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Abstract

Emulsified acids are widely used for stimulating carbonate reservoirs. This study examines alternate ways to evaluate the
performance of emulsified acids by using a non-destructive visual-based technique. Using advanced image processing software and
techniques, it was possible to examine the dissolution patterns created by emulsified acids at different operating conditions.
Computerized Tomography (CT) was successful in monitoring wormhole initiation and growth inside carbonate core plugs during
the injection of emulsified acid.

The emulsified acid systems used were successful in creating a barrier for the acid allowing its slow release away from the
injection face. The reaction appeared to take place simultaneously at different places inside the core resulting in channels, which
later joined together to form a continuous wormhole between the inlet and outlet ends of the core plug.

The presence of natural channels (vugs, stylolites, etc.) and higher concentrations of calcite may help faster wormhole initiation.
Injection rate appeared to be the most important factor affecting emulsified acid performance in terms of wormhole initiation and
growth (faster injection caused faster wormhole initiation and consequently, its growth). Animations based on CT-scanner
generated data and created using advanced three-dimensional (3-D) image processing packages proved to be extremely useful in
observing the changes taking place inside the cores during emulsified acid injection. The methodology developed for conducting
the test and evaluating the image data can be applied to other tests involving visual-based evaluation of laboratory treatments.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Hydrochloric acid (HCl) is commonly used to
stimulate carbonate reservoirs. This acid reacts very
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rapidly with calcite. Therefore, there is a need to retard
acid reaction so that a deep acid penetration can be
achieved. This goal can be achieved using emulsified
acid. The acid can be emulsified using a hydrocarbon
phase (diesel or xylene) and a suitable emulsifier.
Emulsified acids present a definite advantage over
ordinary acids as the hydrocarbon phase provides a
diffusion barrier causing the slow release of acid and
deeper penetration.

The evaluation of the performance of emulsified
acids is generally based on the comparison of the
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pressure drops across the core before and after the acid
treatment. The ratio of the two pressure drops, with all
other parameters being constant, gives the k/k0 ratio or
the permeability improvement. However, this analysis
does not give any information about the initiation and
growth rate of the wormholes created by the acid. This
study examines the use of a visual technique based on
CT-scanning for evaluating emulsified acid performance.

A methodology was developed for collecting emul-
sified acid injection data on the core plugs through the
non-destructive use of CT and then to use image
processing packages to view the changes. The objec-
tives of this study are: (1) to conduct coreflooding
experiments with an emulsified acid system for a
particular set of operating conditions while investigating
the changes in reservoir cores with the CT, and (2) to
evaluate the performance of this acid system using the
image subtraction technique.

2. Background

2.1. Computerized tomography

CT has been used extensively by the petroleum
industry for the last two decades for studying reservoir
rocks and rock-fluid systems in a non-destructive manner.
The use of CT-scanning in the petroleum industry covers
two major areas: core characterization and fluid flow
visualization in porous media. For the former, the rock
samples are mostly scanned in as-received conditions, but
for the latter, almost always fluids containing a radiopaque
tracer are used to enhance the CTattenuations. Reviews of
the various applications of CT in the petroleum industry
can be found in the literature (Vinegar, 1986; Vinegar and
Wellington, 1987; Wellington and Vinegar, 1987; Hunt et
al., 1988; Withjack, 1988; Kantzas, 1990; Akin and
Kovscek, 2001; Withjack et al., 2003).

Until recently, almost all the petroleum industry
applications of CT utilized modified medical CT-
scanners. The medical CT attenuation data are presented
in an internationally standardized attenuation scale
called the Hounsfield unit. The unit is based on the
CT number (CTN) of air at −1000 and the CTN for
water at 0 Hounsfield units. The attenuation measured
by a CT-scanner is a function of both the bulk density
(ρb) and effective atomic number (Zeff) of the object
scanned. The dual-energy based method involves
scanning the core twice at the same location, using a
high- and a low-energy setting. For reservoir cores, the
dual-energy derived Zeff, and ρb data can potentially
yield the mineralogy of the core plugs (Wellington and
Vinegar, 1987; Siddiqui and Khamees, 2004).
2.2. Matrix acidizing and wormholes

Matrix acidizing of oil reservoirs is a process
designed to improve well productivity by increasing
rock permeability in the region surrounding the wellbore
(Hoefner and Fogler, 1985). Acid stimulation of
production and injection wells is routinely used to
remove pore plugging deposits from damaged wells.
These types of plugging are detrimental when they
occur in the immediate vicinity of the wellbore where
they form a low-permeability skin. This near wellbore
permeability reduction can be effectively removed by
proper acid treatments. Matrix acidizing can also
enhance production in wells that exhibit low natural
formation permeability. In this case permeability
increase is achieved by partial dissolution of the original
rock matrix instead of by removal of particulates.
Natural flow channels are enlarged allowing increased
production.

The high reaction rate of HCl with calcite results in
the formation of large flow channels called wormholes.
Wormholes are created because of the high dissolution
rates that are encountered in carbonate formations.
Wormholes originate at the wellbore and extend radially
in random direction into the formation. Wormholes form
because of the heterogeneity of natural porous media
and the non-uniform flow or channeling that always
results. Some areas of the rock receive more flow than
others. Acid penetrates farther into those regions and so
dissolution is accelerated there. Local permeability is
increased through enlargement of pores and pore throats
and flow increases even more. A dominant channel
quickly forms which then grows in length and
propagates through the medium. Once wormholes
form they carry essentially most of the fluid and regions
near the wellbore, but not near the wormhole experience
virtually no flow because of the negligible resistance to
flow in the wormhole itself (Hoefner and Fogler, 1985).
According to Williams et al. (1979) neither theoretical
nor experimental studies can predict the number, size, or
length of wormholes. If acid reaction rate is very fast,
the theories predict that only a few wormholes will form.
A slow reaction rate favors the formation of several
small-diameter wormholes. Nierode and Williams
(1971) showed that the maximum wormhole length
ranges from a few inches to a few feet and its length can
be substantially increased by reducing the rate of fluid
loss from the wormhole to the formation.

Hydrochloric acid containing a fluid-loss additive is
effective in controlling the rate of fluid loss to the
formation during acidizing. In low-permeability forma-
tions, it is not feasible to use these acids because of their



95S. Siddiqui et al. / Journal of Petroleum Science and Engineering 54 (2006) 93–111
low injectivity and using of up to 28 wt.% HCl is
normally preferred (Williams et al., 1979). If HCl cannot
be sufficiently inhibited to reduce corrosion at the
formation temperature, formic acid is preferred although
acetic acid can also be used.

At present, there is no established method to evaluate
the initiation and growth of wormhole inside rocks. A
destructive approach for evaluating wormholes inside
acid-treated core plugs involves forcing Wood's metal
through the wormhole created and then dissolving the
carbonate matrix with an acid to examine the shape of
the wormhole retained by the Wood's metal. However,
the use of a CT-scanner in conjunction with a laboratory
acidizing setup is most effective. Not only does it allow
the evaluation of the wormholes after acidizing, but it
also allows viewing all the changes taking place inside
the core plug in a non-destructive manner. Bazin et al.
(1995) and Bazin and Abdulahad (1999) used subtrac-
tion of CT-scan images before and after acidizing for the
three-dimensional reconstruction of wormholes created.
There is no published data dealing with wormhole
initiation and growth for the case of emulsified acids,
which is a unique feature of the present study.

2.3. Emulsified acid

In carbonate reservoirs, the reaction rate of hydro-
chloric acid with calcite is very fast (Nierode and
Williams, 1971). In conventional stimulations where
15 wt.% HCl is used at low flow rates, the acid reacts
with the carbonate rock and causes surface wash-out
only (Hoefner et al., 1987). This means that the acid will
not penetrate the damaged zone and, as a result, the
efficiency of the stimulation treatment will be low. One
way to overcome this problem is to use acid-in-diesel
emulsions. Diesel acts as a diffusion barrier between the
acid and the rock (Hoefner and Fogler, 1985). Thus, the
reaction rate of the acid with carbonate rocks becomes
slower. This gives the acid the ability to penetrate deeper
into the formation by creating wormholes, which
enhance well performance.

Acid-in-diesel emulsion has several advantages
besides its slow reaction rate with the rock. First, it
has a relatively high viscosity. As a result, it has better
sweep efficiency that will improve acid distribution in
heterogeneous reservoirs (Buijse, 2000). The live acid
has minimum contact with the well tubulars. Therefore,
there is minimum corrosion to well casing and tubing.
As a result, the concentration of total iron in the live acid
reaching the formation is low (Al-Anazi et al., 1998).
This will minimize the amount of iron control agents
needed to prevent iron precipitation and other problems
that created by the presence of iron ions, especially
ferric iron.

Emulsified acid has been successfully used to
stimulate oil wells, water disposal wells, tight gas
wells in Saudi Arabia and elsewhere (Al-Anazi et al.,
1998; Mohamed et al., 1999; Navarrete et al., 2000;
Nasr-El-Din et al., 2000; Bartko et al., 2003). The
desirable properties of emulsified acids are the same as
for straight acids – formation of long wormholes. The
structure of the wormholes depends on the competition
between the convective transport of acid (injection rate)
and the acid reaction rate with the rock (Navarrete et al.,
2000). Typical structures range from face dissolution at
low injection rates and/or high reaction rates (complete
dissolution of the rock starting radially from the
wellbore) to ramified wormhole structures at high
injection rates and/or low injection rates. Single
dominant wormholes are formed at intermediate injec-
tion rates. Face dissolution does not result in significant
skin reduction; instead long single wormholes maximize
skin reduction (Navarrete et al., 2000). The high
viscosity of emulsified acids is useful in matrix
applications to improve the distribution of acid in
different permeability zones. High-temperature stability
is another desirable property of the emulsified acid.

Bazin and Abdulahad (1999) conducted a large
number of coreflooding experiments with different
emulsified acid systems. Limestone cores of 2-in.
diameter×8-in. long cores (permeability varying from
1.5 to 3.3 mD) were used. Their tests also included
emulsion stability and measuring the apparent viscosity
of different acid-in-diesel emulsions. The emulsifiers
examined included a petroleum sulfonate surfactant
(Witco Petronate HH, which requires an alcohol to be
added) and a nonionic emulsifier IPE101 (IFP product,
which requires no alcohol, but was used at a higher
surfactant concentration). They also studied the disso-
lution patterns using CT. Their findings were as follows:

• Increasing the diesel volume fraction in the emulsi-
fied acid system increases emulsion stability and the
apparent viscosity of the emulsion. A system with 50/
50 diesel/acid volume ratio has acceptable properties.

• The effect of emulsifier type on the performance of
emulsified acid was not significant.

• Increasing the acid concentration provides higher
penetration rates,

• Increasing the acid volume in the emulsion formu-
lation does not decrease the acid breakthrough time
significantly.

• Numerous tests confirmed the existence of an
optimum injection rate (a lowest value in the
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wormhole breakthrough time versus injection rate
plot) for regular acid systems. This optimum rate is a
direct function of the core length and is related to acid
consumption and maximum wormhole penetration.
For the acid-in-oil emulsions tested, no such
optimum rate was observed in the range of flow
rates investigated in their experimental study.

The dissolution patterns (wormholes) obtained using
X-ray radiographs were very thin and nearly invisible at
all the flow rates tested, these contrasted with those
formed using straight acids. CT image subtraction based
data for both of the emulsified acid systems tested
(Petronate and IP) showed uniform dissolution, with
numerous channels. These thin dissolution channels
may actually improve the permeability slightly.

Navarrete et al. (2000) developed emulsified acid
systems that were stable up to 350 °F. Their emulsified
acid system produced higher fracture conductivities than
straight acids and was 14 to 19 times more retarded than
the latter at temperatures between 250 and 350 °F.
Hoefner and Fogler (1985) developed a micro-emulsion
based system using dodecane, water (aqueous HCl),
cetylpyridinium chloride and butanol as co-surfactant.
They added a cationic surfactant for increased micro-
emulsion stability at higher temperatures. Their system
was tested on very homogeneous, but low-permeability
Danian chalks, which are almost impossible to stimulate
with straight acid and it was quite effective. The fluid
penetrated much farther into limestone matrix before
acid could diffuse to the pore wall and react. The tests
also required only a fraction of the total volume of
injected fluid compared to straight HCl.

The main objective of the present study is to examine
initiation and propagation of wormhole generated by
emulsified acid in carbonate cores. The effects of core
initial permeability and acid injection rate on wormhole
propagation were also examined.

2.4. Experimental studies

The procedure used to conduct coreflood experi-
ments was as follows:

• Select a carbonate core plug.
• Prepare the emulsified acid and the brine (doped with
10 wt.% NaI).

• Put the core plug inside a special coreholder (X-ray
transparent).

• Apply a confining pressure that matches the reservoir
overburden (3,000 psi (20.7 MPa)).

• Vacuum-saturate the core plug with the doped brine.
• Inject the emulsified acid into the carbonate core
plugs.

• Displace the acid out of the system with the doped
brine.

During the coreflood experiments, the coreholder was
scanned at the same locations using a CT-scanner to
obtain a series of images of the plug undergoing the acid
treatment. The primary equipment used was an HD-350
CT-scanner with a maximum voltage rating of 140 kVand
a maximum intensity of 200 mA. The specially designed
experimental set-up (Fig. 1) allowed conducting tests with
visualization of the simultaneous motions of various
fluids inside cores. The experimental set-up consisted of a
special low X-ray attenuation core holder, a four-cylinder
positive displacement pump, a vacuum pump, a balance,
two floating piston accumulators, stainless steel valves,
and polyetheretherketone (PEEK) and stainless steel
tubing.

2.5. Core data and test procedure

Tests were conducted using emulsified acid on three
low-permeability core plug samples from a well in an
Upper Jurassic oil reservoir in Saudi Arabia. They were
all vertical plugs and referred to as Samples U1V, U2V
and U3V, respectively. All of these samples were
acidized with 20 wt.% HCl emulsified acid. The acid
contained 0.2 vol.% corrosion inhibitor, while the diesel
phase contained 1 vol.% emulsifier. The acid to diesel
volume ratio was 70:30. Only the acid injection rate and
the rock samples were varied in these tests. The
properties of core plugs and fluids are given in Table 1.

The apparent viscosity of the emulsified acid was
measured as a function of shear rate using a Brookfield
viscometer. Fig. 2 shows that the apparent viscosity of the
emulsion decreased with the shear rate, highlighting the
shear thinning behavior of this acid. In addition, the mean
droplet size was measured using a laser particle analyzer.
Themean droplet size of the acid droplets was found to be
nearly 5 μm.

The procedure was the same for all tests, which
included the following steps:

• Put the plug in a low X-ray attenuation coreholder
and apply 3,000 psi (20.7 MPa) confining pressure,

• Pull vacuum from the outlet end of the core for
several hours. Then, scan the core plug at two
energies: high at 140 kV, 100 mA; and low at 80 kV,
200 mA, both with 5-mm beam thickness and 5 mm
slice interval at fixed scan locations.

• Saturate the core with brine tagged with 10 wt.% NaI.



Fig. 1. A schematic diagram of the experimental setup.
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• With no appreciable fluid intake, switch to the
pumps and flow at least five pore volumes (PV) of
brine to make sure that the core is fully saturated.
Use three different rates (if possible) and record
corresponding pressures for initial permeability
measurement.
Table 1
Characteristics of core samples U1V, U2V, U3V and fluid properties

Core and fluid data U1V before the
test

U1V after the
test

U2
test

Weight (g) 135.93 134.72 146
Length (cm) 1.97 1.97 2.1
Diameter (cm) 1.49 1.49 1.4
Grain volume (cm3) 50.56 49.76 54.
Grain density (g/cm3) 2.69 2.71 2.6
Bulk volume (cm3) 56.29 56.29 60.
Pore volume (cm3) 5.73 6.53 5.9
Bulk density (g/cm3) 2.41 2.39 2.4
Porosity (vol.%) 10.18% 11.60% 9.8
Air permeability (mD) a 0.27 3,202.8 0.1
Brine permeability b (mD) 0.06 27.5 0.0
Brine phase c 10 wt.% NaI 10
Brine density d (g/cm3) 1.080 1.0
Brine viscosity d (cp) 1.009 1.0
Acid phase 20 wt.% HCl 20
Acid injection rate (cm3/min) 1.0 0.2
a Air permeability was measured at 200 (1.38 MPa) psi confining pressure
b Brine permeability was measured at 3,000 psi (20.7 MPa) confining pre
c Brine phase was prepared using distilled water.
d Density and viscosity were measured at ambient conditions.
• Scan the core at the high energy setting at the same
locations mentioned above, to obtain the wet scan
images.

• Connect the floating piston accumulator containing
freshly-made emulsified acid solution to the pump
outlet and flow through by-pass to clean the lines.
V before the U2V after the
test

U3V before the
test

U3V after the
test

.29 145.24 104.71 103.7
1 2.11 1.49 1.49
9 1.49 1.49 1.49
36 53.76 39.01 38.45
9 2.70 2.68 2.70
29 60.29 42.57 42.57
3 6.53 3.57 4.13
3 2.41 2.46 2.44
3% 10.83% 8.38 9.70
3 6,940.1 0.17 2,580.7
8 117.8 0.04 27.7
wt.% NaI 10 wt.% NaI
80 1.080
09 1.009
wt.% HCl 20 wtd% HCl

0.5

.
ssure.



Table 2
CT-scanning sequences for plug U1V (1 cm3/min)

Sequence name Description PVI acid at the
start

F Scan of the brine saturated core 0.00
G Start acid injection. at 1 cm3/min 0.19
H Continue acid injection 0.61
I Continue acid injection 0.95
J Continue acid injection 1.29
K Continue acid injection 1.59
L Continue acid injection 1.92
M Continue acid injection 2.47
N End of acid injection 3.25

Fig. 2. Apparent viscosity versus shear rate for the emulsified acid
system used.
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• Start injecting the acid and take scans continuously
while the acid is being pumped. Scan at least 10 cycles
to generate enough three-dimensional CT-data for
future visualization and evaluation purposes.

• After injecting the required volume of acid, stop the
acid flow, then take a final scan.

• Connect the brine cylinder and pump brine into the
core to remove as much acid as possible.

• Inject brine at the same three rates and record cor-
responding pump cylinder pressures for post-acidiz-
ing permeability measurement.

• Scan the core at the end of the brine injection, dry the
core by flowing air and dismantle the coreholder to
take the core out for drying for post-acidizing con-
ventional core analysis measurements.

• Clean all connecting lines and the coreholder
thoroughly with water to remove residual acid from
the system.

It should be mentioned that the above procedure was
adopted after several tests were made to optimize the
process. Usually any coreflooding test involving a CT-
scanner requires one of the fluids to be tagged with a
radiopaquematerial (to increase attenuation of that phase)
such as sodium iodide (NaI) in the aqueous phase) or
iodo-dodecane (C12H25I) in the diesel phase of the
emulsified acid. The former was chosen because it
allowed better visualization for the conditions of the test.

3. Results from the high flow rate case using core U1V

3.1. CT-scanning sequences and images

A dual-energy based mineral characterization re-
vealed the Sample U1V to be rich in calcite. The pro-
cedure, described by Siddiqui and Khamees (2004),
involves scanning the core at the same locations twice,
once with a high-energy setting to take advantage of the
Compton Scattering Effect and then with a low-energy
setting to take advantage of the Photoelectric Effect. The
dual-energy CT-derived grain density (with the assump-
tion that only calcite and dolomite are present in the core)
was found to be 2.73 g/cm3 (slightly higher than the
conventional core analysis derived values of 2.69 g/cm3

prior to test). Dual-energy data were also used to find the
locations within the core that have high concentration of
calcite, which is discussed later in this paper.

A total of 19 stages (or sequences) of CT image data
were collected on SampleU1Vduring the test. In each scan
sequence, the core was scanned at 9 positions (marked
from 0 through 8 in the slice images), 5-mm apart from
each other. The time taken between two subsequent slices
was 8 s on the average (includes both scanning and re-
construction times) and the average time difference
between the first and the ninth slices in a sequence was
72 s. At the flow rate of acid used (1 cm3/min), this
represents a difference of 1.2 cm3 or 0.184 PVI (Pore
Volumes Injected). The important sequences are given in
Table 2.

After pulling vacuum, scanning at two energies,
saturating using vacuum and flowing through it for
permeability measurement, the core was scanned in fully
brine saturated conditions to generate image data for the
baseline (Sequence F). The brine pump valve was closed
and the acid pump was connected to the core. A pressure
of 1500 psi (10.3 MPa) was built prior to opening the
valve for acid to the core. Injection of acid at 1 cm3/min
began and 1 min later the core was scanned in Sequence
G. Acidizing was continued until Sequence N.

Fig. 3a (Sequence G) shows that it took a very short
time for the acid to start making changes to the core. It
took 74 s to begin the scanning of the first slice (0.19 PVI)
in Sequence G. By the time the last scan was completed
(72 s later, i.e., 0.37 PVI), acid was already seen
developing significant wormholes (white spots), espe-
cially in the last three slices. By taking the position of the
acid in the fifth slice (20 mm from first scanning position)



Fig. 3. a, b, c and d: Four image plates showing the core plug undergoing acid injection. Beginning of acid injection (Sequence G, Fig. 3(a)); the
wormhole is fully developed (Sequence H, Fig. 3(b); and results of more acid injection (Sequences I and N; Fig. 3(c) and 3(d)). After the sequence N,
acid injection was stopped.
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as the beginning of wormhole there, it took 1 min–46 s
(0.271 PVI) for the acid to reach the fifth slice. Three slice
images in Fig. 3(a) may indicate a delay effect (acid
passing through part of the plug before actual wormhole
development), which may be caused by the slow release
of the acid from the emulsified acid. This is discussed in
more detail later in the paper. Fig. 3(b) and (c), which
represent Sequences H and I (0.61 and 0.95 PVI,
respectively), show continuation of the wormhole
creation process by acid, the path of which appears to
be complete. Fig. 3(d), which represents the last sequence
before acid injection is stopped (3.25 PVI), shows very
slight changes in slice colors compared to the previous
sequences. This is because acid flowed easily through the
path already created, without apparently making the
wormhole any larger. After the scanning of Sequence N,
the brine was flowed through the core to flush out the acid
and conduct post-acid permeability measurements.

Several three-dimensional mpeg (Moving Pictures
Expert Group) animations (movies) based on Sequences
G through N during the emulsified acid injection were
generated. For the movies three-dimensional data
(220×220×9 data matrix) from all the sequences (G
through N) were loaded simultaneously into an image
processing program and animations were created by
running through each sequence. Fig. 4 shows several
snapshots from one such animation file. Only four out of
the nine slices representing the entire core plug are
shown to avoid cluttering of the display area. The in-
jection end of the core plug is on the left and the



Fig. 4. Snapshots from a three-dimensional movie for the plug U1V showing the changes taking place inside the core during acidizing. The core is
rotated at the last four snapshots to show the two ends.
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Fig. 6. (a) and (b): Dual-energy derived effective atomic number data
showing locations inside the core plug U1V where calcite concentra-
tion is the highest (Fig. 6(a)). Post-acidizing data showing the
wormhole location inside the core plug (Fig. 6(b)).

Table 3
CT-scanning sequences for plug U2V (0.2 cm3/min)

Sequence Description PVI acid at the
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production end is on the right. The wormhole is shown
by a constantly-growing isosurface.

3.2. Summary of high flow rate case using core U1V

This test involving sample U1V, especially with the
aid of the three-dimensional movies, allowed several
observations to be made on emulsified acid perfor-
mance. These findings are given below.

• The injection of emulsified acid was not an immiscible
displacement i.e., acid pushing the brine as a front
ahead of it, similar to the drainage process, shown in
Fig. 5, which was seen inside three-plug composite
core from the same Upper Jurassic reservoir during a
CT-assisted coreflooding test (Siddiqui et al., 2000).

• The initiating of the wormhole with the emulsified
acid is an in-situ process. Once the already injected
acid reacts with sufficient amount of rock, an
elongated channel is created (can be anywhere and
not necessarily initiating at the core inlet), the
subsequent acid displacement then connects the
different channels to form a continuous wormhole.

• At the rate of injection used (1 cm3/min) the reaction
was very fast and the wormhole started being seen in
the CT slices from around 0.37 PVI.

• The wormhole initiation and growth in Sample U1V
seemed to be influenced by a higher concentration of
calcite as can be seen in Fig. 6.

• For the test involving Sample U1V and 1 cm3/min
rate, the wormhole growth appeared to have initiated
at the outlet end of the core (right) rather than at the
inlet side. The resolution and detectability limit of the
CT-scanner may be partly responsible for this
appearance even though the initiation of the worm-
hole may actually have been near the inlet end. Using
the same CT-scanner, Siddiqui et al. (2005) found the
Fig. 5. Two snapshots from a movie showing oil (gray) displacing
water (transparent) inside a composite core from a well in the same
Upper Jurassic oil reservoir during the drainage phase of a
coreflooding test. This immiscible displacement (injection from the
left corner) is almost piston-like.
detectability limit for the cuttings to be about 2.4 mm
(resolution of the scanner being about 0.46 mm) so it
is possible for the scanner to miss the wormhole at the
time of its entry.

• Although the lag due to CT-data acquisition and
reconstruction (amounts to 72 s between the first and
the last slice in this case) may partly obscure what
was happening in the prior slices at the time when the
last three slices were scanned in Sequence G, it
appeared from the movie that the detectable worm-
hole did initiate at the outlet side of the plug. This
apparent delay (acid transporting without reacting at
the inlet end first) may actually have been caused by
acid being present as a dispersed phase in diesel. This
means that this acid is retarded and, as a result, will
penetrate deeper into the formation. Tests on longer
cores with faster CT-scanners may provide more
insights into the subject.
name start

D Scan of saturated core 0.00
E First sequence after acid injection

started
0.04

F Continue acid injection 0.11
G Continue acid injection 0.18
H Continue acid injection 0.25
I Continue acid injection 0.32
J Continue acid injection 0.39
K Continue acid injection 0.47
L Continue acid injection 0.54
M Continue acid injection 0.62
N Continue acid injection 0.70
O Continue acid injection 1.40
P End injection at 0.2 cm3/min 2.02
Q End acid injection at 1 cm3/min 3.66
R End acid injection at 5 cm3/min 7.13



Fig. 7. (a) through (d): Slice images of the core plug U2V right after the acid injection was started (Sequence E, Fig. 7(a)). The wormhole is starting to
develop (Sequence I, Fig. 7(b)). The wormhole is fully developed (Sequence J, Fig. 7(c)) and the core at the end of the acid injection (Sequence R,
Fig. 7(d)).
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• Contrary to the finding based on 2-D slices that there
is almost no expansion of the wormhole after its
initiation, three-dimensional image data show that
there was some change in the core during acid injec-
tion (not as significant as the wormhole initiation).

• Some wormhole growth in a direction perpendicular
to the axial flow was also observed during acid
injection. The fact that the core plugs in this set (U1V,
U2V and U3V) had a higher permeability in the
direction perpendicular to the flow may be respon-
sible for flow in vertical direction.

4. Results from the low flow rate case using core U2V

4.1. CT-scanning sequences and images

The core plug sample U2V was also characterized
using a dual-energy based mineral characterization



Fig. 8. Snapshots from a three-dimensional movie showing the changes taking place inside the core U2V during acidizing. The core is rotated in the
last four snapshots to show the two ends (injection and production).
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technique. The dual-energy CT-derived grain density
(with the assumption that only calcite and dolomite are
present in the core) was found to be 2.74 g/cm3 (higher
than the conventional core analysis derived values of
2.69 g/cm3 prior to test and 2.70 g/cm3 after the test). CT-
based porosity was calculated using image subtraction
technique following saturation of the core with brine. The
average porosity of sample U2V using this technique is
found to be 10.5 vol.%, compared to conventional core
analysis derived value of 9.8 vol.% prior to the test.
A total of 22 sequences of CT image data were
collected on the core sample U2V during the test. In
each scan sequence the core was scanned at 10 fixed
positions (marked from 0 through 9 in the slice images),
5-mm apart from each other. The time taken between
two subsequent slices was 8.13 s on the average
(includes scan, reconstruction and table movement
times) and the average time difference between the
first and the tenth slices in a sequence was 80 s. At the
flow rate of acid used (0.2 cm3/min) this 80 s time



Table 4
CT-scanning sequences for plug U3V (0.5 cm3/min)

Sequence name Description PVI at the
beginning

B Scan of saturated core 0.00
C First seq. after acid injection started 0.03
D Continue acid injection 0.28
E Continue acid injection 0.54
F Continue acid injection 0.81
G Continue acid injection 1.18
H Continue acid injection 1.45
I Continue acid injection 1.73
J Continue acid injection 2.02
K Continue acid injection 2.32
L Continue acid injection 5.78
M End injection at 0.5 cm3/min 8.22
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difference represents a difference of 0.271 cm3 or
0.0457 PVI. The important sequences are shown in
Table 3.

Fig. 7(a) shows CT slices immediately after the start
of acid injection (Sequence E, 0.04 PVI). The core
slices look the same until Sequence I (0.32 PVI, Fig. 7
(b)) which shows some changes taking place in the first
three slices. By the next sequence (Sequence J, 0.39
PVI), the wormhole path was almost complete (large
differences, shown by large circular spots in Fig. 7(c)).
By taking the time for acid to reach the third slice in
Sequence J, the time of wormhole initiation is 718 s or
0.404 PVI. Acid injection at 0.2 cm3/min was
continued until Sequence P (with total injection of
2.02 PVI of acid) when the rate was changed to 1 cm3/
min (Sequence Q for another 1.64 PVI) and then to
5 cm3/min (Sequence R, for another 3.47 PVI, Fig. 7
(d)). Some minor changes were observed in the slice
and slab images based on this increase in the flow rate
after wormhole initiation.

Several three-dimensional mpeg movies based on
Sequences E through Q during the emulsified acid
injection were generated. For the movies three-
dimensional data (210×210×10, in FLD format) from
all the sequences (E through R) were loaded simulta-
neously into the program and animations of the
isosurface representing the wormhole were created by
running through each sequence. Snapshots from one of
the movies are shown in Fig. 8. Only four out of the 10
slices are shown to avoid cluttering of the display area.
The injection end is on the left and the production end
is on the right. The wormhole is shown by an isosurface
in the middle of the images. Fig. 9 shows that the higher
concentration of calcite may facilitate the initiation of
wormhole inside the core.
Fig. 9. (a) and (b): Dual-energy derived effective atomic number data
showing locations inside the core plug U2V where calcite concentra-
tion is the highest (Fig. 9(a)). Image showing the wormhole initiation
inside the core plug (Fig. 9(b)).
4.2. Summary of low flow rate case using core U2V

This test involving sample U2V, especially with the
aid of the three-dimensional movies, allowed several
observations to be made on emulsified acid perfor-
mance. These findings are given below.

• The injection of emulsified acid into brine saturated
core was like a miscible process as no piston- or
nearly piston-like displacement was observed.

• The initiating of the wormhole with the emulsified
acid is an in-situ process rather than a change oc-
curring in the direction of the flow (from inlet to
outlet).

• Similar to the test involving U1V, this test (with
U2V) the wormhole growth appeared to have ini-
tiated at the outlet end of the core (right) rather than
at the inlet end. Again, the resolution and the
detectability of the CT-scanner may have played a
role in this appearance. With the slower injection
rate used (0.2 cm3/min) there was a better control
over the lag time due to CT-data acquisition and
reconstruction (amounted to 81 s between the first
and the last slice in this case), the movie confirmed
that the wormhole did initiate at the outlet side of
the plug. This further confirms the delay in acid
reaction caused by injecting the acid in an emul-
sified form.

• At the slow rate of injection used (0.2 cm3/min, i.e.,
0.84 ft/d) no changes could be seen in the first four
sequences of scanning. The wormhole was first seen
in the CT slices from approximately 0.4 PVI.

• The three-dimensional image data on prolonged
injection of acid following wormhole development
show some changes in the core taking place although
it is not as significant as the wormhole initiation.



Fig. 10. (a), to (d): Image plates of the core plug U3V right after the acid injection started (Sequence C, Fig. 10(a); the wormhole is seen developing
along the top part of the slices in Fig. 10(b) (Sequence D); the wormhole is fully developed in Fig. 10(c), (Sequence E); and slices at the end of
acidizing in Fig. 10(d) (Sequence M).
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• Increasing the acid injection rate to 1 cm3/min and
then to 5 cm3/min following the wormhole develop-
ment by acid did not result in significant additional
wormhole generation for the core plug tested. Some
carefully-designed tests using long cores may shed
additional light on this issue.
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5. Results from the medium flow rate case using
core U3V

5.1. CT-scanning sequences and images

Similar to the two previous samples, Sample U3V
was also characterized using a dual-energy based
mineral characterization technique. Although taken
from almost the same depth as Samples U1V and
U2V, Sample U3V is unique in having some embedded
stylolites (tooth-like, serrated, interlocking surfaces
most commonly seen in carbonates, which are thought
to form by pressure solution during diagenesis). One of
the goals of doing the test with U3V was to examine the
effect of stylolite on acid injection and wormhole
generation. The dual-energy CT-derived grain density
(with the assumption that only calcite and dolomite are
present in the core) was found to be 2.76 g/cm3 (higher
than the conventional core analysis derived values of
2.68 g/cm3 prior to test and 2.70 g/cm3 after the test).
The porosity calculated using the same technique was
also higher, 11.4 vol.%, compared to 8.4 vol.% prior to
the test using conventional technique. Porosity due to
vacuum saturation was also calculated for Sample U3V
(saturation technique) and it was 7.7 vol.% (close to the
conventional core analysis derived 8.4 vol.% prior to the
test).

A total of 24 sequences of CT image data were
collected on the core sample U3V during the test. Table 4
gives the details of the sequences. In each scan sequence
the core was scanned at 7 positions (marked from 0
through 6 in the slice images), 5-mm apart from each
other. The time taken between two subsequent slices was
8 s on the average (includes scan plus reconstruction
times) and the average time difference between the first
and the seventh slices in a sequence was 56 s. At the flow
rate of acid used (0.5 cm3/min) this represents a dif-
ference of 0.467 cm3 or 0.131 PVI.

Fig. 10(a) and (b) show two stages right after the start
of acid injection at 0.5 cm3/min (Sequences C and D;
0.03 and 0.28 PVI, respectively). Although Fig. 10(a)
(Sequence C) does not show any change, Fig. 10(b)
shows some changes in most of the slices. The bright
spot seen at the top of several slices starting from the
third slice is the wormhole, which developed rather
quickly in this test (135 s from acid injection, 1.125 cm3,
or 0.315 PVI). Since this top section of the core plug
also contains the stylolite, it may be postulated that its
presence provided a preferential path for the emulsified
acid to create the wormhole. The wormhole was seen in
all the slices from Sequence C (0.03 PVI) and the acid
injection was continued at the same rate until Sequence
M (8.22 PVI). The core was then flushed with brine for
post-acidizing permeability measurement.

A three-dimensional mpeg movie based on Se-
quences C through M during the emulsified acid in-
jection was generated. For the movies three-
dimensional data (220×220×7) from all the sequences
were loaded simultaneously into the three-dimensional
visualization program and animations of the isosurface
representing the wormhole were created by running
through each sequence. Some snapshots from the
movie are shown in Fig. 11. Only four out of the seven
slices are shown to avoid cluttering of the display area.
The injection end is on the left and the production end
is on the right. The wormhole is shown by a bright
isosurface.

In order to study the influence of porosity on the
location of wormholes, the high-porosity streaks within
the core based on CT-derived brine saturation data
(Fig. 12(a)) are plotted next to the image showing
wormhole location inside the core plug (Fig. 12(b)). The
images show that higher porosity may have some
influence on the wormhole location.

5.2. Summary of the medium flow rate case using
core U3V

The three-dimensional movies for Sample U3V
demonstrated similar observations as those for the
other two samples tested – U1Vand U2V. Some related
observations are listed below.

• Similar to the tests involving U1V and U2V, the
wormhole initiation in Sample U3Valso appeared to
have started at the outlet end of the core (right)
rather than at the inlet end. Again, this may be due to
the slow release of the acid from the active diesel
phase.

• The wormhole initiation was probably facilitated by
the presence of stylolite (top section) and also by the
presence of higher porosity streaks within Sample
U3V. As a result, the wormhole development appeared
to be relatively fast.

• The prolonged injection of acid (up to 8.2 PVI),
although did not show any appreciable changes in
the 2-D slices, did in fact show some changes
taking place (additional reaction at the inlet end)
long time after the initiation of the wormhole. In
the case of the blockage of the primary wormhole,
these additional channels may be helpful to pro-
duction but more detailed economic analysis maybe
needed to justify injecting more emulsified acid
than necessary.



Fig. 11. Snapshots from a three-dimensional movie for the sample U3V showing the changes taking place in the core plug due to acid injection. The
core is rotated in the last three snapshots.
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6. Evaluating acidizing performance based on visual
techniques

6.1. Wormhole images in dry samples

The samples U1V, U2V and U3V were cleaned with
water to remove the acid and the brine and then dried in
the oven before scanning them again for the evaluation
of the treatment. Fig. 13 shows three isosurface images
from the acidized samples U1V, U2V and U3V
highlighting the wormholes. The wormhole size is
dependent on the value of the isosurface used. All three
plugs had almost the same initial permeability and the
acid used was the same. The only parameter varied was
the flow rate and the samples themselves had different
degrees of heterogeneity. In addition, Sample U3V
contained stylolites.

The wormhole path in Sample U2V (slowest injection
rate) is the most straight and it goes through the middle of
the plug. The path in Sample U3V (medium injection
rate) is also straight, but it goes through the top section of
the sample, possibly aided by the strong stylolite/vug
presence in that section. The wormhole path in Sample
U1V (fast injection rate) is the most tortuous and
broadest (at the same isosurface value). From the limited
amount of data available, it appears that a higher injec-
tion rate may have a tendency to create more wormhole
channels.

It should be noted that the actual size of the
wormholes is far smaller than what they look like in
these images. The holes at the inlet and outlet faces of all
these plugs were found to measure around 1 mm in
diameter whereas the images make them appear larger.
Fig. 14 shows the photographs of these three samples
highlighting the injection and production ends after
acidizing. The tip of the wormhole for each plug is
shown with an arrow.
Fig. 12. (a) and (b): CT saturation derived porosity data showing
locations inside the core plug U3V where porosity is the highest (Fig.
12(a)). Image showing the wormhole initiation inside the core plug
(Fig. 12(b)).
By ignoring the inherent heterogeneities (most likely
causing acid in the test with U3V to follow a preferential
path) in each of the three samples, the acidizing treatment
in Sample U1V appears to be the most effective (larger
wormhole and faster growth), followed by U2V. The test
involving U2V (slowest injection rate) showed the
slowest growth of wormhole and at the same isosurface
value it showed the thinnest wormhole out of the three.
Since the injection rate was the highest for U1V,
followed by U3V and U2V, these observations seem to
support injection rate as being one of the most important
factors in wormhole development and growth using
emulsified acid.

Fig. 15 shows a summary of the effect of the acid
injection rate on wormhole initiation time and the
corresponding pore volume injected for the three
samples U1V, U2V and U3V. Since almost the same
amount of time was needed for the wormholes to
connect the inlet and outlet of each core, the relationship
seen in Fig. 15 is also valid for the effect of wormhole
growth rate in these short cores.

6.2. Criteria and limitations of visual evaluation
techniques

At present permeability measurement (using either
the wet core during the test or dry core before and after
the test) is the only criterion used for evaluating
acidizing performance. However, this type of evaluation
does not provide any information on the actual
wormhole created or its sustainability. An evaluation
technique based on the comparison of isosurfaces at the
same value may serve as a yardstick for comparing the
emulsified acid performance. Some of the criteria that
can be important are:

• Speed of wormhole initiation and growth,
• Shape (tortuous versus straight), and
• Size (broad and multi-channeled versus narrow)

One should be cautioned however, that the genera-
tion of wormhole isosurfaces depends heavily on
interpolations and other mathematical techniques.
Unless the data collected have the right resolution, the
evaluations will remain qualitative.

Some of the tests showed very fast wormhole
development and for accurate evaluations based on
speed, the scanning speed should be much faster than
the interstitial (Darcy) velocity. Medical CT-scanners
based on the new multi-slice technology usually can
provide extremely high speeds of data acquisition. Other
features such as spiral scanning, available with newer CT-



Fig. 13. (a) to (c): Three isosurface plots showing the location of the wormholes within Samples U1V, U2V and U3V, respectively.
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scanners should also be useful in out-running the acid
injection speed. The time-stamping of slice images by the
CT-scanner is generally very helpful in calculating the
time of wormhole initiation, which may be used for
comparing the performances of different emulsified acids.

7. Conclusions

This study examined initiation and propagation of
wormholes created by emulsified acid in low perme-
ability reservoir cores. New scanning and data analysis
Fig. 14. (a) and (b): Photographs of the three plugs after acidizing showing
production end at the bottom).
procedures were used to follow the propagation of the
acid inside core plugs. The overall findings are
summarized below.

1. Real time monitoring using a CT-scanner proved
extremely successful in evaluating the perfor-
mance of emulsified acids in cores. With properly
designed tests and relatively fast scanning speeds,
CT allows the calculation of the time of wormhole
initiation and that of the wormhole connecting the
two ends of the core plug.
the actual wormhole sizes at the two ends (injection end at the top,



Fig. 15. Effect of injection rate on wormhole initiation time and pore
volumes of acid injected.
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2. The 2-D CT-slice images generally used have
limited capability in monitoring changes taking
place inside the core in a dynamic process such as
acidizing with emulsified acid. The use of three-
dimensional image processing software was
necessary for properly evaluating emulsified
acid performance inside core plugs. The three-
dimensional wormhole image snapshots and
movies generated by the advanced image proces-
sing software were very useful in observing and
evaluating acidizing performance based on visual-
based techniques.

3. Based on tests on three very low-permeability
core plugs, the wormhole development speed and
wormhole size was the highest for the test
involving the fastest injection rate. Based on the
limited data from these tests, the injection rate
appears to be one of the most important factors
affecting emulsified acid performance. This
finding differs from the observations made by
Bazin and Abdulahad (1999) who saw almost a
straight line behavior between wormhole break-
through time and injection rate.

4. Based on the coreflood tests performed in brine-
saturated plugs, the propagation of emulsified acid
appeared to take place without any immiscible
front movement. The wormholes appeared to
develop independently as small individual chan-
nels which later joined with the others to form a
continuous wormhole from one end of the plug to
the other.

5. Although the wormholes may have initiated close
to the inlet end of the core plugs, the resolution of
the CT-scanner used gave the appearance of
wormholes initiating at the outlet end of the core
rather than at the inlet end as is expected in a
typical acid treatment. The role of diesel as a
barrier followed by slow release of acid from the
emulsion may also have some influence on this
appearance.

6. The wormhole initiation may be influenced by the
higher concentration of calcite present in the car-
bonate rock, and the presence of higher-porosity
channels and stylolites – all of which provide a
preferential path.

7. Although no major changes took place inside the
core after acid breakthrough, three-dimensional
data on the prolonged acid injection did show
some minor changes taking place inside the core
plugs, some in the direction perpendicular to flow,
which was the path with least resistance (higher-
permeability) in those cases.

8. In addition to creating wormholes much faster than
the slow injection rate cases, the faster injection
rate may also cause additional wormhole channels,
which may eventually get connected to result in
more sustainable wormhole development.

9. Prolonged injection of acid after wormhole
development may help create additional channels,
which may have positive effects on oil/gas
production, but detailed economic analysis may
be needed to justify additional spending for more
acid injection.

10. Increasing the injection rate after initial worm-
hole development apparently did not result in
additional wormhole development, but the in-
creasing rate may potentially be beneficial for
tests involving long cores. Tests on long cores
are also recommended to observe the effects of
faster injection rates and the sustainability of
wormholes.

11. In addition to the standard evaluation procedure
for emulsified acids involving comparison of
permeabilities before and after acidizing, the
visual evaluation techniques can provide infor-
mation on the speed of wormhole initiation and
growth, shape and size of the wormholes some of
which can have long-lasting impacts on oil
production.

12. Better evaluation of the performance of emulsified
acids using visual techniques can be achieved by
higher-resolution and faster CT-scanners, but the
progress made so far is a good starting point for
future activities.
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