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ABSTRACT

CO, Flooding is the most promising enhanced oil recovery method. However, the
highly mobile CO, seeks nut the path of least resistance through the largest pore
openings and takes the rmost direct route between the injection weil and the production
well. This causes early blreakthrough and reduces CO, sweep efficiency. As a result, CO,
flooding is often not economically feasible without better CO, mobility control. Several
methods of mobility control have been attempted with limited success. Therefore, new
concepts for controlling the mobility of injected CO, are required to imprcve the overall
sweep efficiency and economics.

To overcome the tendency of CO, to bypass the smaller pores containing the
residual oil, one approach would be to plug the larger pores by chemical precipitation.
Several relatively inexpensive water soluble salts of earth alkali group react with CO, to
form precipitate. Once the precipitate is formed in the larger pores, the subsequent fluid
flow will be diverted to relatively smaller pores, thereby increasing the sweep efficiency.

The overall objective of this study has been to evaluate the feasibility of chemical
precipitation to improve CO, sweep efficiency and mobility control. The laboratory
experiments have indicated that carbonate precipitation can alter the permeability of the
core samples under reservoir conditions. Furthermore, the relative permeability
measurements have revealed that precipitation reduces the gas permeability in favor of
liquid permeability. This indicates that precipitation is occurring preferentially in the larger
pores. Additional experimental work with a series of connected cores have indicated that
the permeability profile can be successfully modified. However, Ph control plays a critical
role in propagation of the chemical precipitation reaction. A numerical
reservoir model has been utilized to evaluate the effects of permeability heterogeneity
and permeability modification on the CO, sweep efficiency.

The computer simulation results indicate that the permeability profile modification
can significantly enhance CO, vertical and horizontal sweep efficiencies. The scoping
studies with the model have further revealed that only a fraction of high permeability
zones need to be altered to achieve sweep efficiency enhancement. |
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CHAPTER ONE

1.1. Backgrouhd

| CO, flooding is one of the most promising and fastest growing enhanced. oil
recovery met‘h‘od.‘ A major problem in enhanced oil recovery (EOR) in general and CO,
flooding in particular is low vqlumetric sweep efficiehcy. Reservoir hete'rogeneities are
widely recognized as some of the major contributors to low volumetric sweep efficiency
often encountered in enhanced oil recoVery processes. The vunfavorable permeébility
corlitrasts within the reservbir result in channeling of injected fluids through high
permeability streaks. When channeling occurs, oil in tighter parts of a reservoir is

bypassed. To recover the uncontacted or unswept oil, it is necessary to redirect the

injected CO, from well-swept regions of the reservoir to low permeability regions that are

poorly swept and usually contain significant amounfs of oil.

Techniques for recovering oil from the uncontacted or unswept areas are referred
to as sweep improvements methods and include both mobility control and reservoir
nlﬁ@dific;_ation techniques. The purpose of any swéep improvement method is to prevent
cycling ‘é‘)f' injected fluids through high permeability layers of the reservoir. Several
methods for CO, sweép' improvement have been proposed with limited success.

Therefore, new concepts for enhancihg CO, sweep efficiency are required to improve



recovery and economics. The overall objective of this research program is to pfovide an
improved technology base for increasing ultimate oi}ll recovery from CO, miscible and
imm‘iscible EOR operations while maintaining project economics that allow the
| implementation of the improved technology. The efforts in this research program more

specifically are directed at CO2 sweep improvement by in-situ carbonate precipitation.

1.2. The Proposed CO, SWeep improvement Method

A treatment that could redUce‘ the pérmeability of the high bermeability regions
throughout the reservoir would effectively reduce the channeling, divert the flow of the
displacing fluid through the less permeable regions, improve the sweep efficiency, and
ihcrease oil recovery. The petroleum engineering literature contains numerous references
to formation démage (permeability. reduction) dije to carbonate precipitatién (scale). This
indicates that if prbper conditions exist in the porous meaia, the controlled formation of
carbohate precipitates would cause permeab\iiity reduction.

One procedure used in CO, flooding, known as WAG, is conducted by injecting
a slug of water and follqwing it with a CO, slug. CO, flows most readily through the most
permeable regions and bypasses the residual oil in less permeable regions as illustrated
in Figure 1.1 for a hypothetical heterogeneous porous media. Several relatively

inexpensive water soluble salts of the earth alkali group react with CO, to form a solid

carbonate precipitate. If the water slug contains a solution of one of the above



mentioned salts, the carbonate precipitate will be fotmed in the regions that are
contacted by the subeequent CO, slug. As a result, the majority of the precipitate will be
formed iri the high permeability channels that are swept by CO,. Fermation of the
precipitate will result in partial plugging of the large pores in the high permeability region,
thereby reducing‘their permeebiiity as illustrated in Figure 1.2. Once the precipitation has
teduced the permeability in the high permeability regions, subsequent CO, slugs will be
forced te fiow through an alterhate path as shown in Figure 1.3. Each WAG cycle will
repeat the process with additional precipitate forming in progressively lower permeability
zones. The salt in the irijected water can be discontinued any time the permeability

modification is no longer desired.

1.3. Research Objectives

The overall goal of this research program has been to develop an improved
technology base for increasing ultimate oil recovery from CO, miscible and/or immiscible
EOR operations while improving the econom‘ics over the current state-of-the-art practices
to allow the implementation of improved technology. More specifically, the research
efforts are directed at evaluating the feasibility of utilizing in situ carbonate precipitation
for ‘COZ sweep improvement.

The specific objectives of the research program are:

- To determine and evaluate the optimum conditions and materials for chemical



Fig. 1.3. CO, Flow Path After Carbonate Precipitation



precipit‘étion‘ over a realistic range of reservoir pressures an;l temperatures.

- To evaluate the permeability alteration by in situ chemical precipitation in core
samples.

- To extend the laboratory results by modeling and computer simulation to determine
the expected increased oil recovery through the application of th;a in-situ

precipitation.

1.4. Project Organization
The research efforts in this project are divided into 4 phases or tasks as

“described below.

1.4.1. Task | - Review of Current Technoldgy

A complete review of the literature pertaining to volumetric sweep efficiency
enhancement and mobility control was conducted prior to the start of the laboratory
research. This review determined the necessity for research in the area of sweep
efficiency enhancement. The results of the literature reviews are summarized in Chapter

2.



1.4.2. Task Il - Carbonate Precipitation Experiments

The efforts in this task were directed at determining the conditions and materials
for 6ptimum in-situ precipitation over a realistic range of reservoir pressures and
temperatures. The first step of this task involved the selection of chemicals that are
readily water soluble, inexpensive, and that form a solid precipitate when contacted by
CO,. These experiments were conducted at ambient conditions. The second step of this
task involved the carbonate precipitation experiments that were carried out under
“reservoir conditions in a PVT cell. The experimental procedures as well as the results of

the experiments are provided in Chapter 3.

1.4.3. Task lll - Carbonate Precipitation in Core Samples

The experiments in this task involved the attempts to modify the permeability by
in-situ carbonate precipitation in the core samples. Several series of tests under a variety
of conditions were conducted in Berea core samples 1 1/2 inches in diameter and 6
inches long in order to evaluate the permeability alteration. The experimental procedures

as well as the results of the experiments are provided in Chapter 4.

1.4.4. Task IV - Modeling and Computer Simulation
A reservoir model was utilized in this phase of the research to extend the

experimental results to field applications and to determine the enhancement in the
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horizontai and vertical swéep efficiencies due to carbonate precipitation. The results of

the computer simulations are provided and discussed in Chapter 5.

1.5. Publications

The following publications, theses, and presentations have resulted from this

research project.

1.

P.S. Puon, S. Ameri, K. Aminian, D.L. Durham, J.A. Wasson, and R.J. Watts:
"CO, Mobility Control by Carbonate Precipitation: Experimental Study", SPE
18529, Proceedings of SPE Eastern Regional Conference, Charleston, WV, Nov.
1988.

K. Aminian, S. Ameri, and R.J. Watts: "CO, Mobility Control by Carbonate
Precipitation - A Feasibility Study", Paper 98H, Presented at AIChE Annual
Conference. Enhanced Oil Recovery Perspective lll, Washington, D.C., Dec.
1988.

K. Aminian, L.E. Cunningham. S. Ameri, and R.J. Watts: "Carbonate
Precipitation to Improve CO, Mobility Control", Presented at Eastern Regional
American Chemical Society Conference, Cleveland, OH, June 1989.

K. Aminian, S. Ameri, L.E. Cunningham, and R.J. Watts: "CO, Mobility Control by



Carbonaté Precipitaftion: A Modeling Study", SPE 19321, Proceedings of SPE
Eastern Regional Conference, Morgantown, WV, Nov. 1989.

K. Aminian, S. Ameri, and R.J. Watts: "A Modeling Study of CO, Sweep
Efficiency Enhancerhent by Carbonate Precipitation", Paper 59B, Presented at
AICHE Spring National Meeting, Enhanced Qil Recovery Il, Orlando, FL, March
1990.

R.M. Burger: "A Preliminary Study of CO, Mobility Control by In-Situ Chemical
Preéipitation", Master’s Thesis, West Virginia University, Petroleum and Natural Gas
Engineering Department, May 1988.

D.K. Gosnell: "CO, Mobility Control by In-Situ Chemical Précipitation - A Core
Study", Mas'ef's Thesis, West Virginia University, Petroleum and Natural Gas
Engineering Degartment, Dec. 1988.

D. Nay: ‘'Evaluation of Permeability Proﬁle Modification During Carbonate
Precipitation in Core Samples", Master's Thesis, West Virginia University,
Petroleum and Natural Gas Engineering Department, Under Preparation.

L.E. Cunningham: "CO, Mobility Control by In-Situ Chemical Precipitation
Computer Modeling Study", Master’s Thesis, West Virginia Univeréity, Petrdleum

and Natural Gas Engineering Department, Under Preparation.
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CHAPTER TWO

REVIEW OF CURRENT TECHNOLOGY
A complete review bf the literature pertaining to sweep eﬁiciency enhahcement
and mobility control was conducted prior to the start of the iaboratory research. Although
this literature search was specifically directed at CC‘)2 sweep improvements,\attent.an was
also focused on work done to improve swéep efficiency in conventional, secondary, and
other enhanced oil recovery procedures.

Standard and prevalent procedures including formal literature search,

computerized literature and patent search, and communication with the professional

community was used to locate and document thé related material. A continuing effort
was made throughout the préject to keep the review current and complete. This review
determined and proved the necessity for research in the area of sweep improvements.
This chapter summarizes the results of the literature search and proviles the

background on CO, flooding and sweep improvement methods.

2.1. Background
QOil recovery by CO, flooding has been extensively discussed in the literature®.
This section provides only a brief review of this topic.

After secondary recovery of oil by waterflooding, a certain amount of residual oil

remains in the pore spaces of the reservoir rock for one or both of two reasons: (1) the

"HU



oil was bypassed and not contacted by the injected water; or (2) capillary forces
retained the oil in the pore spaces. The retention of oil in the reservoir pore spaces is
caused by interfacial effects between two immiscible fluids. The importance of the role
that capillary and interfacial forces play in controlling fluid movement and the efficiency
of the recovery rhechan‘ism have long been recognized. Carbon Dioxide (CO,) has fhe
potential to overcome both of these factors. Many crude oils are miscible with CO, under
certain conditions of ter/ﬂyxperature and pressure. Miscibility eliminates the interface
between fluids and reduc‘es the capillary retaining forces to essentially zéro.

There is a difference between CO, dissolving in crude oil and CO, being miscible
with crude oil. Aé pressure is applied to a CO,-crude oil system, the CO, will readily
dissolve until the crude oil is saturated with CO, at the‘ existing pressure and
temperature. At that time, there will be both free CO, and CO,-saturated crude oil present
with an interface between the two fluids. Dissolving the CO, in this manner will result ih
an expansion of the CO,-crude oil solution and a reduction of its viscosity. Solution of
the CO, in this manner will take place regardless of the composition or API gravity of the
crude oil. It is obvious that the swelling of the oil will increase the oil saturation in the
reservoir rock and will, therefore, enhance fhe relative permeability of the reservoir rock
to oil. In addition, the residual oil saturation that remains after recovery operations are
complete will consist of swollen oil, which consists of a large volume of CO, and a

relatively small quantity of hydrocarbon material. The reduction of viscosity and the

10
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increase in relative permeability to oil, both facilitate flow of the swollen oil to the
production well. Thus, immiscible displacement, a result of dissolving C‘O2 in crude oil,
may fréquéntly be an effective enhanced oil recovery technique.

The processés described above also take place in miscible CO, displacement.
Miscibility between CO, and crude oil, however, requires more restrictive conditions of
temperature, pressure, and oil composition than simply the dissqlving of CO, in the oil.
Miscibility entails, by definition, the elimination of the interface between the CO, and the
oil. At any given temperamre and for any given crude oil, there is a minimum miscibility
pressure (usually 1000 psi or greater), MMP, below which the interface will remain. In
most cases; CO, and crude oil, because of differences in their properties and

composition, will not be miscible on first cbntact, regardless or pressure. These fluids

have what is called multiple contact miscibility. In other words, the CO, must repeatedly

contact the oil and, because of the concentration gradient between the oil and the CO,,
many hydrocarbon molecules, especially those of C,-C,;, must leave the <il and enter the
CO,. After a sufficient number of contacts, enough of these hydrocarbons will have
joined the CO,-rich phase and enough CO, will have entered the hydrocarbon-rich phase
so that the two phases become miscible. At that time, the interface between the phases
will disappear, capillary forces will become zero, and the residual oil saturation can be

reduced to less than 10 percent of the pore space in the contacted portions of the

reservoir.

11



In order to determine the chances of conducting a successful miscible CO,
displacement, information must be obtained from several sources. Slim tube tests - in
which tubing smaller than 0.25 inch |.D., and at least 80 feet |Ong, are packed with glass
béads or unconsolidated sand, and satuféted with reservoir di!, is flooded with CO, af
reservoir temperature and various pressures - ‘in order to determine the Minimum X
Miscibility Pressure (MMP). In these tests, multiple contact miséibility can be attained at
MMP or pressures greater than MMP.

Core samples of reéervoir rock saturated with reservoir oil and formation water
are flooded with CO, at a temperature and pressure greater than MMP in order to
determine, in a more realistic situatior, the residual oil saturation (S,) and the
permeability effects that may be expected in a field application. Wettability of the core
samples should be preserved and determined as an aid in predicting the amount of oil
that may be trapped by water blocking.

Additional reservoir data, such as the permeability profile, the vertical-permeability
to horizontal-permeability ratio, and transmissibility between reservoir strata are needed
for reservoir studies.

A permeability profile having widely varying permeabilities in a reservoir formation
with a natural or induced fracture system that is poorly oriented with respect‘tp the well
pattern, would indicate that this reservoir is a poor candidate for CQ, flooding or most

other EOR techniques. Because of the low density of CO, gas compared to that of oil,

12
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thére is a tendency 1“0r the CO, to migrate vertically to the top of the formation (gravity
override), i.e., to advahce more répidly at the top of the reservoir than in low ir portions
of the rock. The low viscosity of CO, gas permits the formation of viscous fingers or
small channels in which the CO, rapidly moves from the injection well to the production
well, ‘bypassing a large pén of the oil saturated reservoir.

The viscosity factor and the abnormally high relative permeability to gases at low
gas saturations result in a very high mobility for the CO,. This mobility, in turn, because
of the channeling and fingering that it produces and the absence of oil banking that it
permits, results in a generally low volumetric sweep‘ efficiency, rapidly increasing the

producing CO,-oil ratios, and necessitating the recovery and reinjection of large volumes

‘of produced CO,

' 2.2. Sweep Improvement Methods

As discussed in the previous section, additional oil recovery from an already
water-flooded reservoir can be achieved by CO, injection. dbwever, the recovery

efficiency, as with any fluid driven process, depends on the degree of bypass or

~ channeling. The injected CO, has a strong tendency to flow through those pores that

have been contacted and largely saturated with the displacing water. Reservoir
heterogeneities, such as fractures, channels, or high-permeability streaks, can cause COQ,

channeling and thus result in pobr sweep efficiency, early CO, breakthrough, and

13



reduced oil recovery. To recover the uncontacted or unswept oil, it is, therefore,
- necessary to direct the inie.oted CO, into the previously unswept portions of the ieservoir.
Techniques for recovering oil from the uncontacted or unswept areas are referred to as
sweep improvement methods -and include both mobility control and reservoir
modification techniques. The purpose of any sweep improvement method is to prevent
cycling of the injected fiuid (CO,) through high-permeability layers of the raservoir.
Sweep improvement s, therefore, important for successful CO, flooding. Several
methods have been proposed in attempts to alleviate the situation, but none 'of them
have been successful to a satisfactory degree. The point of entry of the CO, into the
reservoir can be controlled by seating one or more paclers at an appropriate position(s)
or by selective perforation of the casing. However,‘ once the CO, leaves the immediate
vicinity of the wellbore, this method cannot control its movement. Production wells c‘an
be shut in or flow can be restricted. Without the pressure sink which they normally
provide, there will be'less tendency for the CO, to channel until they are put on

production once more.

2.2.1. Water Alternating Gas (WAG)
The earliest attempt to reduce CO, mobility was with a water alternating gas
(WAG) process. In this process, a slug of gas (CO,) is injected and then is followed by

a slug of water. The water injection tends to reduce the relative permeability to gas and

14



thus decreases CO, mobility“’. Although this method may temporarily reduce the
channeling tendency of the CO,, relaﬂve permeability to water and CO, remains high in
the‘élready formed channels. Also, any Inorqase in conformance may be lost because
of the lower displacement efficiency thay 2acurs here as a resulf of water preceding the
CO, through the pore spaces. This problem is worse in the case of previously watered
out reservoirs. Stalkup has reviewed results of several CO, floods and’concluded that

the WAG was only "partially Successful in moderating CO, production"®.
. i, f '4 l “y

“

t

2.2.2. Foams I e St

B 2
1

Attempts have been made to improve‘t{\é "WAG. pfocéés sweep efficiency by
adding surfactants to the injected water®. The use of foams to reduce CO, mobility was
fnitially presented by Bernard and Holm" and has been the subject of a number‘ of
publications since that time"****%, In this method, water with a framing agent (surfactant)
is injected into the formation followed by CO,. When CO, contacts the surfactant-water
solution, foam or emulsion is formed. The foam impedes the formation of CO, viscous
fingering and also gives a better sweep efficiency.

Patton et.al.” have studied the different foaming agents that might be employed
in CO, flooding. They found that anionié surfactants performed well in static foam tests.
In the dynamic foam test, ethoxylated alcohol (a nonionic surfactant) lowered the gas

mobility by a factor of 2 over that of the Alipal CD-128/Monamid 150-AD (an anionic

15
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CHAPTER THREE

CARBONATE PRECIPITATION TESTS
3.1. | Intrbduction
The efforts in this task were directed at selecting the chemicals and determining
the conditions for opti‘mum in situ precipitation. The objective was aé:hieved by combining
various chemicals with CO, to form precipitate under pressures and temperatures similar
to those encountered in the reservoirs. These high pressure and temperature tests were
conducted in a PVT cell available in the Petroleum Engineering PVT Laboratory at West

Virginia University.

3.2. Ambient Tests
To reduce the number of tests necessary to be performed in the PVT cell, a series
of tests at ambient conditions were performed in order to select the suitable chemicals

and their concentrations.

3.2.1. Chemical Selection

The ambient phase of the tests began by selecting chemicals that were water
soluble, inexpensive, and that formed a solid precipitate when contacted by CO,. Based
on preliminary literature review MgO, CaO, CaCl,, MgCl,, and BaCl, were considered as

potential candidates. However, after some preliminary tests, MgO and CaO were
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eliminated from consideration because of their limited solubility. Furthermore, MgCl, was

eliminated as a potential candidate because of the high solubility of MgCO,. Therefore,

CaC.I2 and BaCl, were utilized throughout the remainder of these experiments.

3.2.2. Ambient Precipitation Tests
A series of experiments were conducted to study how the salt, the salt

concentration, and Ph of the solution affect the volume of precipitate. The procedure

used during these tests is outlined below:
300 ml samples of salt solutions were prepared, each at concentrations of

1.
0.1%, 1%, and 2.5%.
CO, was bubbled through the salt solutions for a period of 15 minutes.

2.
3. The Ph of the solution was adjusted to the desired test Ph (6, 7, 8, 9, and 10) by
adding NaOH.
4, The precipitate was then filtered oQt of the solution and dried and weighed.
Tables 3.1 and 3.2 contain the results of the precipitation tests under ambient
conditions. The higher concentrations of salts, as can be seen in both tables, do
- not appear to yield a higher percentage of precipitate. it is reasonable to conclude
that the amount of CO, dissolved in the solution is the limiting factor. By

comparing e results in the two tables, it is evident that the percentage of BaCO,
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precipitate is higher than that of the CaCO3 precipitate. This is due to the smaller |

* precipitation constant for BaCO,.

3.2.3. Ambient Slug Tests

One concern relative to the effectiveness of the precipitate was, that lowering of
the Ph when CO, was reintroduced into solution would dissolve the precipitate already
formed. Consequently, a series of slug tests were run under ambient conditions. Two
separate types of slug tests were run; oﬁe alternated only CO, and NaOH while the other
alternated salt, CO,, and NaOH. The Slug Test procedure was as follows:
1. 300 mi of salt solution wés prepared and the Ph was recorded.
2a. Series I: 300 ml of salt solution was dispensed into a beaker.
2b.  Series lI: 100 ml of salt solution was dispensed into a beaker.
3. CO, was bubbled at 10 psig through the salt solution for 15 minutes.
4, Ph was recorded. |
5. NaOH was added to adjust the Ph to the desir}ed test Ph.
6.  The precipitate was filtered, dried, and weighed.
7. The percentage of material collected was then calculated.

Series | slug tests were conducted by alternating CO, and NaOH in a given
amount of salt solution. The one cycle slug test was performed following the previously

listed procedure. The two cycle slug tests were performed by repeating steps 3 thrcugh
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 TABLE 3.1. CaCl, Ambient Test Resuits

I

N o

Test CaCl, Weight of % of Ca*™
Ph Conc. Precipitate (gms collected
6 A% 0 -
7 A% 0 -
8 1% 0 -
9 1% 24 82%
10 1% 31 100%
6 1.0% 0 -
7 1.0% 0 -
8 1.0% 1.23 46%
9 1.0% 1.24 46%
10 1.0% 1.26 47%
6 2.5% 0 -
7 2.5% 1.24 20%
8 2.5% 1.24 20%
9 2.5% 1.25 20%
10 2.5% 142 20%
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* TABLE 3.2. BaCl, Ambient Test Results

CaCl,
Conc.

1%

1%
1%
1%

1.0%
1.0%
1.0%
1.0%
1.0%

2.5% -

2.5%
2.5%
2.5%
2.5%

Weight of
Precipitate (gms
.20

32

.32

.33

2.07
2.08
253
2.53

.60

1.90
2.34
2.45
2.41

% of Ca**

collected

70%
100%
100%
100%

73%
74%
89%
89%

9%

- 27%

33%
35%
34%



.

5 once before implementing steps 6 and 7. The three cycle slug tests were conducted
by repeating steps 3 through 5 twice before implementihg steps 6 and 7. The
peréentage of material collected was calculated and used to establish whether the
precipitate had dissolved or if more preCipifafe had been for'med by the slugs.

The Series |l slug tests were completed by alternating slugs of the salt solution,
CO,, and NaOH.‘|n the one cycle slug test, the previously listed procedure was followed.
The two cycle slug tests were conducted by repeating steps 2 through 5 once before
implement steps 6 and 7. The three cycle test was performed by repeating steps 2

through 5 twice prior to steps 6 and 7. The percentage of material collected was

calculated and used to determine if the precipitate was dissolved by the subsequent CO,

inje‘ction.

The results from the ambient slug tests are given in Table 3.3. The best results
were achieved in fhe three cycle tests for all cases. This was expected afte‘r observing
the original ambient tests. Since the CO, dissolved in these original tests did not use all
of the sait ion available, it was believed that if more CO, could be dissolvéd, more
precipitate would form. These tests also indicate that additional slugs of CO, do not
redissolve the precipitate. As seen in Table 3.3, the best results were obtained from the
three cycle, Series | tests. This would indicate that the best injection scheme would be |
to inject a large slug of the salt solution and then alternate slugs of CO, and NaOH. It

also appears from the data that the best chemical in these slug tests was BaCl,. This is
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seen in the last column of Table 3.3 where the percentage of Barium collected was
greater than the percentage of Calcium collected under similar conditions. One problem
assdciated with barium may be the small particle size of the precipitate. As in the original

ambient testé, some of the precipitate passed through the filter paper when filtering.

3.3. Chemistry of the Fleaction’

| In the experiments for this work, CO, was mixed with a salt solution, either CaCl,
or BaCl,. The CO, combined with the water in the salt solution to form carbonic acid.
Tﬁis dissociated to form the anion HCO,” (bicarbonate) and, eventually, CO,™
(carbonate) formed. The CO,™™ anion combined with the bation of the salt to form either

CaCO, or BaCO, as the Ph increased. The chemical equations for this reaction are

+ shown below:
CO, + H,0 « H,CO, (8.1)
H,CO, « H" + HCO," (3.2)
HCO,” « H* + CO,™ (3.3)
Ca'™ + CO,™ « CaCO,(s) (3.4)
Ba*™* + CO,” « BaCO,(s) (3.5)

The carbonate precipitate, although present under any pressure and temperature, is
more prevalent under high pressures, temperatures, and Ph. As the temperature and Ph

increase, the solubility of the carbonate decreases, thereby allowing it to precipitate. This

32



Ambient SI

TABLE 3.
2.5% BaCl,
Series |
NaOH NaOH NaOH ppt
(cg) (co) - (co) Ph  (ym) (gm).
A 40.5 - - 70 1.85 1.287
B 44 55.9 - 7.0 4.43 3.081
C 46 515 425 7.0 6.63 4611
Series |l
NaOH NaOH NaOH ppt
(cc) (cc) (cc) Ph  (gm) (gm)
A 14 - - 7.0 .63 0.438
B 15.3 38 - 7.0 242 1.683
C 14.9 39 54.5 70 525 3.651
2.5% CaCl,
Series !
Ca++
NaOH NaOH - NaOH ppt
(cc) (cc) (cc) _Ph (am) (am)
A 44 - - 9.0 1.09 0.436
B 44 58 - - 9.0 259 1.036
C 45 67 78 9.0 479 1.916
Series |l
Ca++
- NaOH NaOH NaOH ppt
(cc)  f(cc) f(cc) Ph  (gm) (gm)
A 14.5 - 10.0 0.39 0.156
B 175 395 - 100 1.20 0.48
C 156 431 743 100 211 1.244
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Ba++

4.940
4.940
4.940

Bat™
(gm)
1.647
3.293
4.940

Ca**

2.730
2,730
2.730

Ca++

0.901
1.802
2.730

{gm)

Ba®t
avallable %
collected
26.1
62.4
93.3

Ba**
avallable %
collected

26.6

51.1
73.9

available %
collected
16.1
38.3
70.9

available %

collected
17.3
26.6
46.0



fact is illustrated in Figure 3.1, This is evident by the fact that the enthalpy charige
reaction of dissolving CaCO, Is negative. Ralsing the ternperature tends to drive the
equilibrium of the reaction descrlbed‘here to the precipitation side of the reaction. The

higher the Ph, the greater the amount of precipitation obtained.

3.4. Buffer Solution Tests

Two concerns that were raised durlng the precipitation tests wére the control of
the Ph and the mixing of the chemical in the porous media. A buffer solution (Borax) was
considered” to be mixed with the salt prior to injection, so that the chemicals could be
- premixed to ensure combleté mixing, and to achieve the highest Ph, The chemistry of

the Borax, CO,, NaOH, and CaCl, reaction is:

Na,B,0, + H* « HB,0,” +2Na* | (3.6)
CO, + NaOH « CO,” + Na* H* (3.7)
CO, H,0 « HCO,™ + H* (3.8)
| HCO,” « H* + CO,™ (3.9)

Ca** + HCO,” + OH — CaCO, (soiid) + H,0 (3.10)
Ca** + CO, + 20H™ — CaCO, (solid) + H,0 (3.11)
The above reaction would be the same if BaCl, was used.
Numerous ambient tests were performed using varying concentrations and

amounts of buffer, salt, and sodium hydroxide. Tables 3.4 and 3.5 summerize the results



of the ambient tests. These ambient tests showed promising results.

3.5. Carbonate Precipitation Under Reservoir Conditions
This phase of the research dealt with carbonate precipitation under pressures and |
temperatures comparable to those encountered in a reservoir. It should be noted that

although it was possible to produce precipitate under ambient conditions, it was

necessary to determine the optimum conditions for precipitation under reservoir pressure

and temperature conditions.

3.5.1. Theoretical Approach

Prior to lexperimental research, it was attempted to search and establish the
theoretical models In the area of carbonate precipitation at high pressures and
temperatures.

A computer program entitled "SOLGASMIX-PV" was located and obtained®". The
program has been designed to calculate precipitate formation based on the chemical
content, temperature and pressure of the sample. However, this program made no.
provisions for aqueous solutions and could not be appiied to this research. After further
investigation, a computer modei designed to calculate chemical precipitation in aqueous
solutions was located®®”. A copy of the prograrh entitted "SOLGASWATER" was

purchased and was placed into the WVNET System. The program was reviewed and
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Fig. 3.1. The Effect of pH on Carbonate Precipitation
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TABLE 3.4 Borax and CaCl, Ambient Test Results

Conc.
Borax

M

0.084
0.084
0.084
0.084
0.084
0.084

0.067
0.067
0.067
0.067
0.067

0.050
0.050
0.050
0.050
0.050
0.050

Conc.
Amt. CaCl,
(m) (M)
6 0.30
10 0.25
10 0.20
10 0.15
10 0.10
10 0.05
10 0.25
10 0.20
10 0.15
10 0.10
10 0.05
12 0.30
20 0.25
20 0.20
20 0.15
20 0.10
20 0.05

Arnt.
(ml)

25
40
40
40 -
40
40

40
40
40
40
40

25
40
40
40
40
40

CO,
time
sec

(3 I O S WWwwowo o

A PO OCTODN

Precip
Ph wt (Q)
10.8 0.13
10.6 0.18
10.9 0.22
11.1 0.19
11.1 0.14
11.4 0.10
10.8 0.16
11.0 0.12
11.1 0.14
11.1 0.11
1.4 0.10
11.1 0.15
11.0 0.18
11.1 0.32
11.1 0.19
11.4 0.22
11.4 0.06

Tests 1-10 6 m! of 0.25M NaOH was added raising the Ph approximately 1.5

(8.4 - 10.9)

Tests 11-15 9 m! of 0.25M NaOH was added raising the Ph approximately 1.5

(8.6 - 11.1)

Test 1a 4 ml of 0.25M NaOH was added raising the Ph approximately 1.8

(9.2 - 11.0)

Test 11a 6 mi of 0.25M NaOH was added iaising the Ph approximately 2.5

(8.7 - 11.2)
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TABLE 3.5 Borax and BaCl, Ambient Test Results

Conc. Conc. CO,

Borax Amt. Ca(Cl, Amt. time Precip
No. - (M) (m) M) (ml) (sec) Ph  wt(g)
1 0.084 7 0.25 40 18 84 0.08
2 0.084 7 0.20 40 17 8.2 0.08
3 0.084 7 0.15 40 25 81 0.09
4 0.084 7 0.10 40 33 8.0 0.09
5 0.084 7 0.05 40 17 8.4 0.08
6 0.067 12 0.25 40 70 7.7 0.09
7 0.067 12 0.20 40 32 7.6 0.135
8 0.067 12 0.15 40 35 7.3 0.11
9 0.067 12 0.10 40 37 7.4 0.10
10 0.067 12 0.05 40 36 1.5 0.08
11 0.050 15 0.25 40 29 7.3 0:13
12 0050 15 0.20 40 28 7.4 0.12
13 0.050 ' 15 0.15 40 33 7.3 0.14
14 0.050 15 0.10 40 34 7.4 0.10
15 0.050 15 0.05 40 38 7.8 0.09
16 0.034 45 0.25 0 N 7.5 0.26
17 0.034 45 0.20 40 66 7.1 0.24
18 0.034 45 0.15 40 60 7.3 0.25
19 0.034 45 0.10 40 77 7.4 0.21
20 0.084 7 0.25 40 12 8.7 0.16
21 0.084 7 0.20 40 15 8.5 0.17
22 0.084 7 0.15 40 13 8.6 0.18
23 0.084 7 0.10 40 9 89 0.17
24 0.084 7 0.05 40 24 8.8 0.18
25 0.034 - 45 0.25 40 17 8.9 0.49
26 0.034 45 - 0.20 40 10 9.1 0.57
27 0.034 45 0.15 40 1 9.0 0.44
28 0.034 45 0.10 40 12 9.2 0.43

Notes on following page

Note: Tests 20-24 2 ml of 0.25M NaOH was added raising the Ph approximately 0.5

Note: Tests 25-28 5 ml of 025M NaOH was added raising the Ph approximately 0.5 Note: No
additional precipitate was noted when additional CO, was bubbled through the effluent of tests 20-
28.

In all tests the maximum amount of NaOH was added without forming OH'" precipitate.
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problems were encountered in linking the model. The linking problem was due primarily

to the lack of the necessary sub-routines in the system.

3.5.2. Carbonate Model

'It was attempted to develop a model for carbonate precipitation after the existing
model was found to be unusable for this research work.

The carbonate system in a geological environment has been investigated quite
extensively®. A carbonate system that exists in a reservoir will have several
thermodynamic equilibrium equations satisfied. These thermodynamic equilibrium
equations relate thie activities or concentrations of each of the species concerned.
Equations involved in the equilibrium are the dissociation equilibrium of carbonate,
bicarbonate, and water; the solubility product of the carbonate precipitate involved; and
the partial pressure of CO, and carbonic acid. All the equations involved will be

expressed in mathematical formula as the following:

H,CO, = H* + HCO," K, (312
HCO, =« H* + CO,™ K, (3.13)
H,0 < H' + OH" - K, (3.14)
MCO, « M** + CO,™ K, | (3.15)
H,CO, « [CO,]Jag + CO, K, (3.16)

Activities, rather than concentrations, will be used in the thermodynamic

(V)
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equilibrium. All the ionic species under reséwoir conditions contribute to the activity
coefficients of Ca**, HCO,”, CO,™", and OH". It is common to use the Debye-Huckel
equétion to evaluate the activity coefficients as a ‘function of ionic strength. The
-concentrations of all the pertinent species will be found after equations (3.12) - (3.16)
have been solved simultaneously. In order to have a carbonate precipitate to occur, the
product of
| YM** Y00, [M**][CO;]
needs to exceed its K,, value, otherwise the ibnic species will remain in the aqueous
phase. The model states that under atmospheric pressure, for a 0.001 M concentration
of Ca**, CaCO, will precipitate above ‘Ph 9. For Ba*", that has a slightly lower solubility
product than CaCQ,, the Ph value required for BaCO, to precipitate is similar.

When carbon dioxide pressure increases, more CO, dissolves in the aqueous
phase, thus more H,CO; will be in the aqueous phase. A higher concehtration of H,CO,
will shift the equilibrium to the right, and a higher concentration of CO, ™ will result. The
‘solubility product is a constantﬁ theréfore, a higher concentration of CO,™ will indicate
that a lower concentration of Ca** or Ba** is tolerable in the solution and eventually the
required Ph value to precipitate the carbonate salt is decreased. For instance, at 14.7
psia of CO, the Ph required for CaCO, and BaCO, to precipitate are 7 and 6,
respectively. For a much higher preséure of CO, such as 1200 psia, still lower pH’s may

be required to precipitate their carbonate salt.
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There is no need to overemphasize that the mathematical model and,

subsequently, its calculation results are based on the following assumptions:

1. closed system, under thermodynamic équilibrium

2. ionic strength for the solution is 0.1

3. common ion interference does not exist

4. thermodynamic constants afe knbwn at given temperatures and pressures

Condition 1 has to be satisfied for any models involved with equilibrium studies and it
is no exception for this model. For condition 2, the 0.1 ionic strength is chosen for its
close resemblance to | the actual connate water ooncentrations. In the actual
implementation of this model a water analysis may be required. The third assumption
merely states that only a single M** species existé in the system. If referring to a field
case, it means the concentration of M** naturally occurring is negligible compared with
the injection concentration of M™* (not necessarily the same with the first one).
Thermodynamic constants used in this model are at ambient temperature and pressure.
However, an earlier study haé shown that at temperatures and pressures other thén
ambient, the variants of these values are limited. When adaptihg this model to a real
reservoir, a safety factor may be allowed to compensate for the differences.

When applying this model to an actual field or even a core flooding, it is important
to realize that some of the conditions may not apply. We especially need to know that,

unlike a closed system, thermodynamic equilibrium may not occur in a reservoir or in a
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core flood test. It is best to apply this model with é safety factor that ensures the proper
results will be obtained. It is recommended that an additional 1 to 2 pH units be allowed
Wheh evaluatiﬁg the final calculation results. Nevertheless, this model study provides a
way to understand the relations existing between all the pérameters involved in é

reservoir under equilibrium conditions.

3.5.3. Experimental Evaluations

The experimental phase of the research involved the same chemical reactions as
the ambient tests; however, the experiments were carried out under reservoir
temperature and pressure vconditions in the PVT cell. This was achieved by combining
the chemical solutions with CO, under various pressures and temperatures to form the
precipitate. The two chemicals which produced the best results under ambient
conditions, CaCl, and BaCl,, were chosen for the PVT tests.

These tests were performed using a PVT (Pressure, Volume, Temperature) cell
using mercury as the compressing agent for pressure adjustﬁwent. Pressure was
monitored by a mercury pump pressure gauge, while the temperature was monitored
using a thermometer insérted in the PVT cell. Figure 3.2 is the schematic of the
apparatus used in reservoir condition tests. The procedures for‘ these experiments are
shown below: |

1. Approximately 200 ml of air was evacuated from the cell with a vacuum pump.
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100 cc of salt solution was drawn into the cell and the remaining 100 cc of space

was re-evacuated using a vacuum pump.

The CO, supply was attached to the cell and 33 cc of liquid CO, was injected into

the cell.

The cell was raised to the desired pressure and temperature for the test, and

agitated for 5 minutes to thoroughly mix the CO, and salt solution while the

pressure and temperature were closely monitored.

A second mercury pump was charged with the desired amount of NaOH needed

for the test and was brought to test pressure.

The NaOH was transferred to the cell at the test pressure.

The cell was agitated for 15 minutes, with the test ‘préssure and temperature
closely monitored.

The mixture was visually inspected through the cell window to verify that
precipitation had occurred.

The pressure was released and the mixture was quickly removed from the cell.
The final pH of the mixture was measured and then the mixture was filtered.
The precipitate was dried and weighed and the weight was recorded.

The first chemical used under pressure and temperature conditions was CaCl,.

The results from these tests are shown in Table 3.6. The first three tests were performed

to study the effect of pressure on precipitation at a given temperaiure. From the results
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of these three tests, it was established that 0.5M NaOH did not raise the pH to the
desired level. The final pH of the solution was vbelow 7 and the percentage of the
Calcium precipitate collected remained at 33% for all preésures. Next, the amount of
NaOH added to the mixture Qas doubled to increaée the pH. This increased the amount
of precipitate collected. The increase‘ in the volume of NaOH seemed impractical;
subsequently, it was attempted to increase pH by increasing the molar concentration of
NaOH. The next two tests examined the effect of temperature on precipitation. As can
be seen from Table 3.6, temperature did not appear to have a significant effecf.
Increasing the molar concentration of NaOH did increase pH but did not increase the
amodnt of precipitate collected. The effect of temperature on precipitation was again
examined at a higher concentration of NaOH. Again, temperature showed little effect. The
next four tests used successivé|y increasing concentrations of NaOH to attempt to
increase the amount of precipitate. As can be seen from Table }3.6, as NaOH
concentration increased, precipitation increased. Thi’s was expected due to the increase
in pH with higher NaOH concentrations. Thé final three tests were performed to examine
the effect of pressure on precipitation. The 1M NaOH and 1.0% CaCl, concentration were
chosen for comparison purposes. The amount of precipitate increased slightly with
increasing pressure.

The other salt used in PVT testing was BaCl,. The results of these tests are shown

in Table 3.7. The first three tests on BaCl, examine the effect of pressure on precipitation.

44



© [

ot 4

1. Mercury Pump
2. PVT Cell

3. CO, Botllo
4. NaOH Bottle

Fig. 3.2. Schematic of Experimental Set-up for Reservoir
Conditions Precipitation Tests.
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| TABLE 3.§ CaCl, Reservoir Conditions Test Results

Test | CacCl, ‘'NaOH Press. - Temp. Final % of Ca**
_No.  Conc  added (s CE PH_  collected
1(1) 1% 5M 1500 00 64 33%
2(2) 1% SM 2000 100 6.48 133%
3(3) 1% 5M 2500 100 6.47 33%
4(7) 1% SM 1500 100 668 75%
5(5) 1% SM 1500 100 6.65 22%
6(6) 1% 5M 1500 100 6.50 31%
709) 1% M 1500 100 6.85 2%
8(8) 1% M 2000 100 201 22%
9(12) 1% M 1500 100 6.77 19%
1013y 1% 1M 1500 100 730 17%
11(14) 1% 2M 1500 100 7.44  36%
12(15) 1% M 1500 w0 77 56%
13(16) 1% 4M 1500 100 771 92%
14(17) 1% 4M 1500 100 7.75 100%
i5(11) 2.5% M 1500 100 6.64 13%
16(4) 2.5% M 2000 100 6.45 16%
17(10 2.5% M 2000 100 6.49 16%
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There appears to be an optimum pressure for precipltatlon formation of approximately
1800 psia. As shown in Table 3.7, fhe amount of precipitate collected at 1500 psig was
sighiﬂcantly higher than at 1000 psig or 2000 psig. It also appears that as pressuré

increases above 1500. psia, precipitation decreases. This was supported frorﬁ the fact
that thg amount of precipitate at 2000 psig was even lower than the amount at 1000
psig. Thé next three tests examined how an increased NaOH cbncentration would affect
precipitation. As illustratéd in Table 3.7, this did have a beneficial effect on the amount
of precipitate. In this case, as pressure increased the amount of precipitate increased.
The next three tests were perforrﬁed using a 2.5% BaCl, concentration and examining
the effect of pressure. As in the first 1.0% BaCI‘2 tests, there seemed to be an optimum
pressure at 1500 psig. As in the 1.0% BaCl, tests, the effect of temperature was the
amount of precipitate. In this case, as pressure increased the amount of precipitate
increased. The next three tests were performed using a 2.5% BaCl, concentration and
examining the effect of pressure. As in the first 1.0% BaCl, tests, there seemed to‘be an
optimum pressure at 1500 psig. As in the 1.0% BaCIé tests, the effect of temperature was
exémined. As temperature increased, precipitated increased. This was opposite of the
1.0% BaCl, tests 7 and 8 in Table 3.7 and also did not agree with the CaCl, tests 9 and
10 in Table 3.6. These tests are very qualitative since the test solution is lowered to -

ambient conditions prior to collecting and weighing the precipitate.
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TABLE 3.7 BaCl, Reservoir Conditions Test Results

Test BaCl, NaOH Press. Temp. Final  %of Ba*
1(31) 19% 5M 1000 100 659 = 80%
2(20) | % SsM 1500 100 6.65 94%
32) 1% 5M 2000 100 6.87 30%
4(25) 1% 1M 1000 100 6.43 95%
5(32) 1% M 11500 100 6.54 100%
£(23) 1% M 2000 100 7,05 100%*
7(26) 1% M 1500 75 6.46 83%
8(27) 1% 1M 2000 100 6.82 67%
9(19j 25% 1M 1000 100 6.78 90%
1021) 25% M 1500 100 6.06 190%
11(24) 25% IM 2000 100 621 69%
12(29) 25% M 1500 75 601 4%
13(28) 25% M 1500 100 6.19 90%
14(30) 25% M 1500 100 7,50 100%*

*pH above 7.0 apparently causes one of the other chemicals to precipitate out thus yielding
a weight of Ba** artificially higher than possible. it is assumed that all the Ba** (100%) was
collected. ‘
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3.5.4. Long Window Cell Experiments

According to Tomson, et.al.,, carbonates will precipitate out as pressure is
reduced. Therefore, the weight of the precipitate collected in PVT cell tests can only be
used qualitatively. For this reason, it was decided to attempt to obtain more quantitative
results using a long window PVT cell, where the amount of precipitate could be “
measured at test conditions. These tests wIII‘ be discussed later.

The procedure using the long window PVT cell was basically the same as for the
previously described PVT cell test. The chemicals were added in the same éeq‘uence
and in the same amounts. The only difference was that aftér two hours of mixing the
materials together, the height of the precipitate in the w‘indow was measured. This
measureme‘nt is still qualitative because there is no way of knowing how much liquid is
~left in the precipitate. The pressure may also compress the precipitate making it appear
that there is less precipitate formed at higher pressures. There may also be a problem
if thé height measurements are taken at different tiines, because the precipitate settles
slightly when left uhder pressure for longer time periods, thus reducing the height. One
advantage of the long window cell over the regular PVT cell is that pH indicators added
to the solution could be viewed in order to obtain some general information about the
pH under test conditions.

As can be seen in Table 3.8, both 2.5% CaCl, and 2.5% BaCl, were used in the

long window cell. The first two tests, both with CaCl,, indicated the importance of pH.
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As shown, the precipitate level was higher at a pH greater than 8 than at a pH less than
8. The first two tests with BaCl, also indicated the importance of pH. The final two tests
in Table 3.8 indicate temperature could have some effect on the precipitation. As shown,
more precipitate forms at lower temperatures. This oontradiéts the results of the PVT cell,
In the PVT cell tests, howevér, the precipitate was not measured under pressure and
temperature. In fact, the lower temperature should héve more precipitate because more
CO, can dissolve in the solution. This trend will continue until the temperature is low
enough to allow liquid CO, td be present. At this point, there is less CO, in solution, thus

reducing the amount of precipitate formed.

3.6. Summary and Conclusions |

The theoretical and experimental éva!uatlons indicate the carbonate precipitate can
be formed under pressure and temperature conditions that are encountered in the
reservoir. It appears a pressure range of 1500-2000 psia, a terﬁperature of 100°F, and
2.5% concentration of salt, are the optimum conditions for precipitation. It should,
however, be noted that pH plays a significant role on the émou‘nt of precipitate formed.
The higher the pH, the more precipitate will form. However, achieving high pH vaiues
may not be realistic in the reservoir™. The minimum required pH appears to be about

8.
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TABLE 3.8 Precipitation Test Results in L‘ond Window Cell

CaCl,
CaCl,
BaCl,
BaCl,
BaCl,

BaCl,

Test Conditions

1500 psig
120°F

1500 psig
120°F

1500 psig
150°F

1500 psig
120°F

2000 psig
150°F

2000 psig
120°F
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Ht. (in.) of Precip.
(2 hours time)

6.985
0.945
1.650
0.690
0.565

0.810

. A

>8

<8
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CHAPTER FOUR
| CARBONATE PRECIPITATION IN THE CORE SAMPLE

The purpose of‘ this task was to investigate the precipitation formation under
ﬂowing (dynamic) conditions in the porous media in order to evaluate the feasibility of
carbonate precrpltatnon as a mobility control for CO, flooding. To ‘gain a better
understandmg of the carbonate precipitation process in the porous media and achieve
the research objectrves, carbonate precipitation tests were conducted in Berea core
sampleé.

The precipitate causes reduction in core permeabilty. As a result, the
measurement of core sample permeability before and after the precipitation can be used
to‘ verify the formation of precipitate under reservoir conditions. In addition, several other
aspects of precipitation in the cores were of interest. They included:

(@ The percentage of reduction in the core permeability due to carbonate
precipitation.

(b)  The effect of precipitation on the permeability profile.

(c)  Mixing of chemicals in the cores.

(d) ~ The depth of precipitation propagation in the core samples.

As a result, two series of tests were designed and conducted in the core samples. The

| first series of tests utilized a single core while the second series of tests utilized 2 or 3

connected cores. The complete description of the test procedures and the results are



provided in the following sections.

4.1. Sand Pack Test

A preliminary sand pack test was performed prior to precipitation tests in the core

samples. The purpose of the sand pack test was to verify that precipitation can occur

under dynamic conditions at reservoir pressure. The pertinent information on the sand.

pack tests are provided in Table 4.1. The procedure for this test is summarized below:

1.

2

Sand was packed in a long pipe.

The sand pack permeability to brine was measured.

2 pore volumes (PV) of BaCl, were pumped through the sahd pack under ambient

conditions to displace the brine.

The sand pack was pressurized to the test pressure with BaCl,.

2 more PV of BaCl, were pumped through sand pack under bressure.
Approximately 1 PV of CO, was pumped into the sand pack.

2 PV of NaOH were pumped through the sand pack to raise the pH.

2 PV of brine were pumped through the apparatus to displace all unreacted

chemicals.
The pressure was reduced to the ambient conditions.
The permeability to brine was measured.

The percentage of reduction in permeability was then calculated.
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The sand pack permeability was reduced from 206 Darcies to 109 Darcies or 47%. It
was, therefore, concluded that carbonate precipitation had occurred under flowing

conditions in the porous media.

4.2. Core Tests

The purpose 6f the core tests was to study and evaluate carbonate precipitation
in porous media under flowing conditions. T’he prqcedures and conditions of the
experiments and chemicals were selected based on the optimum conditions determined
through previous experimental investigations. fhe core samples utilized during the
experirﬁents consisted of Berea sandstone core samples 6-inch long and 1-1/2 inch in
diameter. The chemicals used in the core testé were 0.25 molar (M) BaCl, and CaCl,. 1.0
M NaOH was used to adjust the pH.

The formation of carbonate precipitation in the core samples will cause
pefmeability reduction, as was observed in the sand pack test. Therefore, a reduction
in permeability of the core sample after the test will verify the formation of precipitate

under dynamic conditions in the cores.

4.2.1. Blank Test
The permeability of the cores decreased from the deposition of precipitate. The

reduction, however, could also have been caused by the reaction between the chemicals
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TABLE 4.1 Sand Pack Test Informatibn

Test Conditions:
5 P = 1500 psig
eT =120°F
e Salt = 2.5% BaCl,
e NaOH = 1M
Dimensions:
o =551t
e D = 3/4 inch
o Sand Size = 20/40 Mesh

e Permeability = 206 Darcies

o7



and the core sample. To aséure that the permeability reduction after the test is caused
only by precipitéﬂon, a blank test was conducted. The blank test was performed by
injeéting the individual materials (i.e. CaCl,, CO,, and NaOH) into the core sample
separately followed by brine to flush the injected matérial out of the core. Afterwards, the
core permeability was measured and was compared tothé original core permeability.
These tests indicated that the core permeability isv‘significantly reduced after CO,
injection. The results of the permeability redu‘ction due to CO, flooding are summarized
in Table 4.2. The reduction in permeability is caused by residual gas (CO,) saturation
formed in the core. Therefore, it is important to account for the permeabilify reductién
due to residual gas séturation. As a result, the cores were first flooded with 'CO2 and thel
permeability reduction due to residual CO, saturation was determined. Subsequently, the
cores were subjected to carbonate precipitation test and the final core permeability was
determined. The comparison of the finai permeability and permeability with residual gas
saturation can verify the formation of precipitate in the core. A pre-test CO, flooding

procedure was developed and will be discussed in the experimental procedure section.

4.2.2. Buffer Tests
The control of pH and mixing of the chernical in the cores was a major concern.
The preliminary ambient tests indicated that the use of a buffer solution could potentially

solve this problem. As a result, the buffer (Borax) was utilized in several preliminary core
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TABLE 4.2 The Effect of CO, Residual Saturation on Core Sample Permeability

Original Permeability After Average

Permeability (md) CO, Flood (md) % Reduction
126 .78 38
181 : 120‘ 34
148 , 85 43
18 87 36
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tests. Table 4.3 summarizes the results of the core tests with the buffer, The results

indicate that the buffer has failed to maintain the pH in the core Samples. It is belleved

that the Berea sandstone core adsorbed sufficient OH™ ions to reduce the pH such that

little or no precipitate was formed.

4.2.3. 'Experimental Procedure

The procedure employed for core tests involved six steps: core preparation, core

mounting, permeability measurement, pre-test treatment, testing, and bost-test treatment.

The core preparation procedure was performed prior to any testing with each

core and is listed below:

1.

2.

Each core was numbered, measured, and placed in a drying oven for 48 hours.
The cores were then weighed and the weights were recorded.

The cores were sealed in a stainle‘ss steél core holder and evacuated for two
hours.

The core holder was filled brine and pressurized to 100 psig for 24 hours to
insure complete saturation of the cores.

The cores were removed from the core holder, weighed and the weights wére
recorded. |

Porosity and pore volume of each core were calculated and recorded.

The cores were stored in brine under ambient conditions until needed for testing.
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TABLE 4.3 Core Test Results Utllizing Buffer Solution at 1500 psig and 100°F

Pre-Test Post-Test :
Chemical Permeability (md) Permeability (md) % Reduction -
CaCl, 91 88 3
BaCl, 95 99 0

Note: Only a very slight amount of precipitate was noticed on the inflow face of the

Calcium treated core and none was noticed on the Barium.
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- The next step, core mounting, was performed with each core before each

individual test. Figure 4.1 Is a schematic diagram of thé‘core holder. The

- procedure for core mounting was as follows:

A 6-1/2 inoh plece of shrink tubing was cut and placed over the core.
End caps with a section of stainless steel tubing were placed on the ends of the |
core inside the shrink tubing.

The tubing was shrunk onto the core and end caps using a heat gun.

The shrink tubing was trimmed and sealed to the end caps using epoxy on the
ends.

The core was placed into the cofe holder by threading the inlet tubing through
the closed end of the core holder after the epoxy hardened.

The cap was placed over the outlet tubing. and tightened to seal the core inside
the holder.

A fitting was attached on the closed end to seal the core holder and to contain

‘the overburden pressure.

The third procedure in core testing was the permeabillity measurement. Figure 4.2

llustrates the experimental set-up for core tests. The procedure for pegmeability

measurements is listed below:

1.

2.

The core holder was filled with water around the core and place in.line.

Overburden pressure was adjusted at 250 psig using a mercury pump.
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3. Brine was pumped through the core for 45 minutes at a flow rate of 400 mi/hr.
4, The outlet of the core was opened to amblent conditions (0 psig).
5. Once the pressure drop stabilized and was recorded, the brine flow rate was

measured In cc/sec and recorded.

6. The beginning permeability was then calculated using Darcy’s equation.
K= _QuL
(Pi'Pz)A

K - permeability (darolés)

L = length of the odre (cm)

Q‘ = flow rate (cc/sec)

u = viscosity of permeability teét brine (cp)
A = area of core (cm?)

P,-P, = pressure drop across the core (atm)

The next step was to ben‘orm a pre-test CO, flooding to account for permeability
reduction due to CO, reéidual saturation in the core. The procedure for pre-test CO,
treatment is listed below:

1. Tﬁe Isco préclsion pump was filled with brine.
2. | 250 psig overburden pressure was put on the core.
3.  The air was purged from the lines using the pump and a vent line at the entrance

to the core.
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Fig. 4.1.
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The Schematic Diagram of the Core Holder
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10.

11.

12.

13.

14.

15.

The pressure transducer wés adjusted to O psig.

The vent Aline valve was closed and the pump was turned on (downstream end
of the core was opened to ambient preséure).

2 PV (approx. 80 cc) of brine were pumped through ‘the"core at 400 mi/hr.
After 2 PV, the valve was closed at the downstream end of core.

Flow of brine was continued and pressure as raised to test pressure.

Note: While the pressure built, overburden pressure was maintained at 500 psi
over the core pressure.

Upon reaching the planned pressure, flow was reduced to 67% of 400 mi/hr and -
the downstream valve was opened enough to allow flow while maintaining +100
psig of test pressure.

2 PV of test solution was pumped through the core at test pressure ard 67% of
400 ml/nr rate.

After 2 PV of flow, the core waé shut in maintaining +100 psi of test pressure.
Overburden pressure was checked and shut in at 500 psi over the test pressure.
The mercury pump was converted over from overburden pressure to the CO,
source by redirecting the appropriate valves on the mercury pump.

The line from the CO, bottle to the vent line just ahead of core was purged
with CO, and reclosed.

The CO, pressure was raised to the test pressure.
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16.

17.

18,

19.

20.

- 21,
22.

23.

24.

25.

26.
27.

28.

The upstream valve of core was opened allowing CO, to enter the cére.
Sihultaneously, pumping and obening of the downstream valve was continued
to flow CO, through the' core.

i PV (approx. 35 Qc) of CO2 flowed through the core at +100 psi of the test
pressure. |

Upon completion of CO, flow, thé core was closed in maintaining test  pressue.
Step 13 was reversed, returning the controls of overburden pressure to the
mercury pump.

The CO, line was then purged with brine from the pump.

Pressure in the line was returned to test pressure using brine.

The upstream valve of the cbre was opened, then the ﬁowhstream valve was
opened enough to allow 67% of 400 mi/hr flow rate and +100 psi of test
pressure.

2 PV of brine was pumped through.

After 2 PV of brine, the pump was shut off and allowed to slowly reach ambient
pressure (overburden pressure was simultaneously lowered maintaining a +500
psi differential).

The pump was refilled with brine.

QOverburden pressure was set at 250 psig.

The pump was turned on and the flow lines were purged.
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29.

30.

31.

32.

33.

34.

35.

The vent line was opened and the pressure transducer was rechecked (must
read 0 psig).
The vent line was closed and the pump was set at 400 mi/hr.

Brine was pumped at 400 mi/hr. .

* When the brine flow reachr:d the downstream port of the core (drips out end a

timer was started.

Flow continued for 45 minutes.

After 45 minutes, a graduated cylinder was placed under the downstream port to
catch the effluent.

_A stop watch was started when the first drop entered the graduated cylinder

~ and time was measured until 30 cc of effluent was collected.

Details of the precipitation test procedure are:

1.

The core holder containing the core was placed in line and one pressure
transducer was connected upstream of the core.

The pump line, downstream flow line, and overburden pressure line were
connected to the core holder.

Required overburden pressure (250 psig) was maintained on the core by
utilizing the mercury pump.

A heating jacket was placed on each core and the temperature was raised to the

desired level.
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10.

The precision pump was charged with an adequate amount of the test chemical

'(BaCl, or CaCl,) and 2 PV was pumped through the“core at ambient pressure

while the température was‘vrising. Flow rate was 400 ml/hr.

During step 5, the temperature was monitored to ensure that the temperature

had stabilized.

The flow of the test chemical was continued with the downstream valve closed

allowing pressure to build up to reach desired test pressure. The pump flow rate

was then reduced to 67% of 400I mi/hr.

Caution: Overburden pressure must remain 500 psi above that of the core,
thereby preventing the shrink tubing around the core from
expanding.

2 additional PVs of the test chemical were pumped through the core by

opening the downstream valve slightly so that the 67% of 400 mi/hr flow

rate can be obtained.

At completicn of the desired chemical volume, the upstream and downstream

valves were closed isolating the core to maintain the test pressure.

Note: Overburden and core pressures were closely monitored. Differential |

heating, in some cases, caused pressure differences.

Flow was stopped, and the pressure was released by opening the proper vent

line.

(o))
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11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

The CO, source was connected to the sample train.

The line from the CO, bottle to the vent line just ahead of the core Was purged
with CO, and reclosed.

The pressure in the CO, line was raised to or slightly above the core/test
pressure.

The upstream valve was opened to allow CO, to enter the core. 35 cc of CO,
(approx. 1 PV) were alloved to flow at desired pressure by opening the
downstream valve. Pressure was maintained at +100 psi of test pressure.
Upon completion of CO, flbw, the upstream and downstreafn valves weré closed
to maintéin bressure.

The CO, source was removed from the testing apparatus.

The pump was filled with an adequate Volume of NaOH and the flow lines were
purged. |

The pressure of flow line was raised utilizing the pump and NaOH.

Upon reaching core/test pressure, the upstream valve was opened to allow‘
NaOH to enter the core.

The downstream flow valve was opened and 2 PVs were pumped through the
core maintaining the pressure to within 100 psi of the test pressure. Flow rate

was 67% of 400 mi/hr.
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21.

22,

23.

24,

25,

26.

28.

After completion of step 20, the core was shut. in by closing upstream and
downstream valveé. | |

Step 10 was repééted.

The pump was fi§|ed with an adequate volume of brine and the ﬂow) lines
were purged.

The iine pressure- was raised to the core/test pressure and the upstream
valve was opened to allow brine to enter the core.

2 PVs of brine were pumped, maintaining pressuré at +100 psi of the desired
test pressure at a flow rate of 67% of 400 mi/hr.

On completion of brine volume, flow was stopped and the upstream valve was

closed, allowing core pressure to bleed down to ambient.

‘Note: Overburden pressure must be reduced gradually as core pressure

decreases, maintaining 500 psi over the core pressure. When core
pressure reached ambient, overburden was also lowered to ambient.
Heating jaqkets wére shut off and removed. (This was done in conjunction
with step 25 or 26.)
The pump was flushed to rinse out chemicals and all flow lines were purged.
The final stage of this procedure was thé post-test stage described below:
After the overburden pressure was reduced to 0 psig, the core holder was

removed from the line.
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2. The core holdef was drained and the core removed.

3.  The shrink tubing was removed from the core and the core was placed in a
weak hydrochloric acid solution to dissolve the precipitate from it. This
'prbceduré allowed the cores to be re-used.

4, The‘ cores were left in this solution for approximately ‘48 hours and were

then place in a brine solution at ambient conditions until needed again.

4.2.4. Single Core Test Results

Table 4.4 summarizes the results of the single core precipitation experiments at
1500 psig and 100°F. The results for both CaCl, and BaCl, clearly indicate that
precipitate forms in the core éample under dynamic conditions. A 40% reduction in
permeability on the average was observed in the case of Calcium. For Barium, an
average of only 21% reduction in permeability was observed. It should be mentioned that
Baridm produces more precipitate than Calcium under the same conditions; however,
BaCO, has a much smaller particle size, causing it to migrate through the core. As a
result, the use of Barium salt would result in lower permeability reduction. Table 4.5
summarizes the results of the experiments at 2000 psig and 100°F. A similar permeability
reduction has occurred in the Calcium case; that is, an average of 38 percent. The
Barium, however, resulted in an average of a 31% reduction, which is higher than the

1500 psig tests.
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TAB 4 Single Core Tests Results at 1 sig and 100°F

Core Permeability (md)

Chemical Pre-test Post-test | % Reduction
caCl, 115 | 77 38
CaCl, 98 62 39
CaCl, 95 49 48
caCl, 83 41 51
CaCl, 70 53 24
BaCl, 80 72 | 10
BaCl, 38 32 16
BaCl, 16 78 33
BaCl, 116 8 26
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T le Core Tests Results sig and 100°F

Core Permeability (md)

Chemical  Pre-test Post-test % Reduction
CaCl, 84 53 37
CaCl, 49 30 : 39
BaCl, 70 6 34
BaCl, 43 31 28
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4.2.5. Aging Tests

After the chemical precipitation was completed, it was declded that a series of
aging tests would be carried out. These tests lead to the knoWledge of the stability of
the in situ chemical precipitates. This was done by measuring the permeability of the
core after a period of 1, 3, and 5 days, respectively. Table 4.6 provides the aging tests
results at 1500 psig and 100°F. For Caiclum precipitate, the permeability increased only
slightly after é duration of 5 days. On the bther hand, permeability in the case of the
Barium precipitate appears to be Increasing with time rﬁore significantly than the Calcium
precipitate case. This can be explained by the difference In the particle size betweén the
two carbonate precipitates. The Calcium carbonate, forming larger particles, wduld most
likely stay In the pore spaces (plugged passageways) during the flooding. When the
brine flows through the core, Barium Carbonate, on the.other hand, which has a smaller
particle size, would probably migrate down stream and would not be retained in the

Core.

4.3. Multiple Core Tests
To improve the sweep efficiency during CO, flooding, it is desirable to reduce the
permeability of the larger pores throughout the flood pattern. Therefore, the depth of the

propagation of carbonate precipitation is another topic of concern. The objective of this

series of tests was to determine whether

75



CaCl, 98 62 65 59 76
CaCl, 95 49 57 57 62
Cacl, 83 41 44 a9 5
BaCl, 38 32 37 43 46
BaCl, 116 78 80 84 9
BaCl, 116 8 100 100 100
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the precipitate can alter the permeability some distance away from‘ the point of Injection.
To achleve the objective, a serles of tests were conducted, utilizing 2 (or 8) 6-inch cores
connected together, Cores with similar permeabillities were connected one after the other
with an additional transducer set between each core holder, Figure 4.3 illustrates the
experimental set-up for the two-core tests. The experimental procedure was similar to
the single core experiments; however, the volume of chemicals were doubled (or tripled,
in the case of 3-core tests). The permeability reduction was evaluated for each core.
The results in Table 4.7 i‘hdlcate that the precipitation process can be extended
away from the injection point as evidenced by permeability reduction ir. the second and
third cores. In the case of Calcium Carbonate, for the 2-core test, the front core had

more permeability reduction than the rear core. It was possible, that after the injected

' CO, reacted with the chemicals in the front core, less mixing would occur in the second

core: thus, less precipitaie would be formed. In the Barium Carbonate tests, a reverse
behavior was observed. More permeability reduction was observed in the rear core than
the front core. This was most likely caused by the smaller Barium Carbonate particles
migrating downstream,v causing a larger permeability reduction in the second core. The

results of the 3-core tests also indicate that the permeability in all the cores in the set

‘was reduced. The reduction in the permeability was more in the first core (closest to the

injection point) than in the second core. However, a large reduction in permeability was

observed in the final core. This can be attributed to an additional pressure drop in the
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final core. The reduction in pressure allowed some CO, to be released from the solution,
thereby, increasing the pH of the solution, which in turn, promotes additional carbonate
precipitation. The permeabiliity reduction in the final core Is, therefore, sensitive to the

magnitude of the pressure drop and pH requirement for precipitate formation.

4.4. Relative Permeability Tests

The previous tests have clearly indicated that carbonate precipl‘ta‘te forms under
flowing conditions in the core samples. In addition, the results indicatéd that carbonate
precipitate plugs the pores, thereby, reducing the permeability of the core. It is, however,
desirable to know if the pore plugging has preferentially occurred In the larger and more
permeable pores. This objective can be achieved by comparlng liquid-gas relative
per'rneablillties before and after carbonate precipitation. ‘It should be noted that, generally,
the high mobility gas tends to flow through the |érger pores while the liquid tends to flow
through smaller pores. Consequently, a reduction in gas.relative permeability after the
precipitation would indicate that the majority of the pr;acipitate has been formed in the

larger pores as previously envisioned.

4.4.1. Relative Permeability Test Apparatus
The relative permeabilities were evaluated utilizing a gas-water relative permeability

apparatus. The gas-water relative permeability apparatus is designed to permit the
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TABLE 4.7 Multiple Core Tests Results at 1500 psig and 100°F

Chemical

CaCl,

CaCl,

BaCl,

BaCl,

Core
Position

Upstream.

Downstream

Upstream
Middle

Downstream

Upstream

Downstream

Upstream
Middle

D: wnstream

ore Permeability (md

Post-test

Pre-test
63

85

60
46

58

66

49
44

47

42

80

48

74
49
41

22

43

40

20

% _Reduction
24

13

18
11

62

35

43

23
15

52
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simultaneous measurements of gas and water flow rates ‘for a sample subjected to an
external gas-drive under a constant pressure differential. A schematic diagram of fhe
laboratory equipment used to perform gas-water relative permeability tests is shown in
Figure 4.4. The apparatus consists of a'press‘ure control panel, a Hassler core holder
panel, and a glassware volumetric measuring system panel®2¥,

| The pressure control panel consists of three pressure regulators and gauges, a
multi-valve system and a gas humidifier cylinder, The compressed air source, which was
used for the displacement gas, is connected to the pressure control panel and is flowed
through the gas humidifier cylinder to the regulators. Thus, by the use of the three
regulato‘ré a‘ﬁy desired working pressure range from 0 - 400 psi may be accurately
maintained" ¥,

The gas is then flowed to the Hassler core holder panel. The core holder pressure
(overburden pressure) is obtained from a nitrogen source connected directly to and
gauged by the core holder panel. Attached to the outlet ‘end of the core holder is the
water collection burette. The displacement gas is flowed through the core holder,
through the collection burette, into the volumetric measuring system panel®?¥.

The volumetric measuring system consists of a burette and three calibrated
bottles. The amount of gas flowed into the volumetric panel is measure by the amount
of water that is displaced from the previously filled burette and calibrated bottles. If the

water level in the largest of the three calibrated bottles reaches the mark indicating a
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total broduced volume of 1750 cc's, flow is then diverted to a wet test meter which can
be attached to the volumetric measuring system panel®?¥,
\

'4.4.2. Relative Permeability Test Procedure

The core samples used to perform the gas water relative permeability tests had
diameters of 1‘-1/2 inches‘t'o accommodate the core holder. The core holder used was
designed to handle samples varying in length from 1.5 to 5.5 cm. The core samples
were cut to lengths approaching the maximum length of the céfe holder to reduce "end-
eﬁebts“. After the air permeabilities and porosities had been determined, the cores were |
placed in a pressure vessel and saturated with the desired brine solution for
approximately 48 hours to insure comp|ete saturation. Each core sample was weighed
before ahd after saturation. The dry and saturated weights, along with the measured
density of the saturant, was used to calculate pore volume with that measured pfeviously
on the dried sample for conformation that the sample was completely saturated. |

It must be noted that, due to the unknown amount of chemical precipitation, a dry
weight could not be obtained for the test cores after the chemical precipitation
experiment was conducted. Therefore, the above saturation check would not be
performed on the precipitated cores. However, since it was performed on the cores
before precipitation when establishing the reference clean core permeabilities, and if the

results were in agreement that complete saturation was obtained it was assumed that

82



c il

the saturation process was correct in obtaining complete saturation.

Note: Refer to the Schematic diagram of the gas-water relative permeability test

apparatus in Fig. 4.4 to identify the valves and flow lines being referenced.

The three calibrated bottles and components, burette of the volumetric
measuring system were filled with distilled water ‘and all valves were set as
instructed in the core laboratories operations manual.

The saturated cores were loaded into the Hassler core holder.

The receiving tube and stopper were assembled.

The delivery tube was inserted into the prepared hole in the stopper. The
stopper was moved. up on the delivery tube until the end of the delivery
tube was below the wide diameter portion of the receiving tube.

The rubber stopper attached to the glass tube connected to line B, was
inserted into the open end of the burette of the volumetric measuring  system.
Line B was connected to the brass hose connection which is part of the
receiving tube assembly.

Making sure valves 6 and 7 are closed, the displacement gas source.was
turned on and, by use of the pressure panel, the pressure was regulated
until the desired differential pressure was obtained.

Valve 13' was opened, moving the water leval in the burette slightly to the

right. This was caused by a slight increase in the gas volume in the receiving tube
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and in connecting line B. This was due to a small reduction in pressure resulting
from the bead of water in the burette. If there are no leaks in the system, the

/

water level car be, {5osiﬁbn‘ed so that after opening valve 13, the right hand side

BT
N
i

of ‘the watef‘lvézvéi' Wllshiﬁ exactly to the "start" marker. if, however, the water level
com‘es to rest either to the right or the left of this mark, (right-hand) edge of the
water level, as “indicated by the burette calibrations, it should be noted. This
i'ncremental volume should then be added, if the leading edge is to the left of -
"start", or subtracted if to the right, to each of the preselected levels of totai fluid
production when recording these data for subsequent calculation purposes.
The test was started by simultaneously opening valve‘ 6 and starting the
timer. As -the leading edge of the water level reached each of the
preselected calibration marks, the ‘water production (cc); time (sec) and
gas injection pressure (psi), are read simUItaneously. Each set of readings
were recorded on the data sheet opposite the total volume reading
(corrected if necessary) corresponding to the calibration mark.

When the water level in the largest of the three calibrated bottles reached the
mark indicating a total produced volume of 1750 c(\,s, rotate the handle of valve
9 was rotated through 90 degrees of arc in a c':idukwise direction while
simultaneously closing valve 8. Measurements of the total produced volume were

continued with the wet-test meter.
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11.  When the test was complete, valve 12 was opened to drain any water that
might have collected in the trap. This was prior to cutting off the  injected gas.

12, The core sample was then unloaded.

4.4.3. Relative Permeability Data Analysis

This section describes the method used to determine the relative permeabilities
from the experimental results.

Recording the cumulative total volume of gas and water, Vn (cc), at the out-flow
end of the sample, at atmospheric pressure, during the experiment, enables the
calculation of the incremental produced gas and water volume, Vi (cc), at atmospheric

pressure.

- Ve (4.2)
Likewise, recording the cumulative total vofume of water, Wn (cc); in the same
manner and conditions as that of the gas and water, Vn, enables the calculation of the
incremental produced water, Wi (cc), at atmospheric pressure.
W =W, -W,_, | (4.3)
The incremental volume of gas, dG, (cc), produced at the out-flow end of the
sample at atmospheric pressure (cm®) is then computed as:

dG, =V, - W, (4.4)

The average produced gas water ratio, Ri (cc/cc), at atmospheric pressure for any
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given prodUétibn interval is found by:
R, = dG/dW, | (4.5)
By taking the differential flooding pressure, dP (psia), the Boyles Law corre‘ctlon
factor for mean pressure, C,, is:
C, = 14.7/(147 + dP/2) (4.6)
The average flowing gas-water ratio, R, (bc/oc), in the core sample at mean
pressure conditioﬁs for any given production interval is:
R, = R, x C, | (4.7)
Using the viscosity ratio, u/u, (cp/cp), the gas-water relative permeability ratio,
K /Ky is:
Kig/Kaw = (Vi - W)IW)(Cy) (/) (4.8)
The Log-Mean average of the gas and water flow increment for any given

production interval, (V)),,. (cc), measured at atmospheric, is eésentially equivalent to a

l.m.
geometric average of a logarithmic plot. The log-mean between log 1.00 and log 2.0 is
‘log 1.414; hence:

(Vim = 0.414(V) (4.9)

The average total volume of gas and water, (V,),. (cc), produced through any

avg
given production interval, measured at atmospheric conditions may be found by taking
the total cumulative gas and water produced through the preceding step and adding the

log-mean average gas produced for the current step:
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Mg = Mot + Vim, (4.10)
The arithmetic average of water produced through any given production interval,

(dW),., (cc), is equivalent to the geometric average for a linear plot, and is expressed:

avg

(dW,),,. = 0.500(Wi) (4.11)

avg
The average total volume of water, (W), (cc), produced through any given

production Step:
(Wl) = (Wl)n-—l + (d‘wl)

avg

e (4.12)

The aVerage total volume of gas produced at out-flow end, G, (cc), through any
given productioﬁ“step, referred to atmospheric conditions is:

Gy = (Vg - (W), (4.13)

The average total volume of gas, G (cc), and the average total \)olume of gas and
water, V (cc), produced through any production step, referred to mean pressure
conditions, is: |

G = G(C,) ‘(4-14).
V=G + (W), (4.15)

The ratio of total water and gas flow at mean pressure to the water flow, 1/f,

(cc/ce), is: |
1/, = R, + 1.00 (4.16)

The saturation increment between the average gas saturation and the terminal gas

saturation, dS, obtained near the out-flow face of the core sample, is:
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ds = f(G { (W) = (V) = VI(IA) (4.17)
Thus, the calculation of the end face gas saturation, V,, is:
V, = (W - ulV) = (W), - IS (4.18)
When expressed as a fraction of pore volume, the terminal or end-face gas
saturation, S,, (cc/cc), is: | i
S, = V,/P.V. (4
A flow constant, C, (sec/cc), must then be computed by the eq'uation:
C, = () (L)(14.7)(10)(C,))/(A)(K)(dP) (4.20)
where: L = total length of sand, cm
y, = viscosity of displacing phase, cp
A = cross-sectional area of sample, cm’
dP = pressure drop aéross sémple, psia
K = permeability, md
The gas flow rate, Q, (cc/sec), is:
Q, = dG/dT - (4.21)
where, dT is the incremental time of any given production step (seconds).
The relative permeability to gas K, the fraction of air permeability at 100% gas
saturation, is:
K = Qy(C)) (4.22)

The average gas saturation Sg,, fraction of P.V,, is:
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Sgp = (W), - PV. (4.23)

Oncé this point has been reached in the calculation procedure, the values‘found
may be plotted and, through graphical Interpretation, a corresponding relative
permeability to water Krw, for each of the cores may be obtained. The relative
permeabillity ratios are plotted versus the endface displacing phase gas saturations on
semi-log paper. The relative permeabilities to the displacing phase, Krg, are plotted
versus the average displaciﬁg phasé saturations on coordinate paper. Relative
permeability ratios énd relative permeabilities to the displacing phase can tﬁen be picked
from their respective plots at a common displacing phase saturation. Relative
permeabnlltles to water are then calcuiated by dividing the relative permeability to the
dlsplacing phase by the relative permeablllty ratio at the same saturatnon“ 236,

By following the calculation procedures described here, the calculations may be
set up in tghular/spreadshéet form. A spreadsheet was constructed, using LOTUS 123,
to perform the calculations requi‘red before graphical technidues were applied. Constants

used in the calculations were stored in the spreadsheet, thereby, requiring only the

‘entering of the test results to execute the spreadsheet.\Once the results from the

spreadsheet were obtained, they were plotted to determine K, graphically.
4.4.4. Relative Permeability Test Results
To establish a valid reference, the core relative permeability ratio for clean core

tests (Cores A and B) was compared to published data® as illustrated in Figure 4.5. The

89



P e, SR
.

-

gy

s ~'.,;-
P J
P | ! SRS
1 ‘.
- )
S I S i S J
j_J l L e

Flg 4.4 The Schematlc Dlagram of Gas Water Relative
Permeabliity Test Apparatus gl

10.000 ~—— e

0.0104 A—A Berag Sand

< i

S ' a .
9 \\ S
0 1.000 ‘ \ﬁ\
“ N
e} . ~.
s

2

B 0.100 +

9

£ O~—0OQ Min.

b ®—@® Ave,

a.

[¥]

2

5

Q)

0l

0.001 -
55 60 65 70 75 80

Tolal Liquid Saturation %

l-—....—-—_l._.... | RPN [P

Fig. 4.5. The Comparison of Measured Relative Permeability
Ratios with Published Data

90



results indicate thatm’gh‘e:. measured relative permeabillities are within the generally
established values than validating the experimental procedures and results. Figures 4.6 |
thiough 4.9 llustrate the measured core original relative permeabllities and altered
relative permeabilities due to CaCO, and BaCO, precipitation under different test
conditions.

The comparison of pre- and post-precipitation relative permeabillities indloates that
the reiative permeabllities to gas have declined after precipitation while liquid permeabllity
has increased. The observed reduction In gas relative permeabillity can be attributed to
- the formation of precipltate selectively in the high permeability zones since the gas flows
more readily in the larger and more permeable poreé. This indicates that the permeability
profile has been rﬁodlfled as anticipated. The results also indicate that Calcium
Carbonate reduces the relative perimeability to gas more than Barium Carbonate. The
pressure of 1500 psig seems to provide the best results for Calcium while 2000 psig

provides better results for Barium.

4.5. Multiple Slug - Multiple Core Test

To gain additional insight into the permeability profile modification, a multiple slug
test waé conducted in 3 cores with approximately the same permeability connected in
serles. These groups of tests were conducted by injecting 3 slugs of salt solution (CaCl,

or BaCl,), each followed by a slug of
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CO, and NaOH. After each set of slugs, the cores were flushed with brine and the
permeability and relative permeability of the core samples were measured. The results
of permeability reductions are given in Table 4.10. The gas relative permeability
reductions are shown in Figures 4.10 and 4.11. Figure 4.10 represents the typical
behavior of the 3 core samples for CaCO, precipitate and thé first 2 core samples for
BaCO, precipitation. Figure 4.11 illustrates the gas relative permeability reduction in the
final core sample (the 3rd core) for BaCO, precipitation.

The results in Table 4.8 indicate that precipitation reduces the permeability of the
core samples after each Slug. It can also be concluded that the reduction in permeability
can be extended away from the injection point. However, the reduction in relative
permeability after the second slug is not significant except for the last core during the
BaCO, precipitation. It is believed that the pressure reduction in the 3rd core resulted in
additional BaCO, precipitation. The reduction in pressure allows some CO, to be
released from the solution, thereby, increasing the pH of the solution. The higher pH
promotes BaCO, precipitation. It should be noted that the same is true for the 3rd core
in the CaCO, precipitation test. However, CaCO, requires a higher pH than BaCO, to
precipitate which was not achieved by pressure reduction during the test. This however
does not mean that CaCO, precipitation does not occur in the field due to pressure

reduction near the production well.
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4.6. Oil Saturated Core Tests

A series of tests were designed to study the additional oil recovery by CO, due
to carbonate precipitation. These expériments were performed in core samples saturated
with oil. Three procedures for saturating the Berea sandstone cores with crude oil were
tested in order to determine the most efficient method of core saturation. The first
method started with the cores dry. The cores were numbered, weighed, and measured,
and the data were recorded. The dry cores were then mounted in stainless steel core
holders in the same manner as in the core.tests. The crude oil was then pumped into
the core at 250 psig for two hours. Approximately ten pore volumes ofvoil was pumped
through each core. The "saturated" cores were then weighed and stored in a container
filled with the same crude.

The second method used the same procedure except for the condition of the
cores prior to flowing the oil. In these tests, the cores were saturated with brine before
they were mounted in the core holders. When saturated with the oil, the oil displaced the
brine. Again, the oil was pumped at 250 psig until no brine was visible in the effluent.
Again, it was approximately ten pore volumes.

The third saturation procedure was done by numbering, weighing, and measuring
dry cores. The cores were then placed dry in a large stainless steel core holder and
sealed in. The core holder was then placed under vacuum for four hours. The vessel

was then filled with the crude oil and, when the negative pressure stabilized, a slight

95



{ + [ L o

0.300 4——t——— bt o pe e e | + - §

CLEAN

0.200 4 N |

Krg #1 SLUC \
W2 &3
01004  °HUC \ !

. \
0.000 4————tmemmrtm e e o] + { e

0.600 0.700 01.860
S SW

Fig. 4.10. The Effect of Carbonate Precipitation on Gas
Relative Permeability in Multi-Slug Tests

0.300 A——tmmmrm e b e = e+

CLEAN
0.200 + '
#1 SLUG T
#2 SLU
Krg \G \\ \\\\‘

0.100 L #3 SLuc o e ‘-\_\\
| ™~ S

‘\ - \\\\\ \\ .

e ~ N

0.000 At e Co ,\.\.\.Eﬁﬁhga-‘._.-hl.
0.600 0.700 0.800 0.900 1.000

Sw

Fig. 4.11. The Effect of Barium Carbonate Precipitation on
the 3" core in the Multi-Slug Tests

96



I

TABLE 4.8 Permeability Reductions During the Multiple Slug Experiment
in 3 Connected Cores at 1500 psig and 106°F

Salt Core # Slug # % Reduction

CaCl, 1 1 30
CaCl, 1 2 21
CaCl, 1 ‘ 3 25
CaCl, 2 1 | 32
CaCl, - 2 2 40
CaCl, 2 3 28
CaCl, 3 1 40
CaCl, 3 2 45
CaCl, 3 3 7
BaCl, 1 1 | 45
BaCl, 1 2 | 22
BaCl, 1 3 8
BaCl, 2 1 30
BaCl, 2 2 32
BaCl, o2 3 19
BaCl, 3 1 53
BaCl, ' 3 2 47

BaCl, 3 3 | 28
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positive pressure (approximately 50 psig) was applied. The cores then remained in the
holder under pressure for 48 hours.

In all three procedures, the cores were wiped off and weighed after the saturation
process was completed. Also, all the cores were placed in a container filled with the
crude oil for storage. Results reveal that the most complete saturation occurred in the
third procedure utilizing the vacuum.

The experimental procedures for the oil saturated core tests are described below:

1. The oil saturated core was placed in test apparatus and flooded with oil to insure
saturation.
2. The core was water flooded with brine, all effluent was collected until no additional

oil ‘could be flushed from the core. The volume of the oil displaced was measured.
3. The core was then flooded with CO,, again the effluent was collected and the oil
displaced was measured.
4. The precipitation test was performed on core. All effluent was collected in order
to measure any oil that was flushed out as the precipitate bégan.
5. The CO, flood was repeated and all effluent was collected and the oil displaced
was measured.
All oil collected after step three of the procedure can be attributed to the
permeability reduction due to the carbonate precipitation. The results from the tests did

yield a 30% to 35% recovery of the residual oil. The cores have an approximate pore
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volume of 35cc. The initial water and CO, flood provided the recbvery of an additional
4 to 5 cc of the residual oil with the second CO, flood. However, these results revealed
that experiments of this nature could not be reliably performed within the scope of this
project due to the scale of the experimental apparatus. The expérimental design of the
process replicates both a water flood and a CO, flood. Because of the size of the cores,
the water flood and the COzlpumped through the core prior to the precipitation formation

process recovered neaily all of the saturated oil, leaving an insignificant residual oil level.

4.7. Discussion

The experimental results clearly indicate that the cérbonate precipitation treatment
has the potential to modify the permeability profile to provide better CO, mobility céntrol.
However, there are a number of questions that need to be answered before the
treatment can be considered for field applications. The major problem is achieving the
necessary pH to form precipitate. During laboratory experiments, NaOH was utilized to
achieve a pH of about 8. However, controlling the pH in the flood pattern could be
significantly more difficult. The pH of the reservoir brine can play a significant role. If the
reservoir pH is low (3-4), the pH control is more difficult. The reaction of NéOH with the
reservoir rock can further complicate the problem. However, if the pH is higher (6-7) the
problem will be much less. Unfortunately, the lower pH range is more representative of

the reservoir pH. In addition, the mixing of two liquid phases (i.e. CaCl, and NaOH) is
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necessary to obtain the precipitate. Establishing a nhoving mixing zone in the porous

media can also influence the results of the treatment in the field.

4.8. Summary and Conclusions

1.

The results of the experimental research studies indicated that:

Carbonate precipitate can be formed under flowing conditions in the core
samples.

The precipitate selectively ‘reduces the permeability of the larger pores by
reduction of gas relative permeability in favor of liquid permeability.

The precipitation can be propagated in the porous media to modify the
permeability profile throughout the flood pattern.

The carbonate precipitatibn has the potential to provide better CO, mobility
control.

The pH requirements for precipitation formation can complicate field

- application of this treatment.
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CHAPTER FIVE

SIMULATION STUDIES
- 5.1. Introduction |

The purpose of this phase of the research was to extend the experimental results
to field applications through computer simulation, and to determine the enhancement in
the horizéntal and vertical sweep efficiencies due to carbonate precipitation. The
experimental results have clearly indicated that the carbonate précipitation has thé
potential to modify the permeability profile. A reservoir model was utilized during this
‘phase of research to illustrate the effects of,permeabili.t‘y‘profile modification on oil
recovery by CO, flooding.

It shou]d also be noted that pH requirements for carbonate precipitation can limit
the depth of permeability profile modification during the field application. In the laboratory
experiments NaOH was utilized to achieve a pH of about 8 in the core samples. The pH
control in the reservoif is, however, significantly more complicated. In addition, the mixing
of two liquid phases (i.e., CaCl, and NaOH) is necessary to form the precipitate.
Establishing a moving mixing zone in the porous media can also limit the depth of
permeability profile modification. Therefore, simulation studies were also conducted to
investigate the effect of the depth of permeability modification on CO, sweep efficiency

enhancement.
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5.2. Description of the Reservoir Model

The performance of the heterogeneous reservoirs cannot be predicted by
"classical" reservoir engineering tools which are based on homogeneous prototypes. To
~ predict the performance of the heterogeneous reservoirs, it fs necessary to describe the:
'reservoir heterogeneity. The numerical reservoir models (simulators) utilize the
fundame'ntal equati‘ons for fluid flow in porous media and also account for many
variations in the reservoir rock and fluids préperties. These variations are accounted for
by dividing the reservoir into many blocks or grids aﬁd assigning a different set of
properjies to each grid-block. The reservoir simulators provide a numerical solution for
the system of equations that is resulted from applying the fundamental flow equation to
each grid-biock. Over the past two decades. Increaéingly sophisticated numerical models
for simulating fluid flow in complex reservoirs has been developed. foday, reservoir

| .
simulation has become an essential part of reservoir engineering studies.

To defermine the sweep efficiency enhancement by carbonate precipitation during
miscible WAG CO, displacement, MASTER, an extended black-oil reservoir simulator was
employed. This section provides only a brief description of MASTER. The complete
description of the simulator and its capabilities can be reviewed elsewhere!?.

MASTER is referred to as an extended black-oil simulator‘ since it takes the
concept of solubility (solution gas to oil) and formation volume factor from black oil

simulators and extends them to multiple soluble species. The modifications for the muilti-
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component simulator is the same as conventional modéls with an adclitional data set
describing the stock tank oil-solvent interactions. MASTER is an extension of the black
oil simulator BOAST (Black Oil Applied Simulation Tool) developed by Fanchi, et.al.?.
MASTER is similar to the Todd, et.al." multicomponent simulator in that it uses mixing
parameters, and programmed switching between the miscible and immiscible phases.

Many modifications to BOAST were necessary to account for the miscible process.
Some of these wefe: 1) the addition of a fourth conservation equation to enable the
tracking of oil, gas, water, and a solvent, 2) the addition of a mixing parameter
developed by Todd and Longstaff® and later modified by Watkins®, and 3) reformulation
of the solution method to a implicit pressure explicit saturation (IMPES) solution to
account for gas injection. MASTER uses an iterative IMPES sQIution. First, the pressure
equatio;‘I is solved by estimatihg the pressure-dependent terms in the equation. Once
the pressure is calcu‘lated, the pressure-dependent terms are estinﬁated again, then are
placed back into the pressure equation and solved again. This process is repeated until
some convergence criterion is satisfied. MASTER also allows: 1) property weighing for
upstream and average fluids, 2) the use of ten relative permeability/capillary pre‘ssure
tables, 3) solvenf loss to the aqueous phase, and swelling of oil froin solvent solubility.
It also allows the user to choose whjch relative permeability/Capillary pressure tables to
use, oil/gas, oil/water, or quified Stone’s equation whibh uses both tables with a mixing

parameter developed by Rosenzwéig, et.al.” Miscibility in compositional simulators is
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achieved by mixing the aqueous phase with the solvent and creatingbrpe flowing phase,
this is not possible in a four species simulator. Therefore, MASTER uses the Chase and

Todd® method to emulate miscibility.

5.3. Simulation Studiles

‘I'His section summ:izes the results of preliminary cases that were considered for
simulation. The permeability moclification by carbonate precipitation was accounted for
in the model by altering the permeability and relative permeability for a specific number
of blocks prior to CC, injectioﬁ. The extent of permeability reduction was based on the
laboratory results. Several relative permeability tables were also set up based on the
results of the relative permeability measurements and were included in the model input
data set. The post-precipitation relative permeability data set was assigned to the blocks
where the permeabiiily was altered to account for carbonate precipitation. Three cases
were considered during this phase of study and the following sections provide the

description and results for each case.

5.3.1. Case 1: Immiscible Recovery Erxhancement
The first case simulated an immiscible CO, WAG operation. A simple one-
dimensional (line-drive) homogeneous reservoir consisting of 15 blocks as shown in

Figure 5.1 was utilized for this case. Although this description is extremely simple and
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‘doe‘s not represent actual reservoir situations, it can provide some insight into the effect
of precipitation on oil recovery. The reservoir was fi'rst water flooded down to a water cut
of 50% followed by an immiscible CO, WAG operations. The effect of precipitation was
modeled by altering the permeability and relative permeability of a specific number of
biocks prior to CO, injection.

Figure 5.2 summarizes the results in terms of dimensionless variables for the
simulation runs performed dufing this case. It should be noted that, in this case, the
relative permeability alteration is the main reason for the increase in oil recovery. Figure
5.2 illustrates that additional oil recovery as a result of the relative permeability alterations
would be significant only when the relative permeability in at least 3 blocks (20% of
reservoir) is altered. Beyond this point, significant (over 10%) additional recovery is

achieved.

5.3.2. Case 2: Horizontal Sweep Efficiency Enhancement

The second case simulated a miscible CO, WAG operation. A two-dimensional
reservoir description as shown in Figure 5.3 (quarter of five-spot) was utilized. To
illustrate the effect of heterogeneity on the oil recovery by CO, WAG operations, it was
assumed that a zone with a higher permeability exists directly between the injection and

production wells (the shaded area in Figure 5.3).
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Fig. 5.

1. The reservoir Model Used for Immiscible CO,
Flooding Simulations

0.200 oo —e
®¢——e (Clean S
4 4+ 3 blocks allered ME
0.1754. "~ 4 blocks altered /V4/ .
A e
v A /
Nf 0,150 /‘/4/.
e
fie
W
0.1254 >
25 ==
e
=
0.100 42, i
e + I
0.80 1.00 1.20 .

1.40 1.60
Fotal Vp injected
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in this case, the reservoir was water flooded down to a water cut of 80% to
reduce the oil saturation in most of the reservoir down to residual oil saturation. A CO,
WAG was then initiated. Figure 5.4 compares the oil recovery for the heterogeneous
reservoir as described above aﬁd a homogeneous reservoir with uniform permeability,
equal to the overall average permeability of the heterogeneous case. As can be seen,
the existence of the high permeability zone signiticantly reduces the areal sweep
efficiency as evidenced by lower oil recovery. The effect of precipitation was modeled
by altering the permeability and relaﬁve permeability of a specific number of blocks in
the high permeability zone. Figure 5.4 also illustrates the oil recovery if the entire high
permeability zone (11 blocks) was altered by precipitation. Although such a case is
unlikely to occur in the field, it provides the upper limit or the potential for recovery
enhancement through in-situ precipitation. Figure 5;5 illustrates the effective ﬁumber of
blocks that are altered in the h'igh permeability zone on oil recovery. Again, it is
necessary to alter at least 3 blocks (i.e. 27% of the zone) before significant
improvements in oil recovery will be observed. Figures 5.6 and 5.7 compare the oil
broduction rates for the various cases. Figures 5.8 and 5.9 illustrate the effect of the
percentage of permeability reduction in the high permeability zone due to precipitation

on oil recovery.
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,5.3.3. Case 3: Vertical Sweep Efficiency Enhancement

The third case alsc simulated a miscible CO, WAG operation. A two-dimensional
reservoir description as shown in Figure 5.10 (line-drive) was utilized. To illustrate the
effect of permeability ‘heterqgeneity on oil recovery by CO, WAG operations, it was
assumed that a streak of high permeability exists directly between the injection and
production wells (shaded area in Fig. 5.10).

The reservoir was first flooded with water (to a water cut of 80%) in order to
reduce the oil saturation in most of the reservoir to residual oil saturation. A CO, WAG
was then initiated. Figure 5.11 cdmpares the oil reéovery for the heterogeneous resérvoir
as described above and a homogeneous ‘reservoir with the permeability equal to the
average value of the heterogeneous permeability case. As evidenced by lower oil‘
recovery, the existence of the high permeability streaks significantly reduce the vertical
sweep efficiency.

The effect of carbonate precipitation was then modeled by altering the
permeability and relative permeability of a certain number of blocks in the high
permeability streak by 40 percent. Figure 5.11 also illusﬁates the oil recovery if the entire
high permeability streak was altered. Although such a case is unlikely to occur in the
field, it provides the upper limit or the potential for recovery enhancement through in-situ
precipitation. Figure 5.12 illustrates the results of scoping studies. As can be seen, to

achieve improvements in vertical sweep efficiency, as few as 3 blocks need to be altered.
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Fig. 5.3. The Reservoir Model Used for Horizontal Sweep
Enhancement Simulations ‘
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Figures 5.13 and 5.14 compare the oil production rates for *he various cases.

5.4. Summary and Conclusions

The results of the computer simulation studies indicate that‘CO2 vertical and
horizontal sweep efficiencies can be enhanced by permeabllity profile modification. The
scoping studies revealed that only a fractioﬁ of the High permeability zones (20% to 30%)
need to be altéred to achieve sweep efficiency enhancement. This is important since pH

control in the reservoir limits the extent of permeability profile modification.
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NOMENCLATURE

A  -area

C, - correction factor for pressure
C, - flow constant

f, - fractional flow of water

- cumulative gas volume produced
- permeability

G
K
K, - relative permeability to gas
K

" - relative permeability to liquid
K, - relative permeability to water
L - length
N, ‘- cumuiative oil production during CO, flooding

p - pressure

Q - gas flow rate

Q.. - maximum oil production during CO, flooding
Q, - oil production rate during CO, flooding

' - average produced gas-water ratio

. - average flowing gas-water ratio

- gas saturation

" - water saturation

R

R

S

S, - liquid saturation
S

\ - total volume produced
\%

; - incremental volume produced
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VP
Wi
My

Hu

- reservoir pore volume
- incremental water produced

- gas viscosity

- water viscosity

1o
S









