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ABSTRACT 

 

Experimental and Theoretical Study of Surfactant-Based Acid Diverting Materials. 

(December 2010) 

Abdulwahab Hussain A. Alghamdi, B.S., King Fahd University of Petroleum & 

Minerals; M.S., Texas A&M University 

Co-Chairs of Advisory Committee: Dr. A. Dan Hill 

                                                                       Dr. Hisham Nasr-El-Din 
 
 

The purpose of matrix stimulation in carbonate reservoirs is to bypass damaged zones 

and increase the effective wellbore area. This can be achieved by creating highly 

conductive flow channels known as wormholes. A further injection of acid will follow a 

wormhole path where the permeability has increased significantly, leaving substantial 

intervals untreated. Diverting materials such as surfactant-based acids plays an important 

role in mitigating this problem. In this study and for the first time, 20-inch long cores 

were used to conduct the acidizing experiments in two configurations, single coreflood 

and parallel coreflood.  

The major findings from performing single coreflood experiments can be 

summarized as follows: The acid injection rate was found to be a critical parameter in 

maximizing the efficiency of using surfactant-based acids as a diverting chemical, in 

addition to creating wormholes. The maximum apparent viscosity, which developed 

during viscoelastic surfactant acid injection, occurred over a narrow range of acid 

injection rates. Higher injection rates were not effective in enhancing the acidizing 
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process, and the use of diverting material produced results similar to those of regular 

acids. The amount of calcium measured in the effluent samples suggests that, if the acid 

was injected below the optimum rate, it would allow the acid filtrate to extend further 

ahead of the wormhole; at some point, it would trigger the surfactant and form micelles. 

When the acid injection rate was lowered further to a value of 1.5 cm
3
/min, the fluid front 

developed in more progressive fashion and the calcium concentration was more 

significant, continuing to increase until wormhole breakthrough 

On the other hand, the parallel coreflood tests show several periods that can be 

identified from the shape of the flow rate distribution entering each core. The acid 

injection rate was confirmed as influencing the efficiency of the surfactant to divert acid. 

Acid diversion was noted to be most efficient at low rates (3 cm
3
/min). No significant 

diversion was noted at high initial permeability ratios, at least for the given core length.  

The use of surfactant-based acid was also found to be constrained by the scale of the 

initial permeability ratio. For permeability ratios greater than about 10, diversion was 

insufficient.  
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CHAPTER I  

INTRODUCTION 

1.1 Background 

1.1.1    Surfactant-Based Acid as Diverting Material 

The stimulation process starts by injecting an acid into a formation below the fracture 

pressure, which dissolves the carbonate minerals. The dissolution patterns created are 

known as wormholes. A relatively close permeability ratio is essential to ensure the 

proper placement of acid to stimulate the target zones. When such a condition is not 

present in the candidate formation, diversion is necessary for better acid placement. In 

this case, diverting materials play an important role in equalizing the flow, allowing 

untreated zones to be stimulated and thus , benefiting the overall productivity of the 

treated well. Historically, several techniques have been implemented for the aim of 

diverting the stimulation fluid to the target zones. These procedures can be classified 

into two main categories: mechanical and chemical.  

Extensive laboratory testing has been conducted to evaluate the diversion of a 

viscoelastic surfactant-based acid system. Chang et al. (2001) conducted multi-core 

flood testing, incorporating a post acidizing computed tomography (CT) scan, which 

showed that self-diverting acid successfully diverted acid from the high permeability 

core into lower permeability core. Also, they observed that the rock face remained clean 

with no trace of residue.  

 

____________ 
This dissertation follows the style of SPE Journal. 
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The cores were 1-inch in diameter by 4-inches in length, and injection rates 

ranging from 5 to 10 cm
3
/min were used simultaneously through all three cores. 

Lungwitz et al. (2006) demonstrated the diverting ability of the acid as a function of 

initial permeability, characterized by introducing the concept of maximum pressure ratio 

(dPmax/dPo) supported by core-flow tests. They showed that the surfactant exhibits better 

clean-up behavior as demonstrated by the low flow initiation pressure (FIP) and high 

regained permeability, using gas or brine as a displacement fluid. Nasr-El-Din et al. 

(2006, 2009) conducted parallel flow testing on a similar type of surfactant material. In 

addition to what has been observed in the literature, they noticed that in all cases, the 

effluent volume through the lower permeability core was greater than through the higher 

permeability core. As a result, acid breakthrough occurred first with the lower 

permeability core. Tardy et al. (2007) developed a new set of parameters characterizing 

the reactive flow of a self-diverting acid, which were used later to model the process. 

They found that self-diverting acids are characterized by two parameters that can be 

expressed in terms of wormhole penetration and zonal coverage. Their experimental set-

up combined multiple pressure taps along the core in an attempt to assess the 

displacement pattern in the core. They concluded that wormholes are virtually infinitely 

conductive and the build-up in viscosity occurs in the matrix around the wormhole.  

These studies agree on the following: 1) the inlet face of the core is free from 

residue, indicating that surfactant fluids do not damage injectivity in the cores used; 2) 

offsets in pressure buildup between the lower permeability core and the higher 

permeability core were noted for all tests; 3) surfactant-based acid demonstrates superior 
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diversion capability by its sustained viscosity when pH increases above 2; and 4) 

surfactants exhibit similar or better cleanup behavior than do polymer-based acid 

systems. 

      Many questions remain regarding how diversion occurs as surfactant-based  

fluids flow inside the porous media and what parameters control the diverting process. 

Such questions can be addressed by utilizing long cores, and by measuring the 

concentration of acid, HCl, in the core effluent samples. To the best of the author’s 

knowledge, these measurements were not conducted in previous studies dealing with 

surfactant-based acids. Table 1 summarizes the most recent lab work conducted using 

parallel coreflood to study the flow of surfactant-based acid in porous media.  

 

 

 
TABLE 1-RE CENT PUBLICAT IONS ON CORE FLOOD EXPE RIMENTS USE D TO STUDY THE BEHAVIOR 

OF SURFACTANT-B ASED ACID IN POROUS ME DIA. 

Reference 
Length 
(inch) 

Diameter 
(inch) 

Aspect 
Ratio, L/D 

Flow Rate 
(cm

3
/min) 

Temperature 
(

o
F) 

Lithology 

Frank et al. 

 2001 
4 1 4 5 to 10 150 

Indiana 

Limestone 
Lungwitz et al. 

2006 
5 to 6 1 or 1.5 4.4 1 Up to 240 

Indiana 
Limestone 

Nasr-El-Din et 
al. 2006 

2 1 2 5 Up to 220 
Indiana 

Limestone 
Tardy et al. 

2007* 
6 1.5 4 13 150 

Indiana 

Limestone 
Alghamdi et al. 

2009 
20 1.5 13 1.5 to 50 Up to 180 

Pink desert  
limestone 

 

* In addition to linear core-flood, Tardy et al. (2007) conducted radial core-flood experiments  
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1.1.2    Optimum Injection Rate for Wormhole Propagation 

The wormhole process is consistently a subject of interest for scientists, who put a great 

deal of effort toward understanding the process and describing the best design treatment 

to maximize the efficiency of the wormhole process and the overall acidizing treatment. 

Over the past 40 years, numerous studies that have addressed this subject can be 

classified into six categories (notice the citations include work by the earliest authors) : 

1) understanding reactive dissolution in carbonate reservoir when acid is injected for 

stimulation purpose (Williams et al. (1979); Lund et al. (1973,1975); Daccord and 

Leonormand (1987)); 2) studying the influence of reaction and transport mechanisms on 

wormhole formation and optimum conditions for injection (Fredd and Fogler (1998); 

Buijse (1997); Bazin (2001)); 3) investigating the dependency of pore volume to 

breakthrough on acid concentration, temperature, porosity, and permeability (Talbot and 

Gdanski (2008)); 4) studying reactive dissolution in radial geometry (Daccord and 

Leonormand (1987); Frick et al. (1994)); 5) modeling the linear flow of acid under 

contained conditions by understanding the complexity of the dissolution phenomenon 

pattern (Daccord and Leonormand (1987) ; Williams et al. (1979); Hoefner and Fogler 

(1985, 1988)); 6) modeling wormhole formation under radial flow conditions (Daccord 

and Leonormand (1987); Pichler et al. (1992); Gdanski (1999)) ; 6) predicting the 

optimum injection rate under field conditions by extending the results from laboratory 

scale experiments and models to reservoir scale (Fredd and Fogler (1999); Bazin 

(2001)).  



 5 

To obtain deep penetrating wormholes, three important parameters that can be 

controlled must be considered, as summarized by Glasbergen and Kalia (2009): fluid 

volume, injection flow rate, and fluid type. 

The importance of fluid volume is realized from the fact that a larger amount 

leads to deeper fluid invasion and consequently deeper wormhole penetration. Lab work 

has shown that, when acid is injected at very low injection rate, no wormhole is 

observed, but the acid dissolved part of the rock, a phenomenon known as face 

dissolution. On the other hand, when acid is injected at an extremely high flow rate, such 

a strategy will result in a highly branched wormhole pattern known as ramified 

wormhole. It is believed that between these two extreme scenarios , an optimum injection 

rate exists that will lead to the deepest wormhole penetration, taking into consideration 

the acid volume to be injected. P lotting the PVbt verses injection rate shows a minimum 

number of PVbt,which corresponds to optimum injection rate. Other factors affecting the 

wormhole propagation are based on the fluid types used in the acidizing job. Some will 

behave better for wormhole propagation under known reservoir conditions, such as 

temperature, mineralogy, and permeability. Therefore, an important step in the designing 

process includes selecting the acid type, concentration, and additives needed.    

Most lab experiments published on this subject concern HCl in limestone cores. 

Further tests are required to understand the behavior of other fluids that retard acid 

spending, such as emulsified acids, surfactant-based acids and so on. The preliminary 

conclusions by Glasbergen et al. (2009) and Bazin (2001) indicated that for emulsified 

acids, no optimal wormhole injection rate exists in linear-core tests for plain HCl, but 
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not necessarily for more complex fluids under conditions that can be measured in the 

laboratory. 

Another parameter increasing the complexity of understanding the mechanism of 

wormhole propagation is the fact that most laboratory wormhole tests utilize controlled 

conditions in linear cores. However, under field conditions, several other factors will 

play roles, as summarized by Abou-Sayed et al. (2005). Some of these factors are: radial 

flow instead of linear flow, injection flow rate limitation, heterogeneities in 

permeability, variation in reservoir pressure, heterogeneities in mineralogy, and variation 

in injection temperature. For example, in the case of radial flow, constant injection rate 

has been found to be inefficient for the wormhole-growth rate. This is because there is 

not a single optimal-pump rate, but it continues to increase with wormhole penetration 

depth (Tardy et al.(2007)). 

1.2 Carbonate Acidizing and Acid Placement 

1.2.1    Stimulation Technique 

One of the most common reasons for a decline in oil production is “damage” to the 

formation that plugs the rock pores and acts as a barrier to the oil flow. Examples of the 

formation damage include: spent drilling fluid, fines migration, paraffin, mineral 

precipitation (scale). Another reason is that the formation is naturally tight (low 

permeability formations) which will result in a very slow movement of oil toward the 

wellbore. 

 In order to increase the net permeability of the reservoir and overcome the 

problems mentioned earlier, stimulation techniques can be applied. There are basically 
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three stimulation techniques: (1) injecting chemicals into the wellbore to react with and 

dissolve the damage (e.g., wellbore coating); (2) injecting chemicals through the 

wellbore and into the formation to react with and dissolve small portions of the 

formation to create alternative flow paths for the hydrocarbon; or (3) injecting chemicals 

through the wellbore and into the formation at pressures sufficient to actually fracture 

the formation. The subject of this study is related to the second stimulation technique 

and has some application to the third type. Abou-Sayed et al. (2005), Hutchins et al. 

(1996), Moradi-Araghi et al. (1988)  

1.2.2    Geometry of the Wormhole and Pore Volume Breakthrough Concept  

Two parameters control the reaction rates which result in dissolving rock formation 

when an acid, such as HCl, contacts the rock. These two parameters are the acid 

transport rate to the rock surface and the intrinsic reaction kinetics once acid reaches the 

rock surface. Several authors (William et al. (1979) and Hung (1987)) have investigated 

the nature of the reaction between HCl and calcite. The result shows that due to the fast 

reaction as acid contacts the rock, the reaction rate can be controlled by the rate of acid 

transfer to the reactive surface.  

In matrix treatments, formation properties, such as permeability and porosity, 

determine the direction and magnitude of fluid flow, but these properties are 

continuously altered as a result of acid-rock dissolution.   

Wormhole is a result of two physically distinct, but intrinsically connected, 

processes (Buijse et al. (1997), and Fredd and Fogler (1999): 
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1) The chemistry of acid reaction and acid spending in the tock pores and in 

wormholes, and 

2) The physics of fluid loss from wormhole to formation and fluid distribution in a 

multiple wormhole geometry 

Acid propagation can be described in three dissolution regimes, characterized by 

low injection rate (compact dissolution), optimum injection rate, and high injection rate  

(uniform dissolution). The three dissolution types are described below.  

Low injection rate and compact dissolution: At a very low injection rate, or high 

diffusion rate, all acid will be spent on the wormhole wall before it reaches the tip. The 

wormhole propagation rate is zero and compact dissolution is the result. Compact 

dissolution must be avoided in matrix acid treatment in the field because it enlarges the 

wellbore diameter.  

Optimum injection rate: The optimum injection rate is reached when the reduced 

wormhole propagation rate is at maximum. Also, the optimum rate depends on 

wormhole length. As the wormhole length increases, a higher injection rate is required to 

maintain sufficient live acid at the tip of the wormhole.  

High injection rate: At a higher injection rate, only a small fraction of acid will be spent 

on the wormhole wall and a large fraction of acid will reach the tip. The result will be a 

highly branched, high-density wormhole pattern, comprising a thin wormhole.   

Another concept used significantly in this study to describe the efficiency of the 

wormhole process is pore volume breakthrough. The pore volume to breakthrough 

(PVBT) ratio represents the volume of acid required for breakthrough to the pore volume 
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of the core. Two velocity components can be described in two wormhole process: 

wormhole velocity and interstitial velocity. Wormhole velocity is the ratio of interstitial 

velocity to PVBT, which is a measure of the velocity of the improved permeability front. 

Interstitial velocity is a measure of the velocity of the fluid front. Note that for most of 

the experiments in this study, the improved permeability front moved much faster than 

the fluid front. However, generally, the improved permeability front can be ahead of or 

behind the fluid front, depending on the type and concentration of acid used and 

injection rate.  

1.2.3    Technique to Control Acid Placement 

The techniques to control acid placement can be divided into either mechanical or 

chemical techniques. Mechanical techniques include ball sealers, packers and bridge 

plugs, coiled tubing and bull-heading. 

The idea of ball sealers is to drop a ball into the wellbore to plug the perforations 

in the well casing, which will act as a sealant against fluid entry. An example of packers 

and bridge plugs, in particular, is straddle packers which is a mechanical device that 

plugs a portion of the wellbore and thereby inhibits fluid entry into the perforations 

around that portion of the wellbore. Coiled tubing is described as a mechanized reel, 

through which the acid can be delivered more precisely to locations within the wellbore. 

The last mechanical technique is bull-heading, which essentially depends on pumping 

the acid at the highest possible injection rate keeping in mind the injection pressure will 

not exceed the fracture pressure of the formation. Fig.1 shows the classification of 

techniques to control acid placement.   



 10 

Techniques to Control Acid Placement 

Mechanical                    Chemical

Ball sealers

Packers

Coiled tubing

Bull-heading

Modify the 

wellbore

Modify the 

acid  

Foaming agents

Emulsifying agents

Gelling agents

Polymer-based 

acids 

Surfactant-based 

acids 

e.g Filter cake

 
 

Fig. 1— Techniques to control acid placement: 1) Mechanical; 2) Chemical. Surfactant-based acid is 

one method among several other techniques. 

 
 

 

Chemical techniques can be further divided into ones that chemically modify the 

wellbore, and ones that modify the acid-containing fluid itself. The first type involves 

materials that form a reduced-permeability cake on the wellbore face which, upon 

contact with the acid, will divert it to higher permeability regions. The second type 

includes foaming agents, emulsifying agents , and gelling agents. 

The primary fluid used in acid treatments of chemical diversion systems directed 

at modifying the acid is hydrochloric acid. Emulsified acid systems and foamed systems 

are other commercially available responses to the diversion problem, the operational 

complexity of both systems and the limitation of the applications drive researchers to 

develop more sustainable systems with better operational capability.  This leaves gelling 

agents as the class of diverters which this research studies. The principle behind this 



 11 

system is to increase viscosity to makes it more difficult for the fluid to invade more 

permeable zones and push toward un-invaded zones. Depending on the viscosifiying 

agent, these systems can be divided into two main categories:  polymer-based acids and 

surfactant-based acids. The present study is related to the second type of gelling agent. 

Lockhart and Albonico (1992), Sydansk (1995), Nasr-El-Din et al. (2004), and Shimizu 

et al. (2005).  

To overcome potential problems associated with polymer-based acids, surfactant-

based acids were introduced over the last 10 years. These systems are easy to mix in the 

field, and use fewer additives than those utilized in polymer-based acids. Surfactant-

based acids have been extensively used in both matrix stimulation,
 
and acid fracturing. 

Field application using surfactant-based acids have been very positive, as highlighted by 

several authors (Nasr-El-Din et al. (2008). 

1.3 Objectives 

The objectives of this work are to: 1) examine the propagation of surfactant-based fluids 

in carbonate cores, 2) conduct parallel coreflood experiments using 20 inches core 

length, 3) identify main parameters that affect the characteristics of generated 

wormholes, and (4) identify the conditions under which surfactant-based acids work as 

diverting agents. These objectives were achieved by conducting experiments using long 

cores, monitoring the pressure drop across the cores, and measuring the concentration of 

calcium ions and acid concentration in the core effluent. In addition, the cores were 

scanned with X-rays before and after injecting the subject acids into the core. Both 

regular and surfactant-based acids were tested.  
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CHAPTER II 

EXPERIMENTAL STUDIES 

2.1 Material  

Two acid systems were used to conduct the acidizing experiments: regular and 

surfactant-based acids. Both acids contained 15 wt% HCl and a corrosion inhibitor (main 

components: methanol; aliphatic amide; and quaternary ammonium compounds). The 

surfactant-based acid contained 7.5 vol% of an amphoteric surfactant.  Hydrochloric acid 

and water (total dissolved solids, TDS = 500 ppm) were used to prepare the acid 

solutions. The mixing procedure started by adding 0. 3 vol% corrosion inhibitor to the 

water. Then, the surfactant was added at 7.5 vol%, followed by concentrated acid added 

to the mixture such that the final concentration was 15 wt% HCl. During the mixing 

procedure, a magnetic stirrer was used, which allowed working with small volumes 

without trapping air bubbles.  

          Based on the permeability requirement, three calcite rock types were used in this 

study: Austin cream chalk, Edward limestone , and Pink Desert. The cream chalk core 

samples had permeabilities around 5 md (within ±3 md). The Edward limestone cores 

had permeabilities of 20 to 60 md. The Pink Desert cores had permeabilities of 50 to 150 

md. Since both cream chalk and Edward limestone are used extensively in the industry, I 

will keep the geological description limited to the Pink Desert type of rock. Table 2 

summarizes the geologic properties for the pink desert formation including the geology 

classification.  
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TABLE 2— GEOLOGIC DES CRIPTION OF THE PINK DESE RT FORMATIO N USED IN THE STUDY . 
 

Parameter  Description  

Rock type  Limestone  

Color  Light pink 

Bedding & sedimentary structures  No visible original depositional texture. 

Dunham classification  Grainstone  

Main grain types  Non skeletal/ peloid and crystalline. Dendritic growth forms 
of the widespread calcimicrobe organism (Epiphyton) are 

present in some places. 

Visible porosity Intercrystal and moldic 

Cement matrix  Calcite as cement and matrix 

Genetic classification of carbonate 

porosity  

Hybrid 1 (hybrid of depositional and diagenetic processes) 

 

 
 

      CT imaging was conducted with a 4
th

 generation CT scanner. In this technique, 

an X-ray beam from the CT scanner is attenuated when it passes through the carbonate 

sample. The attenuation depends on the density of the minerals and is calibrated to the 

bulk density if the rock. Volume unit in tomogarph are called voxels. In this work, the 

voxel size in the x- and y- directions (in-slice) is 0.48 mm and the slice distance in the z-

direction was fixed at 2 mm. X-Ray CT scans were taken along the core. The cores were 

scanned from the inlet to the outlet of the core. The slice thickness and separation 

distance between slices were 2 mm and 5 mm, respectively. Auzerais et al. (1991), and 

Akin et al. (2003) provided more details on the CT scanning. 

2.2 Experiment Work Flow 

Fig. 2 illustrates the sequence of the lab work followed to generate the necessary data. 

The procedure began by preparing the core sample, this include measuring the core 

weight before and after saturation, to measure the porosity and verify the value with the 

value measured  using the CT. To ensure an adequate homogeneity of the core sample, 
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early in this study, a procedure was put in place to scan the core before the acidizing 

experiment. At this stage, the core sample was ready and the acidizing experiment 

performed. During the acidizing experiment , an automated fraction collector was 

attached to the outlet of the core–holder to allow the user to automatically collect the 

effluent samples as frequently as needed. This procedure was mainly applied if calcium 

analysis was part of the experimental procedure or in the case of parallel coreflood 

experiments, where the flow rate entered in each core was monitored to track the fluid 

distribution. During the test, Δp was measured continuously. By this stage, the 

experiment was over and the effluent samples were used to measure volume and calcium 

using Atomic Absorption Spectroscopy. Also, HCl concentration can be measured. For 

image processing, both VoxlCalc and AVS software can be used to generate a cross 

sectional area for each slice along the core and a 3-D image for the wormhole. Other 

plots, such as pore volume breakthrough and pressure date analysis , were prepared for 

further discussion.  
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Fig. 2—The flow work from sample preparation through final results. 
 

 
 

2.3 Surfactant Based-Acid System  

2.3.1    Mechanism 

The viscoelastic surfactant system used is a blend of an amphoteric surfactant and 

solvents. This surfactant is carboxybetaine with a general formula of R-CO-NH-(CH2)n-

N
+
-(CH3)2-(CH2)P-COO

-
, where R =  a hydrocarbyl group. The quaternary group carries 

a positive charge (cationic) in live acids. Once the acid reacts with carbonate rocks (Eqs. 

1 and 2) and the pH increases to a value greater than the isoelectric point, pH 2 to 3, the 

carboxylic group carries a negative charge and the surfactant acts as a zwitterionic 

surfactant (i.e., carries positive and negative charges at the same time).  

CaCO3 + 2 HCl    CaCl2 + CO2 + H2O........................................................................(1) 

CaMg(CO3)2 + 4 HCl  CaCl2 + MgCl2 + 2 CO2 + 2 H2O............................................(2) 

One possible explanation for the viscosity build-up is that surfactant molecules 

form rod-shaped micelles when the pH values increase to a value greater than 2 and the 
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concentration of divalent cations (Ca
2+

 and Mg
2+

) increases in the spent acid. The rod-

shaped micelles will significantly increase the viscosity of the spent acid.  Entanglement 

of these micelles results in a 3-D structure, which will further increase the apparent 

viscosity of the solution.  In-situ build-up of apparent viscosity will divert the acid into 

tight un-stimulated and/or highly damaged zones.   

To break the surfactant gel, one must convert the micelles from their rod-shaped 

structure into spherical ones. This can be done in water injectors by reducing the 

concentration of the surfactant and/or salts by dilution with the injection water.  In oil or 

gas wells, the surfactant gel can be broken by mixing the gel with a hydrocarbon phase 

(oil or condensate). Pre and post flushes that include a mutual solvent (e.g., ethylene 

gylcol monobutyl ether) can be used in all wells to break the surfactant gel.  Even though 

the system has been proven to be a self breaker, there have been recent improvements in 

developing internal breakers that can break gels with high surfactant concentrations. 

(Nasr-El-Din et al. (2008); Chang et al. (1999)). 

There are several ways that viscoelastic surfactant can affect the reaction of acid 

with the rock. The viscoelastic surfactant will increase the viscosity of the acid, which 

reduces the rate of transfer of H
+
 from the bulk solution to the surface of the formation. 

Viscoelastic surfactant molecules can absorb on the rock surface and form a  barrier that 

reduces acid reaction with the rock. Finally, viscoelastic surfactant solutions are non-

Newtonian fluids and can change the flow pattern close to surface of the rock, and 

therefore, affect the way the acid reacts with the rock.  
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Research on the effects of surfactant on the dissolution rate of calcite and the impact of a 

surfactant on the diffusion coefficient of H
+
 was completed by AlMohamed et al. 2006. 

Based on their study the surfactant reduces both the dissolution rate of calcite with HCl 

acid and the diffusion coefficient for H
+
. 

The physical properties of viscoelastic surfactants are a complex function of 

surfactant type, concentration, additives, salinity, temperature, and shear rate. These 

properties are more complicated for betaine surfactants, where the rheological 

properties, surface tension, and adsorption characteristics depend on the pH level, in 

addition to the above mentioned parameters. Nasr-El-Din et al. (2008)  invesigated  more

in  depth  how  parameters such as concentration, additives,  etc.,  affect  the  rheological 

properties of surfactant. 

2.3.2    Why Surfactant-Based Acid 

Chemical diverters can be achieved through placing viscous fluid into the matrix to 

decrease injectivity, using foam or particulate diverting agents which create a filter cake. 

This filter cake results in a temporary skin effect that alters the injection profile. For this 

reason, polymer and surfactant based acids are being used increasingly as a mean of 

improving acid placement. The polymer-based acid diversion stages provide a means of 

slowing down the acid reaction and increasing resistance to flow by a particular interval 

to allow diversion to another zone. This technique has been used successfully in 

diverting matrix acid treatment. Success has been achieved in controlling fluid loss in 

carbonates by using special polymer systems which viscosify and weakly crosslink, as 

the acid spends and pH increases. The cross-linked gel thus created is quite unstable and 
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begins to break down as the acid neutralizes with exposure to excess carbonate. The 

crosslink time, however, is generally sufficient to create resistance for the cross-linked, 

partially spent acid to leak off, thus creating sufficient back pressure to send subsequent 

volumes of acid to other portions of the interval. These types of polymer systems have 

been used successfully in a variety of wellbores, including horizontal wells. So, why has 

surfactant-based acid received considerable attention over the past 10 years?. Table 3 

summarizes the characteristic of each system; clearly, surfactants surpass the use of 

polymer for several reasons.  

 

 

 

TABLE 3 —  SUMMARY OF POLYMER AND SURFACTANT DIVERTING SYSTEMS.  

Diversion 
system 

Characteristics 

P
o
ly

m
er

-B
a

se
d

 A
ci

d
 

 The in-situ gelled acids cause loss of core permeability in tight carbonate cores. 
 Precipitation of the cross-linker (iron) at high temperature and in sour 

environment. 
 H2S scavengers may interact with the polymer and lose their ability to remove 

hydrogen sulfide.  

 Large volume normally needed. 
 It could form external filter cake that reduces injectivity 

S
u

r
fa

c
ta

n
t-

B
a

se
d

 A
ci

d
  Simple system requires minimum additives.  

 Can be placed using bullheading or CT. 
 Ability to break when coming into contact with hydrocarbons. 

 High level of ferric iron can adversely affect the apparent viscosity. 
 Requires fewer stages compared with other acid systems. 
 Reduces friction loss in CT resulting in high pumping rate ~2.3 bpm.  

 More economical as it can save an average of two days of rig time. 
 Volume needed for the same treatment is less than PBS. 

 Doesn’t tolerate hydrocarbons, therefore, spacer needed.  
 Shorter time is needed to lift spent acid due to reduction in surface tension. 
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CHAPTER III 

SINGLE COREFLOOD 

3.1 Procedure 

The sequence of the lab work followed to generate the necessary single coreflood data 

can be summarized as follows: 

 Prepared the core sample including weighing the limestone core dry. Then, the 

core was saturated using fresh water with a TDS of 500 ppm. The weight 

measurement was used to calculate porosity and establish a baseline for the 

porosity estimated from the CT (Computed Tomographic) scans. 

 Measured the initial permeability using fresh water. 

 Conducted the acidizing experiment at a constant flow rate and monitored the 

pressure drop across the core. 

 Collected effluent samples, using a fraction collector.   

 Examined the core using the CT scan to characterize wormholes generated by 

acids.  

 Analyzed the effluent samples for Ca
++

 content, HCl concentration, and pH.  

Fig. 3 is a schematic diagram of the matrix acidizing set-up used in this study. A 

back pressure was necessary during the experiments in order to keep CO2 in solution. 

Therefore, a back pressure regulator (model S91-W) was set at 1000 psi. Finally, the 

pressure drop was sensed with a set of FOXBORO differential pressure gauge models, 

IDP10-T26(C-D-E) 21F-M2L1. There were three gauges installed with ranges of 0-300 

psi, 0-1500 psi, and 0-3000 psi. The calcium concentration in the core effluent samples 
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was measured by Atomic Absorption Spectroscopy (Analyst 700). To measure density 

and pH, an Orion model 950 meter and a Parmer NaOH single junction pH electrode 

were used. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3— A schematic diagram of matrix acidizing set-up. 

 

 
 

      The results obtained will be presented in two major parts. First, the flow of 

regular acid in calcite cores was examined. Second, the flow of surfactant-based acids 

was investigated.  
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3.2 Propagation of Regular Acid in Carbonate Cores 

In section 3.2, four experiments conducted with regular acid at four different flow rates 

are presented.  The flow rate was kept constant during each experiment, and the pressure 

drop across the core was monitored.  A new core was used in each experiment. The four 

experiments were conducted to validate the experimental procedure, establish a baseline 

for wormhole characteristics and determine pH, calcium, and HCl concentrations in the 

effluent samples, which will enable us to gain insight regarding the nature of the 

chemical reaction takes place inside the core.  These values will be compared later with 

those obtained when surfactant-based acid was used.  

Experiment #1 (Low injection rate) 

      In experiment #1, the injection rate was 3 cm
3
/min in order to establish a longer 

acid front. Therefore, calc ium concentration was measured during the acidizing process 

for all effluent samples. Table 4 gives the permeability, porosity, flow rate, and pore 

volume to breakthrough for this experiment and other experiments included in Chapter 

III. 
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TABLE 4— SUMMARY OF CORE FLOOD E XPE RIMENTS ; SINGLE COREFLOOD. 
 

Experiment # 

Acid 

System Initial Permeability (md) 

Initial 

Porosity 
(vol% ) 

FlowRate 
(cm

3
/min) 

PVbt 

1 

R
e
g

u
la

r
 

A
c
id

 

66 23 3 1.32 

2 101 30 6.75 1.45 

3 95 28 15 0.97 

4 85 23 20 0.84 

      

5 

su
r
fa

c
ta

n
t 

A
c
id

 

57 13 5.5 1.82 

6 73 20 15 1.23 

7 83 25 3 1.22 

       

 
 
 

During the experiment, the pressure drop across the core was monitored.  The 

pressure drop slightly decreased upon acid injection for long periods then started to 

decrease almost linearly with time, until acid breakthrough, Fig. 4.  As expected, at acid 

breakthrough in the core, a sudden increase in the calcium concentration in the effluent 

sample was noted.  Calcium levels reached an average of 120,100 g/l, as shown in Fig. 

5, which is more than double that measured when the acid injection rate was 15 cm
3
/min. 

The amount of calcium measured in the effluent samples suggests that as acid injected 

below the optimum rate allows the acid filtrate to extend further ahead of the wormhole. 

This is indicated by a significant increase in the amount of calcium measured in the 

effluent samples as the wormhole approaches the other end of the core. This observation 

proves to be an important aspect when surfactant-acid system is used, as demonstrated in 

section 3.3.  
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Fig. 4— Pressure drop across the core; 15 wt%  HCl; experiment (1).  
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Fig. 5—Acid concentration and calcium content (ppm) in the core effluent; experiment (1). 
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 Fig. 6 shows a cross-sectional area for each slice along the core length after 

acidizing, combined with a 3-D visualization image for the wormhole. The spacing 

between each slice is set at 2 mm, which makes 100 slices per 20-inch single core.  

Notice that the diameter of the wormhole in the second half of the core was significantly 

smaller compared with the diameter of the wormhole in the first half of the core; this 

was not observed at the higher flow rate. The diameter of the wormhole in the second 

half of the core at an injection rate of 3 cm
3
/min was 0.11 inch compared with 0.22 inch 

at an injection rate of 15 cm
3
/min.   
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Fig. 6— A cross sectional area for each slice along the core length after acidizing combined with a 3-

D visualization image for the wormhole for experiment (1). 
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Experiment #2 (moderate injection rate) 

      In experiment #2, acid was injected at a flow rate of 6.75 cm
3
/min. During the 

experiment, the pressure drop across the core was monitored.  The pressure drop slightly 

decreased upon acid injection, then started to decrease almost linearly with time, until 

acid breakthrough, Fig. 7.  After acid breakthrough, the pressure drop across the core 

was nearly zero. 
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Fig. 7— Typical pressure drop response during injection of regular 15 wt%  HCl in limestone cores 

at 6.75 cm
3
/min at room temperature, experiment (2). 

 

 
 
 

 
 

      Fig. 8 shows a cross-sectional area for each slice along the core length after 

acidizing, combined with a 3-D visualization image for the wormhole. 
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Fig. 8— A cross sectional area for each slice along the core length after acidizing combined with a 3-

D visualization image for the wormhole for experiment (2). 

 

 

 

Experiment #3 (high injection rate) 

      In the third experiment, the acid injection rate was increased to 15 cm
3
/min.  The 

pressure drop across the core changed with time in a manner similar to that noted at the 

lower flow rate. However, the initial period where the pressure slightly declined was 

much shorter. This period represents the time for the acid to initiate the wormhole and 

consequently, pressure drop occurred thereafter. The higher the injection rate the faster 

the wormhole can be initiated, Fig. 9. In this experiment, it took less time for the acid to 

break through the core compared to the lower injection rate. Acid breakthrough occurred 
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after 15 minutes of acid injection. Acid continued to be injected for another five minutes 

before switching to brine. 
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Fig. 9— Pressure drop across the core. Acid injection continued after breakthrough to confirm the 

acid strength as wormhole propagated inside the core; 15 wt%  HCl; experiment (3). 

 
 

 
 

      Calcium concentration was measured in the core effluent samples before acid 

breakthrough and was found to be ~ 2,000 ppm.  With acid breakthrough from the core, 

a sudden increase in the calcium concentration in the eff luent sample was noted.  

Calcium levels reached an average of 55,000 ppm, Fig. 10. Five minutes after acid 

breakthrough, the Ca
++

 concentration dropped to the initial value. The HCl concentration 

in the collected samples was not significant before acid breakthrough, which mainly 
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represents the unacidized zone followed by the acid filtrate. However, after wormhole 

breakthrough, the average HCl concentration increased to 8 wt% HCl. This 

concentration represents acid strength at the tip of the wormhole at acid breakthrough. 

The pH profile , another indication of acid concentration, was measured during the 

acidizing experiment, as shown in Fig. 10. The pH value was measured as basic in all 

the effluent samples. However, after acid breakthrough, the pH value was negative until 

all acid was flushed from the core. At the end of the experiment , the pH value level was 

nearly 2. 
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Fig. 10—The pH and calcium concentration (ppm) in the core effluent; experiment (3).       

 

 
   

Fig. 11 shows a cross-sectional area for each slice along the core length after 

acidizing combined with a 3-D visualization image for the wormhole. The wormhole 
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diameter was observed to be almost constant throughout the core length and measured to 

be 0.22 inch. 
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Fig. 11— A cross sectional area for each slice along the core length after acidizing combined with a 

3-D visualization image for the wormhole for experiment (3). 

 
 

 
 

Experiment #4 (high injection rate) 

      In the fourth experiment, the flow rate was further increased to 20 cm
3
/min.  The 

period of slight decrease in the pressure drop almost disappeared, and the pressure drop 

decreased nearly the entire time the acid was being injected, Fig. 12. The acid 

breakthrough occurred after 5.8 minutes of acid injection.  Fig. 13 shows the pH 

measurements for the effluent sample for a given acid concentration 
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Fig. 12— Pressure drop across the core. Acid was injected after breakthrough to confirm the acid 

strength as wormhole propagated inside the core, experiment (4). 
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Fig. 13—pH and acid concentration for the effluent samples.  
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Fig. 14 compares the normalized pressure drop as a function of pore volume 

injected until acid breakthrough at different rates. At a relatively high injection rate, the 

pressure drop can be correlated linearly with the pore volume injected. However, as the 

acid injection decreases to 3 cm
3
/min, as illustrated in Fig. 14, the linear correlation is 

represented by different slopes.  The slope was less steep as the acid injection decreased, 

which allowed the acid to leak off more in the direction perpendicular to the main acid 

flow path. This can be represented by different slopes, as well as higher pore volume to 

breakthrough at a lower injection rate (1.32 compared with 0.97). The pressure decline 

was noticeably sharper as the wormhole propagated more inside the core. Fig. 15 shows 

the shape of the wormhole as the acid injection rate changed. Clearly, at 3 cm
3
/min, the 

wormhole tended to be thinner as the wormhole propagated further inside the core until 

acid breakthrough, as previously discussed. Notice the scale on Fig. 15 corresponding to 

different setting during the scanning procedure. To be able to compare the diameter of 

wormholes at different flow rates, Fig. 16 shows the first 5 inches of the each wormhole 

using the same scale.    
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Fig. 14— Normalized pressure drop as a function of pore volume injected until acid breakthrough; 

15 wt% HCl. 
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Fig. 15— Shape of the wormhole at different flow rates; 15 wt%  HCl. 
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Fig. 16— Comparing diameter of wormholes at different flow rate on the same scale. 

 
 

 

3.3 Propagation of Surfactant-Based Acid in Carbonate Cores 

Next, three experiments were performed using 15 wt% HCl + 7.5 vol% surfactant + 0.3 

vol%  corrosion inhibitor injected into limestone single cores at flow rates of 3, 5.5 and 

15  cm
3
/min, respectively.  

Depending on the injection rate, as acid enters the core, the Δp should increase 

differently, as illustrated in the next three experiments. The duration of this period and 

the magnitude of its frequency, combined with the maximum resistivity pressure that can 

be obtained, is crucial behavior to understand as it reflects the efficiency of the diverting 

material. As more live acid is injected in the core, it will allow the wormhole to 

propagate inside the filtrate zone causing a sharp reduction in pressure build-up. After 

reaching a minimum value, the process will repeat itself until wormhole breakthrough. 
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Clearly, this was not the case when regular acid was used, whereby the pressure drop 

declined linearly as acid entered the core and wormhole propagation began in the core.  

      Since the flow rate was kept constant, two mechanisms took place 

simultaneously while the acid was injected, thus affecting Δp differently.  

      Darcy’s law for a linear flow assuming laminar flow/Newtonian fluid is                 

kA

Lq
p


 ………………………………………………………………………………(3) 

 
      The two mechanisms are in-situ viscosity and effective permeability. First, as the 

acid was injected, a wormhole was created, which increased the effective permeability of 

the core and decreased Δp. On the other hand, as the acid propagated in the core and the 

surfactant entanglement built up viscosity, the pressure drop increased.  Now, the 

apparent viscosity changed according to the effective shear rate, which consists of two 

parts (Delshad et al., 2008): shear viscosity-dominant part, μsh, and elongational-

viscosity-dominant part, μel: 

elsh   ………………………………..……………….…………………………(4) 

      If elongated viscosity is significant, that could explain part of the process. As the 

elongated viscosity increases, Δp will increase to compensate for the pressure needed for 

a constant flow rate. The dominant mechanism will reflect Δp more by either lowering 

or increasing its value. As the acid flows in the wormhole, four periods can be identified 

as follows: 

1. Period A ; this period contained the initial plateau expected in an acidizing 

experiment. The viscosity effect overcame any decrease in the pressure that could 
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possibly be caused by dissolving the rock matrix. The measured Δp prior to period A 

corresponded to the brine injection with a viscosity of nearly 1 cp. As self–diverting 

acid was injected, with a viscosity higher than the brine, Δp was expected to increase 

to maintain a constant flow rate. Several factors can affect Δp, including the 

characteristics of the core given by the permeability, flow rate and the acid system 

properties. Importantly, if the acid injection rate was low enough, this period would 

be dominant and the pressure build-up would reach the maximum value. The 

effective shear rate was calculated using Eq. (5), (Delshad et al. 2008). After that, the 

viscosity value was obtained from the corresponding viscosity measurements 

reported by Nasr-El-Din et al. (2008). Based on the effective shear rate and the 

corresponding measured viscocity, it was found to be 8 cp as the surfactant-acid 

based system was injected inside the core.  
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2. Period B: as the wormhole propagated further, Δp declined gradually and the 

pressure response overcame any possible build up in viscosity, which was more 

dominant in period A. 

3. Period C: the process repeats itself at this stage, and this stage would only occur if 

the acid injection rate was not low enough (example; 15 cm
3
/min) to have period A 

as the dominant period. On the other hand, a very high injection rate, such as 15 

cm
3
/min, will accelerate wormhole propagation and minimize having enough filtrate 

ahead of the wormhole. Consequently, no pressure build-up would be expected. 
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Then the injection rate was between the two levels,  more calcium dissolved, which 

allowed the surfactant to form a gel in-situ. The pressure drop kept increasing until 

the fluid propagated further.  

4. Period D: the last stage before acid breakthrough. Δp started to decline as the acid 

approached the exit end of the core, there was a sharp decline in Δp, and ultimately, 

Δp approached nearly zero.  

Experiment #5 (Low injection rate) 

In experiment # 5, acid injection rate was 3 cm
3
/min. The results obtained in this 

experiment were essential to explaining a critical part of the process. Fig. 17 shows that 

the pressure build-up increased by more than 5-fold compared with the initial pressure 

before acid injection. Period A took more time before it reached the maximum value. 
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Fig. 17— Pressure drop across the core. Four periods have been identified as period A, B, C and D; 

(15 wt%  HCl + 7.5 vol%  surfactant + 0.3 vol%  C.I.); experiment (5). 
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Fig. 18 shows a cross-sectional area for each slice along the core length after 

acidizing, combined with a 3-D visualization image for the wormhole. The wormhole 

path observed when surfactant-based acid was injected tended to change direction 

several times to avoid any possible blockage caused by the diverting material. In the case 

where conventional acid was used, the wormhole shape did not show a similar pattern 

and the wormhole shape was less tortuous with the direction of flow.  
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Fig. 18— A cross sectional area for each slice along the core length after acidizing combined with a 

3-D visualization image for the wormhole for experiment (5). 

 
 

 
 

Experiment #6 (moderate injection rate) 

In experiment #6, the acid injection rate was 5.5 cm
3
/min. In this particular 

experiment, as the acid entered the core, the Δp started to increase gradually and reached 
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a maximum 9 minutes after the beginning of acid injection. After that, the Δp declined 

sharply and reached a minimum value of 30 psi. Fig. 19 shows the measured Δp across 

the entire core with time until acid breakthrough. In some experiments, period C did not 

last long as the acid approached the end of the core and the pressure drop suddenly 

decreased.  
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Fig. 19— Pressure drop across the core. Four periods have been identified as period A, B, C and D, 

experiment (6). 

 
 
 

 
      Fig. 20 shows a cross-sectional area for each slice along the core length after 

acidizing, combined with a 3-D visualization image for the wormhole. The wormhole 

path observed in the first case changed direction several times as the acid propagated 
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further and avoided possible blockage caused by the diverting material. In the case 

where conventional acid was used, the wormhole shape did not show a similar pattern--it 

was less tortuous. 

 
 

 

 

 

 

 

 

 

 
Fig. 20— A cross sectional area for each slice along the core length after acidizing combined with a 

3-D visualization image for the wormhole for experiment (6). 

 
 
 
Experiment #7 (high injection rate) 

The last experiment using surfactant-based acid had conditions identical to those 

in experiment #6, except that the flow rate was 15 cm
3
/min. As described before , period 

C did not occur at this injection rate, Fig. 21. This can be explained by the fact that the 

amount of calcium dissolved ahead of the tip of the wormhole was not enough to trigger 

the surfactant to form gel material. This was proven in experiment #3 where only 55,000 

ppm of calcium concentration was measured in the effluent sample. Therefore, a high 
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flow rate will reduce the effectiveness of the surfactant material to form micelles, since 

the diversion process will not likely take place. 
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Fig. 21— Pressure drop across the core. Three periods have been identified as period A, B, and D; 

(15 wt%  HCl + 7.5 vol%  surfactant + 0.3 vol%  C.I.); experiment (7). 

 

 

 
Fig. 22 compares the normalized pressure drop as a function of pore volume 

injected until acid breakthrough at three different flow rates, 3, 5.5 and 15 cm
3
/min. At 

15 cm
3
/min, no diversion took place at any time during the acidizing process. Also, at a 

high flow rate, such as 15 cm
3
/min, the pore volume injected was 20% higher when 

surfactant-based acid was used compared to the case where 15 wt% HCl was injected. At 

low flow rates such as 3 cm
3
/min, two things should be mentioned: first, the viscosity 
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build-up occurred after the wormhole penetrated more than one foot inside the core; 

second, the pressure resistivity initiated from the viscosity build-up was very short in 

time, which limited the efficiency of the diversion process. Because of the large scale of 

the normalized pressure obtained at low flow rates, Fig. 23 shows a zoom-in figure of 

the normalized pressure drop as a function of pore volume injected until acid 

breakthrough for both 5.5 and 15 cm
3
/min. Fig. 24 shows the shape of the wormhole as 

the acid injection rate changed. 
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Fig. 22— Normalized pressure drop as a function of pore volume injected until acid breakthrough; 

surfactant-based acid. 

 
 



 42 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Pore Volume Injected

Δ
p

/Δ
p

in
it

ia
l

 Flow rate = 5.5 

cc/ min 

 Flow rate = 15 

cc/ min 

 
Fig. 23— Zoom-in normalized pressure drop as a function of pore volume injected until acid 

breakthrough; surfactant-based acid. 
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Fig. 24— Shape of the wormhole at different flow rates; surfactant-based acid. 
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CHAPTER IV 

PARALLEL COREFLOODS 

4.1 Procedure 

The same procedure adopted in performing single coreflood was used with some 

modifications to allow conducting parallel coreflood tests. The sequence of the parallel 

coreflood experiments can be summarized as follows: 

 Prepared the core sample including weighing the limestone core dry. Then, the 

core was saturated using fresh water under vacuum. The difference in weight 

measurement was used to calculate porosity.  

 Measured the initial permeability using fresh water for each core. 

 Injected fresh water to both cores until pressure stabilized along the parallel core 

set-up.   

 Conducted the acidizing experiment at a constant total flow rate and monitored 

the pressure drop across the cores. 

 Collected effluent samples from each core, using two independent automatic 

fraction collectors.   

 Stopped the flow as soon as breakthrough occurred in one of the cores, as 

indicated by the differential pressure dropping to zero.  

 Examined the cores using the CT scan to characterize wormholes generated by 

the acid.  
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Fig. 25 is a schematic diagram of the parallel core-flood set-up used in this study. 

The same description of the single coreflood set-up can be applied to the parallel 

coreflood set-up with slight changes. The modifications include a common back pressure 

regulator (model S91-W) set at 1000 psi. Also, the inlet line was split with a T-

connection to allow fluids to enter each core proportionally to the effective permeability.  

Finally, the pressure drop was sensed with a set of FOXBORO differential pressure 

gauges (models IDP10-T26(C-D-E) and 21F-M2L1).The differential pressure was 

measured across each core separately to ensure both cores sensed the same pressure from 

both ends.  
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Fig. 25— A schematic diagram of the parallel core-flood set-up. 
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The results obtained will be presented in two parts: regular acid flow in calcite 

cores, and surfactant-based acid flow.  

4.2 Propagation of Regular Acid in Carbonate Cores 

Experiment #1 (high contrast in k) 

Experiment #1 illustrates two objectives: 1) validate the experimental procedure 

followed in conducting the parallel coreflood experiments; 2) magnify the need for 

diverting material when matrix acidizing is implemented in formations having different 

permeability layers. 

    In the first experiment, the acid injection rate was 7 cm
3
/min. Table 5 gives the 

permeabilities, porosities, and flow rates for this experiment and other experiments 

conducted in this study.  

 
 

 

TABLE 5— SUMMARY OF CORE FLOOD E XPE RIMENTS ; PARALLEL CORE FLOOD . 
 

Experiment 

# 

Acid 

System 

Initial  

Permeability  
k1 (md) 

Initial 

Permeability 
k2 (md) 

Initial 

Porosity 
Ф1 (vol% ) 

Initial  

Porosity 
Ф2 (vol% ) 

Flow Rate 

 (cm
3
/min) 

1 

R
e
g

u
la

r
 

A
c
id

 6 101 11 30 7 

2 81 160 26 28 20 

       

3 

S
u

r
fa

c
ta

n
t 

 A
c
id

 

6 72 11 17 7 

4 96 56 30 12 7 

5 74 50 30 12 10 
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      The contrast in the initial permeability was 16 fold. The pressure drop across the 

core was monitored as shown in Fig. 26. As expected, when HCl was injected into a 

parallel coreflood, the acid flow moved predominantly into the higher permeability core 

compared with the lower permeability core. As a result of the high contrast in 

permeability in this experiment, most of the flow was into the core with a permeability 

of 101 md leaving the 6 md core almost untreated as indicated by the negligible volume 

observed in the effluent samples from the low permeability core. A CT scan conducted 

for both cores indicated no wormholes in the low permeability core in contrast with full 

penetration observed in the high permeability core.  
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Fig. 26— Pressure drop across the parallel core; regular acid; experiment (1). 
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Experiment #2 (low contrast in k) 

In the second experiment, the acid injection rate was 20 cm
3
/min. Two cores with 81 and 

160 md were acidized, which made the initial contrast in permeability 2-fold. Fig. 27 

shows the pressure drop across each core, which was the same since both inlet and outlet 

of each core were exposed to common pressures.  
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Fig. 27— Pressure drop across each core; regular acid; experiment (2). 

 
 
 

      Fig. 28 shows the calculated flow rate based on the volume measured in the 

effluent samples collected from each core. Out of 20 cm
3
/min, 13 cm

3
/min entered the 

high permeability core, leaving 7 cm
3
/min available for the other core. As acid continued 
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to be injected to both cores, more acid flowed to the high permeability core until acid 

breakthrough.  
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Fig. 28— Distribution of flow rate in each core; regular acid; acid injection = 20 cm

3
/min. In this 

experiment the initial permeability ratio was 12. The flow rate in the high permeability core was 

predominant over the flow in the low permeability core; experiment (2). 

 

 
 

Fig. 29 shows a 3-D image for the wormhole created in each core. Only 20% of 

the low permeability core was acidized compared to the fully penetrated wormhole in the 

160 md core. This is another indication for the need to divert material during acid 

stimulation even with a permeability ratio of 2.  
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Fig. 29— 3-D image for the wormholes created in each core; experiment (2). 

 
 
 

4.3 Propagation of Surfactant-Based Acid in Carbonate Cores 

Next, three experiments were performed using a 15 wt% HCl + 7.5 vol% surfactant + 

0.3 vol% corrosion inhibitor injected into parallel limestone cores. Experiment #3 

illustrates the flow of diverting material in a high contrast environment (k1/k2 = 12). 

Experiments #4 and #5 were conducted at low contrast in permeability (k1/k2 = 1.7 and 

1.5, respectively) at two different injection rates of  7 and 10 cm
3
/min. 

Experiment #3 (high contrast in k) 

The results presented here belong to the first experiment we conducted using diverting 

material in a parallel coreflood set-up. The permeabilities selected represent a high 

contrast in permeability (72 : 6 ).  
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      One major parameter to measure during an acidizing experiment is the 

differential pressure across the entire core. In this particular experiment, t he Δp started to 

decline gradually 5 minutes after the beginning of acid injection. Fig. 30 shows Δp, 

measured across the entire core and over time until acid breakthrough. The pressure 

decline indicated no major diverting process taking place; otherwise, a build-up in the 

pressure would have occurred to compensate for the increase in viscosity as gel material 

started to form. With such a high contrast in the permeability ratio, most of the acid 

entered the 72 md core, leaving the 6 md uninvaded. Less than 1 cm
3
/min entered the 

tight core which was not enough to initiate a wormhole. As a result of the high flow rate 

entering the high permeability core, viscosity build-up did not occur. Comparing the 

flow rate distribution between experiment 1 (no diverting material) and this experiment, 

there is a slight improvement in the fluid distribution but still not as significant as 

intended, Fig. 31.  Neither the visual observation nor the CT image showed any 

wormhole created in the lower permeability core. 
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Fig. 30— Pressure drop across the parallel core; surfactant-based acid; experiment (3). 
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Fig. 31— Distribution of flow rate in each core; surfactant-based acid; acid injection = 7 cm

3
/min.  

In this experiment the initial permeability ratio was 12; experiment (3). 
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Experiment # 4 (low contrast in k + low injection rate) 

Experiment #4 had very similar conditions as experiment #3 except that in experiment 

#4, the contrast in permeability ratio was 1.7 compared with 12 in the previous 

experiment. Fig. 32 shows the Δp, measured across the core and over time until acid 

breakthrough first in the 56 md core (relatively low permeability). After 27 minutes, the 

Δp started to increase dramatically as a result of gel formation. This gel forms when the 

pH value increases above 2 and the concentration of divalent cations (Ca
2+

 and Mg
2+

) 

increases in the spent acid. At this point, the rod-shaped micelles will significantly 

increase the viscosity of the spent acid (Nasr-El-Din et al. 2008). The Δp continued to 

build up until the wormhole propagated further, which caused the Δp to stabilize and 

decline until acid breakthrough.  
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Fig. 32— Pressure drop across each core; surfactant-based acid; experiment (4). 

 
 

 
      Another way to assess diversion is to consider the pressure response in 

conjunction with the effluent measured from each core (Fig. 33). As the acid flows along 

the core, three periods can be identified as follows: 

1. Period I: the distribution of the flow rate remained proportionally constant related to 

the initial permeability ratio; higher flow rate entered the core with higher 

permeability and lower flow rate entered the core with lower permeability.  

2. Period II: As more live acid entered the higher permeability core, a longer wormhole 

formed. As a result, the flow rate increased in the higher permeability core. In 

contrast, less acid was available to the lower permeability core   

3. Period III; By the time acid reached this stage, the concentration of divalent cations 
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(Ca
2+

 and Mg
2+

) increased in the spent acid, and the surfactant molecules formed 

rod-shaped micelles resulting in an increase in apparent viscosity. This mechanism 

diverted flow from the high permeability core to the lower permeability core. The 

time observed was 27 minutes, which was the exact time when Δp started to increase 

significantly.  
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Fig. 33— Distribution of flow rate in each core; surfactant-based acid; acid injection = 7 

cm
3
/min. In this experiment the initial permeability ratio was 1.7. Adding surfactant material 

altered the flow rate from the high initial permeability core to the low permeability core; 

experiment (4). 

 
 
 

      Another interesting observation is related to the breakthrough time. Apparently, 

the diverting material not only diverted the flow from higher to lower permeability, it 
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also allowed the wormhole to propagate faster in the lower permeability core , as 

indicated by earlier breakthrough as the differential pressure dropped to zero. Fig. 34 

shows a 3-D image of the wormhole for both cores. In this core, the wormhole 

propagated more than 80% of the total length of the relatively high permeability core (96 

md) before breakthrough occurred in the lower permeability core. 
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Fig. 34— 3-D image for the wormholes created in each core. Wormhole propagated more than 80% 

of the total length of core before breakthrough occurred in the lower permeability core; experiment 

(4). 

 

 
 

Experiment # 5 (low Contrast in k + high injection rate) 

Experiment #5 has very similar conditions to those in experiment #4, except that in 

experiment #5, the injection rate was 10, compared with 7 cm
3
/min in the previous 

experiment, an increase of 48%. After acid injection, the average Δp measured for the 

first 6 minutes was relatively constant. Then Δp started to decline as the wormhole 
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propagated further, which was not the case in experiment #4. The fast injection rate 

accelerated wormhole propagation as indicated by the continuous decrease in the Δp 

until breakthrough occurred. Fig. 35 shows Δp, measured across the core and over time 

until acid breakthrough first in the high permeability core.  
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Fig. 35— Pressure drop across each core; surfactant-based acid; experiment (5). 

  
 

 
      Similar to regular acids, periods I and II can be identified. Period III was not 

observed in this experiment at least until acid breakthrough occurred as shown in Fig. 

36. The total acid volume injected was 190 cm
3
 compared with 280 cm

3
 in experiment # 

4. This suggests that the wormhole propagated faster than the spent acid fronts, which 
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was expected to trigger the surfactant material inside the high permeability core to form 

gel.  
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Fig. 36— Distribution of flow rate in each core; surfactant-based acid; acid injection = 10 cm

3
/min. 

Adding surfactant material did not alter the flow rate from the high initial permeability core to the 

low permeability core; experiment (5). 

 
 

 

      The results obtained from Δp measurement and flow rate were in agreement with 

the CT scan results. Fig. 37 shows a 3-D image for the wormholes created in both cores. 

Clearly, the wormhole penetrated the entire high permeability core with 50% penetration 

in the lower permeability core.  
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Fig. 37— 3-D image for the wormholes created in each core. The wormhole penetrated the entire 

high permeability core with 50 % penetration in the lower permeability core; experiment (5). 
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CHAPTER V 

MODELING 

This chapter summarizes the two analytical models used in this study to support some of 

the arguments made. An acid balance model was presented to investigate acid 

concentration along a given wormhole length. Also, an analytical solution was derived to 

match the flow rate distribution in acidizing two cores simultaneously using regular acid. 

5.1 Acid Balance Model 

Measuring the acid concentration at the tip of the wormhole as acid breakthrough formed 

the basis of the experimental conditions. The acid concentration remained strong and 

range between 7 and 8 wt% HCl as the acid exited the core. This became an important 

aspect, when considering whether gel material was formed inside the wormhole or not. 

To verify the experimental result, one approach is to model the acid profile inside the 

wormhole. For a gel material to form inside the wormhole, the acid concentration must 

diminish dramatically so the pH value approaches 2 (Nasr-El-Din et al. 2008). To model 

the acid concentration, we first consider the acid balance for a small volume element as 

shown in Fig. 38. Assuming steady-state, laminar, incompressible, Newtonian fluid, the 

general mass conservation equation for the acid can be formulated. 
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Fig. 38— Acid balance in a small element of wormhole. 

 
 
 

The acid balance for a small volume element can be written as:  

mass in – mass out  =  mass accumulation…………….………………………………..(6) 
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Where, C is the acid concentration, D is the diffusion coefficient as defined by 

Hung (1987). u and v are the fluid velocity components as defined by Yuan and 

Finkelstein (1956).  

The final form of the acid balance equation is given by Eq. (8)   
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Where;  
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CD = C/Co 

Co = acid concentration in the injected acid 

  = x/rwh      
 = r/rwh 

v

ru
N w)0(

Re       (Reynolds number based on the average velocity at the inlet)  

v

rv
N ww

w Re,  

D

rv
N ww

wPe ,        (Peclet number based on the fluid diffusion coefficient)  

With boundary conditions:                                      

CD = 1       at       =0 

CD = 0        at      =1 

00 






at

CD                  

The analytical solution to the acid balance equation is: 
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      This solution for the mean acid concentration is restricted to 0.001 < NRe < 1.0 

and NPe < 8. Five terms in the series expressed by Eq. (9) are required for reasonable 

accuracy (Schechter (1992)).  

      The analytical solution to the acid ba lance equation is given by Hung (1987). The 

solution was obtained by applying the method of separation of variables whereby the 
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partial differential equation was transformed into two ordinary differential equations, 

one of which is a simple exponential relation of acid concentration and axial distance. 

The other is the Sturm-Liouville boundary value equation, and the problem readily 

reduces to the finding of Eigen values and their corresponding Eigen functions. Equation 

(9) is the solution to the acid balance equation: 
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      This solution for the mean acid concentration is restricted to 0.001 < NRe < 1.0 

and NPe < 8. Five terms in the series expressed by Eq. (9) are required for reasonable 

accuracy (Schechter et al. (1992)).  

5.2 Case Study 

The solution given in Eq. (9) can be used to track acid concentration along the wormhole 

at a given condition. Table 6 provides the parameters needed to solve the acid balance 

equation for a given experimental conditions.  
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TABLE 6 — INPUT DATA USED TO EVALUATE THE ACID 

CONCENTRATION USING THE ANALYTICAL 

SOLUTION. 

Parameter  Value  Unit 

r 0.75 Inch 

rwh 0.1 Inch 

x 10 Inch 

q 6.75 cm
3
/min 

D 2.4 10
-5
 cm

2
/s 

          νw  0.0075 cm/s 

ρ 1.1 g/cm
3
 

μ 1 Cp 

 
 
 

The core was 1.5 inches in diameter, which makes the radius, r , equal 0.75 inch. 

The wormhole radius (rwh) estimated from the CT scan was 0.1 inch and assumed to be 

constant to the tip of the wormhole. In this case, the wormhole was assumed to extend 

for half of the core length, given as x = 10 inches. (q) is the total injection flow rate 

which was kept constant during the acidizing experiment, in this case 6.75 cm
3
 /min was 

used. The diffusion coefficient was measured by Taylor et al. (2004) for 15 wt% HCl 

which was 2.4x10
-5

 cm
2
/s. Fluid loss velocity to the wa ll (νw) was estimated by analogy 

with previous work done by Huang et al. (1999) to predict fluid loss in linear core flood 

experiments. The representative leakoff velocity was estimated to be 0.0075 cm/s.  

     The dimensionless parameters calculated were NRew = 0.209; NRe = 0.27; NPew 

=80; ξ(r/rwh) = 7.5; ζ(x/rwh) ranged from 0 to 60. Since the solution is only applicable for 

NPe < 8, three values (1.5, 3 and 6) were selected to represent NPe .  

      To calculate the Eigen values and their corresponding Eigen functions, a 

mathematical program was written to solve the ana lytical equation given in Eq. (9). 
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Table 7 provides the calculated value. Fig. 39 shows Cavg/Co represented as a function of 

x/rwh for the three values of NPe . For NPe < 3, the acid concentration was reduced to small 

values at small fractional values of the total wormhole length. The effective wormhole 

length is said to be reaction rate limited. The acid was spent prior to reaching the end of 

the wormhole and possible gel material formed in the wormhole. On the other hand, 

when NPe > 6, live acid penetrates to the end of the wormhole. In this case the wormhole 

is said to be fluid-loss limited since the acid concentration is high at the end of the 

wormhole. More importantly, gel material will not form inside the wormhole. Notice 

that the actual Peclet number is calculated to be 80, which makes it far into the fluid-loss 

limited regime.  

 

 
 

TABLE 7— EIGE N VAL UE AND THEIR CORRESPONDING EIGEN FUNCTION CALCULATE D USING 

MATHEMATICA.THIS DAT A WILL BE USE D IN THE SERIES EXPRESSED BY EQ . (4) TO 

ESTIMATE THE AVE RAGE ACID CONCE NTRATION ALONG THE WORMHOLE . 

NRew = 0.209 
NRe  = 0.27 

NPe = 1.5 NPe = 3 NPe = 6 

λn -Kn Bn’(1) λn -Kn Bn’(1) λn -Kn Bn’(1) 

1.33 1.98 0.84 2.88 0.09 7.88 

4.49 1.24 4.44 1.07 5.1 0.087 

7.40 0.98 7.39 0.87 8.11 0.15 

10.26 0.85 10.27 0.78 10.95 0.21 

13.11 0.78 13.12 0.73 13.74 0.27 

15.96 0.72 15.97 0.69 16.53 0.31 

1.33 1.98 0.84 2.88 0.09 7.88 
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Fig. 39— Mean concentration profile. 

 

 
 

5.3 Flow Rate Model 

The results obtained from the acidizing experiments can be modeled mathematically 

given some input parameters obtained from the experiment. An analytical solution was 

derived to match the flow rate distribution in acidizing two cores simultaneously. In 

addition to a known total injection rate, the pore volume to breakthrough in each core 

serves as an input parameter in the model.      

      A constant injection rate was split at the face of two linear cores connected in 

parallel. The pump was adjusted to keep a constant flow rate during the acidizing 

process, and common back pressure was applied on the outlet of both cores equally and 

set at 1,000 psi to ensure CO2 remained in solution. This set up ensured Δp across each 
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core to be the same as expected in the real situation except for slight end effects that was 

observed as wormhole breakthrough first in one of the two cores. The injection pressure 

changed during the experiment as a function of time. Fig. 40 shows a diagram 

illustrating the parameters used to develop the analytical model to match the experiment 

data of matrix acidizing with a parallel coreflood at a constant acid injection rate.  

 
 
 

qT

Constant 

Rate

Pe= Constant 

Pi= f (time) 

q1

q2

ΔPwh= 0 

Lwh

Lcore  
Fig. 40— A diagram showing the parameters used to develop an analytical model to match the 

experiment data of matrix acidizing using regular acids with a parallel coreflood at a constant acid 
injection rate. 

 
 
 
      The following equations hold true during the experiment and were used as a 

starting point in deriving the analytical solution: 

                       

Tqqq  21 ………………………………………………………...…..……...……...(10)                                                       

ppp  21 …………………………………………………..…...…………...…..(11)                                                     

)(timefpi  ………………………………….................................................……….(12) 
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      Assuming that the Δp in the wormhole is approximately zero, the equations can 

be written to describe a flow system: 

Darcy equation for flow in the core ahead of the wormhole: 
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……………..….............................................................………..(13)                                                         
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Volumetric model equations (Economides et al. 1994):                                
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  ……………………………………………………….………..………….(16)                                                             
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4
dVq ii  …………….......................................................…..……...…......……..(17) 

      Both cores have the same cross-sectional area and core length and the same fluid 

was injected. In addition, for simplification, we will assume both cores have the same 

porosity:  

AAA  21 ;             11 ;             corecorecore LLL  21 ;              21  

Substitute eq. (13) & (14) into (11): 
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Solve for q1 
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Substitute eq. (19) into (10): 
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Combine eq. (15) & (17) and solve for vwh 
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Rearrange eq. (16) and integrate both sides: 

tvL whwh 11  ……………………………………………………………..……………..(22) 

Write eq. (21) in term of vwh1 
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4
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Substitute eq. (23) into (22): 
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Substitute eq. (25) & (26) into (20): 
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From eq. (1) 12 qqq T  ………………….……………………………………..(28) 

Substitute eq. (28) into (27): 
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Rearrange eq. (29): 
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Expand eq. (30) resulting in: 
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Eq. (31) can be written in quadratic form: 
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(32) is a quadratic equation in the form: 

01

2

1  cbqaq  

Where; 

a= 











 2

1

1

2

btbt PV

tk

PV

tk
;        










 cc

bt

T LkLk
PV

tkq
b 12

2

12


;       










2

2

1
1

bt

T
Tc

PV

tqk
qLkc  

Solving eq. (32); the flow rate is: 
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The flow rate through the other core, q2, is then simply qT- q1. 

5.4 Model Validation 

To validate the model presented above, experiment #2 data was used to match 

parameters. The input data needed for the analytical model is summarized in Table 8. 

 

 
 

TABLE 8— INPUT PARAMETE RS DESCRIBING EXPERIME NT # 2 

THAT WERE USED TO VALIDATE THE ANAL YTICAL MODEL . 

Parameter Value Unit 

Permeability (k1) 81 md 

Permeability (k2) 160 md 

Porosity (Ф) 28 vol% 

Total Flow Rate (q) 20 cm
3
/min 

PVtb1 0.7 --- 

PVtb2 0.8 --- 

Core Length (Lc) 20 inch 

 

 
 
 

      The two parameters from the experimental data used to match the flow rate were 

pore volume to breakthrough in each core, calculated to be 0.7 and 0.8. A very 

reasonable match was obtained with the model as presented in Fig. 41.    
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Fig. 41— Results obtained from the analytical model to simulate the flow rate distribution in a 

parallel core-flood experiment. The initial permeability was 160 and 81 md; experiment (2). 
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CHAPTER VI 

SUMMARY 

This chapter offers a comprehensive discussion of the overall results obtained in this 

study. For completeness, some of the experiments discussed in previous chapters will be 

included in this chapter, and not necessarily to have the same experiment number. The 

results will be presented in two parts: single coreflood experiments and parallel 

coreflood experiments. Both the flow of regular-based acids in calcite cores, and the 

flow of surfactant-based acids were investigated. Notice, in all figures presented in this 

chapter, the dashed line corresponds to the time when the wormhole breakthrough 

occurred and the numeric value highlighted with a circle indicates the time when acid 

entered the core and subsequently when wormhole breakthrough occurred.  

6.1 Regular Acid (Single Coreflood) 

Several experiments were conducted with regular acid at different flow rates. The flow 

rate was kept constant during each experiment, and the pressure drop across the core was 

monitored. The injection rates were selected to cover a wide range of flow rates. For 

single coreflood experiments, Table 9 includes the permeability, flow rate, acid flux, 

and pore volumes to breakthrough. 
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TABLE 9— SUMMARY OF SINGLE COREFLOOD EXPERIME NTS, BOTH REGULAR-B ASED ACID AND 

SURFACT ANT -BASE D ACID. 

Experiment # 

Acid 

System 
Initial Permeability 

(md) 

FlowRate 

(cm
3
/min) 

Acid Flux 
(m/hr/ cm

2
) 

 

PVbt 

1 

R
e
g

u
la

r
 A

ci
d
 

100 1.5 8 2.5 

2 66 3 16 1.9 

3 101 7 36 1.45 

4 95 15 79 0.97 

6 85 20 105 0.84 

6 68 30 158 0.87 

7 62 40 211 1.1 

8 81 50 263 1.3 

 

9 

S
u

r
fa

c
ta

n
t 

A
ci

d
 

50 1.5 8 1.94 

10 83 3 16 1.45 

11 57 5.5 29 1.58 

12 73 15 79 1.36 

13 89 20 105 1.21 

14 126 30 158 1.29 

15 90 40 211 1.53 

16 75 50 263 1.54 

 
 

 
The objectives of performing this particular set of experiments can be 

summarized as follows: (1) describe the efficiency of the wormhole process in terms of 

pore volume to breakthrough and pressure drop measured across the coreholder; (2) 

describe the velocity of the fluid front relative to the improved permeability front (to 

investigate this issue, calcium concentrations were measured in the effluent samples, 

which will offer insight regarding the nature of the chemical reaction that took place 

inside the core); (3) establish the pore volume to breakthrough curve as a function of 

acid flux to determine the optimum injection rate and the critical rate (rate corresponding 
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to maximum viscosity build up); and (4) describe qualitatively the shape of the 

wormhole based on a 3-D image for the wormhole. This analysis will be used for later 

comparison when surfactant-based acid is used as the stimulation fluid.  

6.1.1    Pore Volumes to Breakthrough and Pressure Response 

Fig. 42 compares the normalized pressure drop as a function of pore volume injected 

until acid breakthrough at different injection rates. As the acid injection was lowered to 

flow rates such as 3 or 1.5 cm
3
/min, the linear correlations took different slopes. At the 

injection rate of 1.5 cm
3
/min, the slope was less steep as the acid leaked off more in the 

direction perpendicular to the main acid flow path. This resulted in higher pore volume 

to breakthrough. For example, when the acid injection rate was 1.5 cm
3
/min, the pore 

volume to breakthrough was measured as 2.5, compared with 1.24 at an injection rate of 

7 cm
3
/min. The pressure decline was noticeably sharper later, as the wormhole 

propagated more inside the core. At a high injection rate, the pressure drop can be 

correlated linearly with the pore volume injected. The pressure drop across the core 

changed with time in a manner similar to that noted at the lower flow rate. However, the 

initial period where the pressure slightly declined was much shorter. This period 

represents the time for the acid to find its preferential path among other tiny wormholes 

and dissolve enough minerals and eventually become the leading wormhole; as a result, 

an effective permeability was created inside the core, which caused pressure drop 

simultaneously. Therefore, the higher the injection rate, the faster the wormhole can be 

initiated. Daccord et al. (1993) discuss this phenomenon relative to rock homogeneity in 

addition to effective permeability.  
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Fig. 42— Normalized pressure drop as a function of pore volume injected until acid breakthrough; 
regular acid. 
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6.1.2    Spent Acid Front Relative to the Wormhole Front 

Typically, two velocity components can be described in the wormhole process: 

wormhole velocity and interstitial velocity. Wormhole velocity is the ratio of interstitial 

velocity to PVBT, which is a measure of the velocity of the improved permeability front. 

Interstitial velocity is a measure of the velocity of the fluid front , which can be 

calculated as (q/AФ). Interstitial velocity is a theoretical value , which implies that the 

rock was homogenous and no dissolution is occurring. Usually, such flow is referred to 

as piston-like displacement.  

Another velocity component that was a critical parameter to evaluate in this 

study is the spent acid front.  Note that for most experiments in this study, the improved 

permeability front moved much faster than the fluid front (these include any acid 

injection rates at optimum and beyond optimum). Generally, the improved permeability 

front can be ahead of or behind the fluid front. However, this depends on the type and 

concentration of acid used and, more importantly, on the injection rate. In this set of 

experiments, the injection rate is the changing variable that proves to be an important 

factor in describing how the spent acid front moves relative to the permeability front.  

At a high injection rate, such as 15 cm
3
/min, the concentration of calcium was not 

significantly present in the effluent samples until acid breakthrough, indicating no spent 

acid front ahead of the wormhole. With acid breakthrough from the core, a sudden 

increase in the calcium concentration in the effluent samples  occurred. Calcium levels 

reached an average of 51,770 ppm, (see Fig. 43). 
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Fig. 43— Calcium concentration measured in the effluent samples at three injection rates. Notice: 

dash lines corresponding to acid breakthrough time. 

 
 
 
Now the question to answer: what is the injection rate that will result in a faster 

acid front?  In this study, 3 cm
3
/min was found to be low enough to allow the spent acid 

front ahead of the improved permeability front. The calcium concentration was 

measured during the acidizing process for all effluent samples. Five minutes before acid 

breakthrough from the core, a sudden increase occurred in the calcium concentration in 

the effluent samples.  Calcium levels reached an average of 82,130 ppm as shown in Fig. 

44, which is 58% more than the calcium measured at 15 cm
3
/min. More importantly, the 

calcium product appeared in the bulk solution before wormhole breakthrough. The 

amount of calcium measured in the effluent samples suggest that, if acid is injected 
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below the optimum rate, it will allow the acid filtrate to extend further ahead of the 

wormhole. This observation proves to be important when a surfactant-acid system is 

used, as demonstrated in the next section 6.2. 

When the acid injection rate was lowered further to a value of 1.5 cm
3
/min, the 

spent acid front developed in more progressive fashion and the calcium concentration 

was more significant, continuing to increase until wormhole breakthrough. A significant 

amount of calcium was measured in the effluent sample 40 minutes before acid 

breakthrough. The maximum calcium concentration was measured to be 140,640 ppm, 

which indicated a long spent acid front ahead of the wormhole.   

For comparison, Fig. 44 plots the average calcium concentration corresponding 

to the spent acid front as injection rate increased. In addition to what was explained 

earlier, as far as calcium content in the effluent samples, notice that as the injection rate 

continues to increase far from the optimum injection rate, the calcium content in the bulk 

solution levels out to an average of 40,000 ppm.  
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Fig. 44— Average calcium concentrations measured in the spent acid zone as injection rate 

increases.  

 

 
 

6.2 Surfactant-Based Acid (Single Coreflood) 

The same experiments performed for regular acid was repeated using surfactant-

based acid. The objectives for performing this particular set of experiments can be 

summarized as follows: (1) describe the efficiency of surfactant-based acid in generating 

enough resistance to divert fluid; (2) investigate how the fluid front movement is critical 

to the gel formation; (3) establish the pore volume to breakthrough curve as a function of 

acid flux to determine the critical rate (rate at which maximum resistance is measured)  

relative to optimum injection rate; and (4) describe qualitatively the shape of the 

wormholes based on a 3-D images of the wormholes. 
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6.2.1    Efficiency of Diverting and Pressure Response 

One major parameter to measure during an acidizing experiment is differential pressure 

across the entire core. Depending on the injection rate, as the acid enters the core at 

some point, Δp will increase as gel material forms inside the core. As pressure continue 

to increase, acid will be forced to change path and continue the wormhole process until 

faced with further resistance. Based on the pressure data collected in our study, this 

process will repeat itself as long as acid keeps being injected into an uninvaded zone.  

Since the flow rate was kept constant in these experiments, two simultaneous 

mechanisms (in-situ viscosity and effective permeability) took place while acid was 

injected and they affected Δp differently. First, as the acid was injected, a wormhole was 

created, which increased the effective permeability of the core and decreased Δp. 

Second, as the acid propagated in the core and the surfactant entanglement built up 

viscosity, the pressure drop increased. Typically, the dominant mechanism will better 

reflect Δp by either lowering or increasing its value. 
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Fig. 45 compares the normalized pressure drop as a function of pore volume 

injected until wormhole breakthrough for different injection rates. At a low injection 

rate, such as 3 cm
3
/min, the results obtained in this experiment are essential to 

explaining a critical part of the process. The pressure drop increased by nearly 6-fold, 

compared with the initial pressure drop before acid was injected. Because of the large 

scale of the normalized pressure obtained at low flow rates (1.5 and 3 cm
3
/min), the 

scale of the y-axis extended to a possible value of 10. Two things should be mentioned 

in terms of the pressure drop observed at 3 cm
3
/min: first, the viscosity build-up 

occurred later, after the wormhole penetrated more than one foot inside the core; second, 

the pressure resistivity initiated from the viscosity build-up was very short in terms of 

time, which limits the efficiency of the diversion process. When the injection rate was 

decreased to 1.5 cm
3
/min (experiment # 9), the pressure climbed almost 10-fold and the 

progression was more gradual. Fig. 46 shows the calcium concentration measured in the 

effluent samples at a given injection rate. 
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Fig. 45— Normalized pressure drop as a function of pore volume injected until acid breakthrough; 

surfactant-based acid. 
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Fig. 46— Calcium concentration measured in the effluent samples at three injection rates. Notice: 

dash lines corresponding to acid breakthrough time. 

 
 
 

At a high injection rate, such as 7 cm
3
/min, there was slight increase in pressure 

drop observed after one pore volume of acid injection. Such increase in pressure drop 

can cause diversion to acid flow. However, to see the magnitude of the diversion, the 

scale of the pressure drop can be compared with previous experiments (experiments # 9 

&10) were more pressure drop observed. Higher injection rates, including 15 and 20 

cm
3
/min and higher, resulted in no diversion taking place at any time during the 

acidizing process and the Δp was similar to the one observed with regular acid. 

 



 84 

6.2.2    Spent Acid Front Relative to the Gel Formation  

In experiment #12, the acid injection rate was 15 cm
3
/min. As described before, there 

was no pressure build-up observed at this injection rate. This can be explained by the 

fact that the amount of calcium dissolved ahead of the tip of the wormhole was not 

enough to trigger the surfactant to form gel material. This was proven in experiment # 4  

where only 51,470 ppm of calcium concentration was measured in the effluent samples 

after wormhole breakthrough, which puts the fluid front behind the improved 

permeability front. Therefore, a high flow rate will reduce the effectiveness of the 

surfactant material to form micelles and no diversion will take place. Also, given that the 

in-situ viscosity is shear thinning, a higher injection rate will reduce the viscosity of any 

gel material that might form.  

 In the case where the acid injection rate was enough to allow the flu id front 

ahead of the improved permeability front, gel material formation was more effective. 

Obviously, the lower the injection rate, the better the diversion, as long as the acid 

injection rate is enough to create an effective wormhole.  

6.3 Miscellaneous 

6.3.1    Pore Volume to Breakthrough as a Function of Acid Flux 

Plotting pore volume to breakthrough as a function of acid flux is an essential curve as it 

shows the optimum injection rate corresponding to minimum acid volume to be used in 

acid stimulation treatment. This curve is used widely in the petroleum industry as a 

guideline for optimizing acidizing treatments and is repeatedly reported as a concave up 

curve shape with an optimum injection rate for which the acid volume is a minimum. 
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Based on core geometry and the acid solution, the optimum injection rate for these 

experiments was estimated to be around 15 cm
3
/min. Fig. 47 compares both curves for 

each acid system. For flux above the optimum injection rate, and to some extent below 

the optimum injection rate, a greater quantity of surfactant-based acid, compared to 

regular acid, was needed to achieve the same wormhole penetration. For example, at a 

high flow rate, such as 15 cm
3
/min, the pore volume injected was 20% higher when 

surfactant-based acid was used, compared to the case when 15 wt% HCl was injected. 

This can be explained by the fact that, at a higher injection rate, only a small fraction of 

acid will be spent on the wormhole wall and a large fraction of acid will reach the tip. 

The result will be a highly branched, high-density wormhole pattern, comprising a thin 

wormhole, eventually more acid required. On the other hand, at very low injection rates, 

such as 3 or even 1.5 cm
3
/min--which correspond to acid fluxes of 16 and 8 (cm

3
/hr/cm

2
) 

respectively--less surfactant-based acid is required to achieve the same wormhole 

penetration. This can be correlated to the viscosity build-up observed at low injection 

rates, which reduces the leak-off perpendicular to the main flow direction. At the same 

time, at low injection rate, the wormhole will have less branching compared to highly 

branched wormhole at high injection, therefore less acid required to reach the same 

depth of penetration.  

At a higher injection rate, only a small fraction of acid will be spent on the 

wormhole wall and a large fraction of acid will reach the tip. The result will be a highly 

branched, high-density wormhole pattern, comprising a thin wormhole.   
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Fig. 47— Comparing Pore volume to breakthrough as a function of acid flux for both regular acid 

and surfactant-based acid. Data were fitted using polynomial of order 2.  

 
 

 

6.3.2    Shape of the Wormhole  

Fig. 48 shows a 3-D image of the wormhole’s shape for each individual core when 

regular acid is used as the acidizing fluid. As acid injection decreased, the wormhole 

path became more tortuous, compared with the straighter wormhole path as acid 

injection rate increased significantly. The diameter of the wormhole was found to be 

relatively uniform across a wide range of injection rates, with some exceptions.  For 

example, at an injection rate of 3 cm
3
/min, the wormhole diameter was observed to be 

almost constant throughout the first half of core length and measured to be 0.22 inches. 
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However, the diameter of the wormhole at the second half of the core was significantly 

smaller than the diameter of the wormhole at the first half  of the core; this was not 

observed at higher flow rates. The diameter of the wormhole in the second half of the 

core at an injection rate of 3 cm
3
/min was measured to be 0.11 inches. Clearly, at 3 

cm
3
/min, the wormhole tended to be thinner as the wormhole propagated further inside 

the core until acid breakthrough. This is an example of conical type shape of wormhole. 

This is because at low injection rates, by the time acid reaches the tip of the wormhole, 

most live acid has been reacted in earlier stages causing the inlet of the wormhole to 

enlarge with less reactive acid reaching the tip of the wormhole. Also, a significant 

amount of acid leaks off as the acid injection decreases.   
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Fig. 48— Shape of the wormhole at different flow rates; regular acid. 

 
 
 

Fig. 49 shows a 3-D image for the shape of the wormhole for each individual 

core when surfactant-based acid is used as the acidizing fluid. The wormhole path 

observed when surfactant-based acid is injected tended to change direction several times 

to avoid blockages caused by the diverting material. In the case where conventional acid 
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was used, the wormhole shape did not show a similar pattern and the wormhole shape 

was almost linear with the direction of flow except at low injection rates, as explained 

earlier. The tortuosity was very pronounced at low injection rates where significant 

pressure build-up was measured across the core. This is another indication of gel 

formation inside the core. 
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Fig. 49— Shape of the wormhole at different flow rates; surfactant-based acid. 

 

 

 
 The shape of the wormhole for experiment # 9 & 10 was reprocessed using better 3-

D image software. Fig. 50 & 51 shows the shape of the wormhole each experiment 

respectively. Notice in Fig. 50 the wormhole stop to grow in the axial direction and any 

further injection of acid will enlarge the conical shape. However, in our case we have to 

stop the experiment to prevent any possible collapse in the core. At the same time, Fig. 

51 shows the conical shape observed at low injection rate such as 3 cm
3
/min.  
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Fig. 50— Shape of the wormhole at 1.5 cm
3
/min. 

 

 

 

Fig. 51— Conical shape observed at injection rate of at 3 cm
3
/min. 
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6.4 Parallel Coreflood Experiment  

Next, five experiments were performed using 15 wt% HCl + 7.5 vol% surfactant + 0.3 

vol% corrosion inhibitor injected into parallel limestone cores. The results are presented 

in two parts. First, two experiments will confirm that no diversion takes place if the 

injection rate is above the critical rate. Second, three experiments will investigate the 

effects of the initial permeability ratio on the diversion process when acid is injected at 

the critical rate. For parallel coreflood experiments, Table 10 includes the permeability, 

permeability ratio, total flow rate, and initial flow rate entering each core. 

 

 
 

 

TABLE 10— SUMMARY OF PARALLEL COREFLOOD EXPERIMENTS , SURFACT ANT -BASED ACID. 

Experiment 

# 

Initial 

k1 (md) 

Initial 

k2 (md) 

Permeability 

Ratio 

Total Injection 
Rate 

(cm
3
/min) 

Initial  
 q1  

(cm
3
/mi) 

Initial  
 q2  

(cm
3
/mi) 

Acid Injection above Critical Rate 

17 74 50 1.5 10 6 4 

18 72 6 12 7 6 1 

Acid Injection at Critical Rate 

19 96 56 1.7 7 3.8 2.5 

20 115 26 4.4 4.5 3.5 1 

21 88 7 12.5 3 2.8 0.2 

 

 

 

6.4.1    Acid Injection above Critical Rate  

Experiment #17 illustrates the flow of diverting material in a low contrast environment 

(k1/k2 = 1.5). Experiment #18 was conducted at high contrast in permeability (k1/k2 = 

12). Notice, in both experiments, the acid flow rate entering the higher permeability core 

was around 6 cm
3
/min.  
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In experiment #17, the total injection rate selected was 10 cm
3
/min, to magnify 

the effects of the high injection rate in a low initial contrast in permeability. After acid 

injection, the average Δp measurement for the first six minutes was relatively constant. 

Then Δp started to decline as the wormhole propagated further. The fast injection rate 

accelerated the wormhole propagation, as indicated by the continuous decrease in Δp 

until breakthrough occurred. Fig. 52 shows the acid flow rate entering each core and the 

corresponding Δp measurement across the core as a function of time until acid 

breakthrough. The results obtained from Δp measurement and flow rate were in 

agreement with the CT scan results. Fig. 53 shows a 3-D image for the wormholes 

created in both cores. Clearly, the wormhole penetrated the entire high permeability 

core, with 50% penetration in the lower permeability core.  
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Fig. 52— Distribution of flow rate in each core; surfactant-based acid combined with the 

corresponding pressure drop measured across each core. 
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Fig. 53— 3-D image for the wormholes created in each core. 

 
 

 
Experiment #18 represents high contrast in permeability ratio (72 : 6); the Δp 

started to decline gradually five minutes after the beginning of acid injection. The 

pressure decline indicated no major diverting process taking place; otherwise, pressure 

build-up would be observed, reflecting an increase in apparent viscosity. As a result of 

the high initial contrast and the absence of a gel formation, most of the acid entered the 

72 md core, leaving the 6 md uninvaded. Less than 1 cm
3
/min entered the tight core, 

which was not enough to initiate a wormhole. Neither the visual observation nor the CT 

image showed any wormhole created in the lower permeability core.  
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6.4.2    Acid Injection at Critical Rate 

In the next three experiments, the total injection rate was selected to satisfy the condition 

where around 3 cm
3
/min enters the higher initial permeability core. The idea was to 

obtain the maximum possible diversion in each case and be able to compare the results.  

Experiment #19 represents low permeability ratio (96:56). Total acid injection 

rate was 7 cm
3
/min. Fig. 54 shows the measured Δp across the core as a function of time 

until acid breakthrough first in the 56 md core (relatively low permeability). After 27 

minutes, the Δp started to increase dramatically as a result of gel formation. The Δp 

continued to build up until the wormhole propagated further, which caused the Δp to 

stabilize and decline until acid breakthrough. Another interesting observation is related 

to the breakthrough time. Apparently, the diverting material not only diverted the flow 

from the higher to the lower permeability core, it also allowed the wormhole to 

propagate faster in the lower permeability core , as indicated by earlier breakthrough. 

This was not surprising, considering the low initial permeability contrast. The real 

challenge was to divert the fluid, given the higher initial permeability contrast, to be 

discussed in the next two experiments.  Fig. 55 shows a 3-D image of the wormhole for 

both cores. In experiment #19, the wormhole propagated more than 80% in the 96 md 

core before breakthrough occurred in the lower permeability core. 
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Fig. 54— Distribution of flow rate in each core; surfactant-based acid combined with the 

corresponding pressure drop measured across each core. 
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Fig. 55— 3-D image for the wormholes created in each core. 
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As the initial contrast increases, higher Δp is required to alter the tendency of the 

fluid system to enter the easy path. This was demonstrated in experiment #20 where the 

core samples were selected for higher initial permeability contrast. The pressure 

measurement indicates significant pressure build-up that allowed the acid to divert from 

the 115 md to the 26 md. The CT scan shows that the wormhole penetrated halfway 

through the 26 md, which still represents significant improvement in the acid diversion 

process.  

The last experiment demonstrates that with very high contrast in initial 

permeability, even if acid is injected at the critical rate, it will not be sufficient to divert 

the fluid. During experiment #21, almost the entire amount of acid fluid entered the 

higher permeability core with limited amount of acid entering the 7 md core. Pressure 

build-up occurred in the last 10 minutes before wormhole breakthrough. The 7 md core 

started to accumulate acid fluid at a later time, but it was only enough to create a couple 

of inches of wormhole inside the core. Due to limited core length, a longer core is 

required for better understanding about whether there will be diversion if the initial ratio 

exceeds 10.  
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CHAPTER VII  

CONCLUSIONS 

During this study, using a longer core was essential to capturing a more realistic picture 

of the overall process. The acid injection rate was found to be a key parameter for 

characterizing the correlation between spent acid fronts relative to the improved 

permeability front. This was evident by measuring calcium content in the effluent 

samples as acid was injected inside the core. As acid was injected below the critical rate, 

more calcium was obtained ahead of the wormhole. For example, at 3 and 1.5 cm
3
/min, 

the concentration was measured at 82,000 and 127,000 ppm respectively. Several 

conclusions obtained by performing straight acid experiments include:   

 The slope of the linear relationship between Δp and time was found to be a 

function of flow rate. 

 Given the experimental parameters applied in this study, 3 cm
3
/min was found to 

be a critical rate where the position of the spent acid front comes ahead of the 

improved permeability front.  

 The amount of calcium measured in the effluent samples suggests that, if the acid  

is injected low enough below the optimum rate, it would allow the acid filtrate to 

extend further ahead of the wormhole. 

Single coreflood experiments were performed using surfactant-based acid to 

verify certain conclusions reached from performing straight acid experiments. The 

viscosity build-up was correlated to calcium concentration and the position of the spent 
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acid front relative to the improved permeability front was delineated. Major findings are 

summarized as follows: 

 Pressure drops across the core show a non-linear relationship between Δp and 

time when surfactant-based acid flows in porous media, contradicting the linear 

correlation observed when regular acid is used.  

 The build-up in viscosity does not occur immediately, as enough calcium has to 

be dissolved to form the micelles. 

 Acid will remain strong inside the wormhole and that eliminates the possibility 

for gel to form inside the wormhole. However, it is very important to keep in 

mind that the acid consumed changes with position.  

 The acid injection rate was found to be a critical parameter in maximizing the 

efficiency of using surfactant-based acids as a diverting chemical. 

 The pressure build-up increased by more than 5-fold at low rates such as 3 

cm
3
/min, compared with no pressure build-up at high injection rates. 

 The maximum pressure measured across the core was obtained with experiment 

#9, where the acid injection rate was 1.5 cm
3
/min, resulting in a 9-fold increase 

on a normalized scale. 

 The maximum apparent viscosity generated during the acidizing process 

occurred over a narrow range of acid injection rates. Higher injection rates were 

not effective in enhancing the acidizing process, and the use of diverting material 

produced results similar to those of regular acids.  
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To confirm the results obtained from single coreflood experiments, parallel 

coreflood experiments were conducted using surfactant-based acid: 

 Diversion and fluid placement is more important than trying to determine the 

optimum injection rate.  

 The use of surfactant-based acid was also found to be constrained by the scale of 

the initial permeability ratio. For permeability ratios greater than about 10, 

diversion was insufficient.  

 For permeability ratios greater than 10-fold, acid placement treatment needs to be 

designed more carefully.  

Based on our analysis, surfactant-based acid can be used as a means of diverting 

material with some precautions depending on the target candidate.  Some useful tips can 

be used as guidelines for achieving more effective diversion, including:    

 For permeability ratios greater than 10-fold,  there are two ways to obtain 

diversion:  

1. Inject for a long period at a critical rate, in this case the wormhole target 

has to be longer than 2 feet (long wormhole). 

2. Inject acid as low as possible but use enough to generate a wormhole; this 

implies that faster gel formation and maximum resistance can be 

obtained. However, depth of penetration will be limited to 2 feet.  

  At very low permeability contrast, such as 1.5 ~ 2.5, gel is most likely to form in 

both permeability zones simultaneously. To overcome this problem, alternating 
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straight acid with surfactant-based acid will create an artificial contrast and result 

in better diversion.  

 Finally, ratios between 2.5 and 8 will be perfect candidates to use surfactant-

based acid      

There are several ways to improve the use of a surfactant as diverting agent. 

Considering the limitations observed in this study, any new class of surfactant can be 

more efficient if at least one of the following criteria improves:    

 Surfactants that can be triggered faster; 

 Surfactants that form a  more sustainable gel that can last longer;  

 Surfactants that can provide stronger physical properties, mainly Rheology, so 

permeability constraints can be overcome; or  

 Surfactants that will result in better cleanup. 
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NOMENCLATURE 

 

A : cross sectional area, cm
2
 

Bn : Eigen functions  

C : acid concentration in the fluid, weight of acid/weight of fluid 

Cavg : mean acid concentration, weight of acid/weight of fluid 

CD : dimensionless acid concentration, C/Co 

Co : inlet acid concentration, weight of acid/weight of fluid 

d : diameter of the core, cm 

D : diffusion coefficient, cm
2
/s 

f           : function to be determined, Hung (1987).  

k : permeability of the core, md 

L : length of the core, cm 

Lwh : length of the wormhole, cm 

NPew : Peclet number = νw rwh /D  

NRe : Reynolds number at the wormhole inlet = u(0) rwh /ν 

NRew : Reynolds number at wormhole wall = νw rwh /ν  

PVbt :  pore volume at breakthrough 

pe : effluent pressure, psi 

q : injection flow rate, cm
3
/min 

qT : total injection flow rate, cm
3
/min 

q1 : injection flow rate in core-1, cm
3
/min 
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q2 : injection flow rate in core-2, cm
3
/min 

r : radius of the core, cm 

rwh : wormhole radius, cm  

U : fluid velocity in the x direction, cm/s  

U(0) : average velocity at the inlet, cm/s  

V : fluid velocity in the r direction, cm/s 

νw : fluid velocity at the wormhole wall, cm/s  

μ : viscosity, cp  

β : (π/4 d2
core Ф), cm

2
 

ϕ : porosity of the core, percentage 

ζ : dimensionless radial coordinate= r/rwh 

ξ : dimensionless axial coordinate = x/rwh 

η : r
2
/r

2
w 

λn : eigen value corresponding to Eigen function Bn 

μ : fluid dynamic viscosity, cp  

ν : fluid kinematic viscosity, μ/ρ 
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