

• To prepare fractured samples within the acid while there are 

no injection and mass transfers only through dispersivity, 

• To predict long-term effect of acid within the formation and 

compare experimental results with the simulation model. 

 

4. Thesis Organization 

This study attempts to extend experimental studies for the utilization of acid in 

carbonaceous shales. Simulation studies and analytical modeling are also 

conducted to demonstrate the front movement of the fluid within the fractured 

structure. The flow chart of the thesis is shown in Figure 2. 

In Chapter 1, a brief description of previous studies and literature review 

regarding this area of acidizing is covered. The motive towards this study is also 

described briefly in this section. 

In Chapter 2, fracture conductivity was modelled through numerical simulation 

and validated with an experimental work. CMG-STARS as software for 

simulation of fluid flow in porous media is applied in this study. In contrast, it 

was mainly used for intact carbonate samples and investigating breakthrough 
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and wormholing in cores without fracture [44, 45]. Implementing fractured core 

in CMG-STARS and calibrating with experimental results have not been tested 

before, and it is a novelty of this work. In this regard, paper No. 1 is published 

in the Journal of Natural Gas Science and Engineering. 

In Chapter 3 & 4, the movement of the fluid front within the porous medium 

was studied. As acid reacts with carbonates only and carbonaceous shales are 

not completely made of carbonates, injection fluid front moves inside the 

medium without reacting. In this case, the driving mechanism for fluid 

displacement is saturation difference within the porous medium. The valid law 

for fluid movement is continuity equation and it can be in the form of co-current 

movement (displaced and displacing fluid move in the same direction) or 

counter-current movement (displaced and displacing fluid move in the opposite 

direction). To cover these movements, analytical models were suggested and 

exact solution attained and validated with previously published experimental 

data. These chapters resulted in two papers as paper No. 2 and No. 3.  

Chapter 5 & 6 was allocated to the experimental part of the thesis. Using 

rectangular carbonaceous shale core samples with rounded edges would help 

better simulation of fractures in downhole condition of shaly formations. 

Applying in-situ stress condition in such experiment, would be something 

interesting for the industry and can be counted as another significance of this 

thesis. Experimental tests performed on Eagle Ford shale samples in presence 

of proppant and optimized condition of acid achieved through a number of tests. 

Paper No. 5 is related to objective No. 4 and it is under review at the moment 

with the Journal of Fuel. 
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Figure 2: Flowchart showing the stream of the thesis and published papers in each chapter. 
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There are also cases where previously injected acid remains within the porous 

medium and cannot be displaced into the wellbore. The concentration of the 

acid in this case is much lower than initially injected acid, but it is in contact 

with the formation for a longer time. Therefore, its effect needs to be checked. 

Designing a new experimental setup and preparation of Eagle Ford disks, this 

effect was investigated for a long time and the results were validated by an 

analytical model. Both the experiments and the analytical model were the 

novelty of the work in this area and Paper No. 4 is accepted in the Journal of 

Petroleum Science and Engineering to fulfill objective No. 3. 
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Chapter 7: Conclusion and Recommendations



 

88 
 

The following general conclusion can be drawn from this PhD thesis: 

For the paper in Chapter 2, a numerical simulation model was developed and 

validated by experimental acidizing results through one pure carbonate fractured 

sample. Then, the model was reconstructed for different carbonaceous shale samples 

and simulation study performed. There is an optimum acid injection rate at which 

the required breakthrough pore volume is minimized inside the intact core sample 

while for fractured sample, this optimum injection rate is much lower at different 

carbonaceous shale samples (i.e., Eagle Ford, Cooper Basin, Sargelu, Lower Bakken 

and McArthur shale samples). By increasing acid concentration, the required 

breakthrough pore volume is reduced to a certain value (40% HCl) and then higher 

acid concentration has a reverse effect on acidizing efficiency as  rate of product 

transfer controls it. Within the fractured sample, the simulation showed that at lower 

acid concentrations (30% HCl), breakthrough pore volume is minimum and higher 

acid concentrations do not have a negative or positive effect on acidizing efficiency. 

The effect of temperature is also totally negligible. 

In Chapter 3 and 4,  two analytical models were established for non-reacting fluid 

saturation movement in porous medium, and exact functional forms were suggested 

for co-current and counter-current movement in a porous medium. The models were 

also validated with experimental results and showed the  functional form's accurate 

capability to predict saturation inside the medium. Using proposed analytical 

solutions, the front of the fluid within the medium can be determined precisely as a 

function of time and space. 

The whole concept of Chapter 5 can be divided into two disciplines. The acid 

reaction with the rock surface can be controlled with different parameters. Time is 

the most important of all. Low stagnant acid concentration (in the range of 1-5% 
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HCl) in long-term contact with the surface of the Eagle Ford can even induce some 

minor fractures and veins at a microscopic scale. The proposed mathematical model 

used to predict porosity alteration due to reaction with acid. The model was validated 

with experimental results at different acid concentrations, different brine types, and 

within a range of temperature changes.  

Chapter 6 is about the other effect of time on acidizing process. High concentration 

acid (5-15% HCl) front was injected during experimental works in this section. The 

efficiency of acidizing, is limited by the reaction rate or transfer rate of the products. 

For the propped medium, apart from acid concentration, the concentration of the 

proppants or the sizes of the proppants can also affect the efficiency of the acidizing 

operation. For the Eagle Ford shale sample in this study, the optimum condition is 

5-10% HCl acid, 600-710 μm of proppant size, 0.3 lb/ft2 of proppant concentration 

(close to mono-layer condition), and 8 ml/min injection rate of the acid. These are 

the optimum conditions at laboratory scale and can be modified for the field scale. 

Altogether, within this study the following bullet points were covered: 

✓ Geochemical study of the acid effect on shale rock types;  

✓ Modelling and simulation of acidizing through the fractures using 

commercial software after validating the model with experimental data; 

✓ Mathematical modelling of saturation front movement through the porous 

medium and introducing exact solution; 

✓ Preparation and conducting experimental setup for investigation of long-

term acid effect on shale rock types; 

✓ Proposing new mathematical model for acid diffusion inside the porous 

medium and validating with experimental results. 
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✓ Suggestion of methodology for production enhancement through propped 

fractures and optimize the field conditions based on that.     

For future works, the following goals can be examined: 

➢ Performing experimental tests on different carbonaceous shale samples 

other than Eagle Ford; 

➢ Proposing mathematical model for acid movement through the porous 

medium where both convection and diffusion terms are present; 

➢ Investigation of acid application inside non-propped fractured through the 

standard conductivity setup; 

➢ Long-term effect of acid on propped fractured sample to check the effect 

of proppant on recovery; 

➢ Utilization of graded proppant technology to explore the effect of diffusion 

on oil recovery from unconventional reservoirs;    




