Oklahoma

Geological

Survey

1999 Special Publication 99-3

Geological Perspectives
of Reservoir Engineering:
A Waterflood Workshop

Workshop co-sponsored by:

Oklahoma Geological Survey
and
Pefroleum Technology Transfer Council




ERRATA

Oklahoma Geological Survey Special Publication 99-3
Geological Perspectives of Reservoir Engineering:
A Waterflood Workshop

Page 8, left column, line 35: “solution GORs” should read “produced GORs”
Page 17, Figure 28A: equation 3.12shouldread  _ N, _ B, — Boi + By (Rsi — Hy)

N Bo + Bg (Rp - Rs)
Page 21, Figure 33A: “V; = Bulk Volume = A” should read “ Vs = Bulk Volume = A x H (Height)”

Vo - Voi = Bo - Boi
Voi(pi=p) ~ Boi(pi—p)

Page 22, Figure 34B: equation 3.19 shouldread Co= - 1Vd d\;/> =

Page 75, right column, line 12: “BWPD” should read “BWPM”

Page 77, Figure 121B: equation 7.2 should read ,, _ Ku/tw _ Kvllo _ Kow Bw

ko/[lo ko Hw kro Hw

Page 78, Figure 122: equation 7.3 shouldread ,, _ Ho (Krw) Swar
- uw (kro) Swi
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CHAPTER 1

B e S, 4
M

Purpose and Goals of the Workshop

INTRODUCTION

This second waterflood workshop is a continuation
and extension of the first. The first workshop dealt with
basic principles that a geologist would need when eval-
uating a waterflood candidate (Rottman and others,
1998). The following list outlines the subjects that were
discussed:

* Determining reservoir data

* Deciphering production data

* Determining and isopaching net pay

* Defining sand geometry and boundaries

* Implications of structure

* Understanding analogies

* Coring and core results

» Distinguishing natural and induced fractures

* Water-supply evaluation

* Permitting

These topics form the essence of a geologist’s review
of reservoir parameters and characteristics that con-
tribute to a waterflood evaluation.

But the preliminary evaluation by a geologist cannot
be complete without an understanding, at leaston a
cursory basis, of the following two fundamental ques-
tions: First, is there enough oil to validate a profitable
waterflood project? Second, how much oil probably
will be produced from secondary recovery for prelimi-
nary reserve purposes? These two questions require
knowledge of basic reservoir-engineering fundamen-
tals. It is not the purpose of this workshop to define in
detail (from a reservoir engineer’s perspec-
tive) these principles. However, it is the pur-
pose of this workshop to examine these prin-
ciples so that a geologist, operator, or field
personnel will be able to assist, use, and com-
municate these principles to the engineers
during the cursory-review process.

GOALS OF THE WORKSHOP

As was just mentioned, the first waterflood
workshop was devoted to understanding the
importance for the geological department
and the engineering department to work to-
gether (Rottman and others, 1998). One of the
most important concepts a company can
learn—a pitfall to avoid—is the importance of
eliminating knowledge segregation that tends
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to exist or that can develop between such internal de-
partments. The first workshop illustrated two prime ex-
amples (Rottman and others, 1998, figs. 7-10) of how
the lack of cooperation and communication between
internal departments can have a negative effect on a
company. The examples clearly illustrate that a com-
pany’s financial welfare depends on this cooperation.
But the question remains, what is the basis of this co-
operation? It depends on geologists and engineers un-
derstanding rudimentary principles and fundamentals
of the others’ discipline. Understanding fundamental
reservoir-engineering principles from a geological per-
spective, therefore, is the goal of this workshop.

To understand these fundamentals better, let’s look
closely at the geological example of lack of communi-
cation between the geological and engineering depart-
ments from the first workshop, mentioned previously.
A certain oil company’s geological department became
interested in a field they thought might be a waterflood
candidate (Fig. 1). They apparently proceeded on the
assumption that since only 20 million barrels of oil
(MMBO), of a total of 100 MMBO in place, had been
produced, the remaining 80 MMBO should be suffi-
cient to supply some secondary reserves for the water-
flood prospect. The department spent close to 1 man-
year of time and energy evaluating the project. Notice
the keyword some as used in the phrase: “sufficient to
supply some secondary reserves.” This is the crux of the
problem for many geologists, operators, or field per-
sonnel when they evaluate waterflood projects. This
lack of knowledge or understanding of how to calculate

Actual example of the lack of engineering fundamentals

employed by the geological department

Depth 10,000'
OOIP 100 MMBO

Cum 20 MMBOF

Figure 1. Geological department’s 1-man-year evaluation of a potential
waterflood prospect.
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those remaining reserves, the effects of production on
those reserves, and some of the rudimentary principles
involved in displacing the reserves can put the pros-
pect or company at risk. As the example continues, the
geological department submitted their preliminary
geological review to the engineering department. By
using the parameters of depth, original oil in place
(OOIP), cumulative production, salt-water saturation,
current pressure, and current and initial formation vol-
ume factor supplied by the geological department for
this prospect, and plugging the data into the formula
for current oil saturation, the engineering department
determined within an hour of work (Fig. 2) that there
was not enough remaining oil to waterflood because of
the high shrinkage of the oil. Had the geological per-
sonnel understood the meaning and implications be-
hind the principles of current oil and gas saturations
and shrinkage, wasted company resources could have
been avoided.

The first workshop stressed sharing and communi-
cation between departments (Rottman and others,
1998). This workshop will build on that concept by
stressing basic engineering fundamentals so that a
geologist or operator can communicate effectively with
the engineering department. The goal of this workshop
is to look at two basic waterflood concepts: (1) Is there
enough 0il? and (2) predicting how much oil will be
recovered. Basic geologic principles, such as
electric-log interpretation and normal geo-
logical routines and practices normally con-
ducted during the course of business, will not
be discussed. Also, the engineering principles
addressed in this workshop will be examined
only to the extent that the author feels would
constitute adequate principles for geologists,
operators, or field personnel to responsibly
communicate with engineers. It is not the
purpose of this workshop, therefore, to teach
detailed reservoir or waterflood engineering
principles but only those that share com-
monality with both geological and engineer-
ing fundamentals of a waterflood project. The
hoped-for outcome of this workshop is to
take the preliminary evaluation of a project
one step higher, which includes estimating
reserves in place and recoverable reserves.

The Oklahoma Geological Survey hopes to

Geological department

CHAPTER 1: Purpose and Goals of the Workshop

Geological department’s

one man-year of
effort

Hey, Sg is 45%
and So is 30%—
there's no

Figure 2. Engineering department’s 1-man-hour evaluation
killed the prospect from the geological department.

Engineering department

persuade the petroleum industry that famil- B tlon atory e o design

iarity with engineering principles by geolo- g:rtu pay :asz:;:;

gists, and geological principles by engineers, Analogies Injection rates and production
istothe industry’s benefit. Thus, the mindse.:t Cores  ental %gf:‘s‘z:: iy

that the geological department or the engi- Simutation Reservoir data

neering department is solely responsible for Waterflood design R paation history

the success of a waterflood project canbe a Monitering Structure

costly one. The success of a waterflood candi- e oo 2nd production Analogies

date is not based on personal evaluation but Water supply Environmental

on the evaluation of the project’s economic
analysis (Fig. 3). The economic analysis, with
all the incorporated data from the geologists

Figure 3. The geological and engineering departments are responsible
for their respective contributions to the economic analysis of the water-
flood project.
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and engineers, predicts the success of the project. Fig-
ure 4 is the tabular and graphical representation of

various geological and engineering vari

reservoir model used to evaluate a waterflood prospect.

ables from a

3=

Those variables circled were defined or discussed in
the first workshop (Rottman and others, 1998), and
those bracketed will be discussed in this workshop. As
can be seen from this figure, almost all the pertinent

Miscellaneous Material Balance PVT Data
@ 2,156 psi 1,263,225 stbo Condition Initial Current  BP
(P) 265 psi 2,706 mcf psi) 2,156 265 1,687
Depth 4,950 ft
0.436 psiltt m 0.00 Rs (sct/stb) 475 53 475
(1) M7°F Gas Cap % 0.2% Bt (cf/stb) 7.02 30.75 7.06
&) 30 md
SGDI 99.14% 217,708 stbo Bo (rb/stb) 1.2502 1.0583 1.2572
Oil Grav 40.0 "API GCDI 0.48% 1,046 stbo uo (cp) 0.9306 2.5215 0.8873
Gas Grav 0.75 WDl 0.00%  Ostbo Co (1/psi) 1.194E-05 2.232E-03 1.525E-05
NaCl % 0.0% PVCI 0.39% 851 stbo
Bg (cf/scf) 0.0056 0.0588  0.0073
- Hg (cp) 0.0188 0.0116 0.0162
Volumetrics .
@ 1,263.313 stbo @) 252,90 ac Cg (1/psi) 4.407E-04 3.597E-03 4.967E-04
) Y
2,706 mef % 2o Bw (1b/stb) 1.0071 10098  1.0078
e pw (cp) 0.5724 0.5724 05724
Total ail Gas Cw (1/psi) 3.326E-06 3.242E-06 3.318E-06
hXht) 8.6 8.6 0.0
Vb (ac-ft) 2,175.20 2,171.52 3.68 Reserves
Vp (ac-ft) 271.90 271.44 0.46 stbo bpaf Rf
Vph {ac-ft) 203.93 203.58 0.35 Np 219,600 10113 17.4%
Nwf 157,066 72.33 12.4%
Nult 376,666 173.46 29.8%
Waterflood N 1,263,313 581.76 100.0%
(Vb flood) 1,492.10 ac-ft (Vb flood) 68.7%
Inj B 1,000 bwpd Ea 72.0% Gp 504,036 mcf
478,967 bw Ev 72.0% G 2,706 mci
1.31 yrs Ed 42.5%
(Bon) 30.0% Et 220% (Wp) 0 bw
0b
Oil Column Conditions we W
Initial Current
&w o5 0% 25.0% (Rp) 2,295 scf/stb
So 75.0% 52.2%
0.72t0 1
(Sg ) 0.0% 20.8% Nwi/Np to
Comments:
1,400,000 -
1,200,000 \"'---.__
] Ll . -
] \ - -
1,000,000 ~ g
1 -y -l
] . -
800,000 - ~ Rl Y
N ] \ e -
600,000 : ‘\
400,000 ] F——r
200,000 1
0.0 10.0 20.0 30.0 40.0 50.0 60.0
PERCENT GAS CAP
Material balance = = = \plumetric

Figure 4. Example of a reservoir model used to evaluate a potential waterflood prospect. Circled variables were defined or
discussed in the first workshop; bracketed variables will be discussed in this workshop. See Appendix 1 for explanation of
abbreviations.
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parameters necessary for a waterflood review will be
highlighted in this series.

METHOD FOR ADDRESSING PRINCIPLES

The examples used in this workshop are those famil-
iar to the author and those that have been contributed
by operators for use in this publication. The practice of
confidentiality will be observed for all examples. If
readers wish to pursue additional information for any
of the examples, they may contact the author, who will
seek permission from the contributing operator to re-
lease data. A list of the abbreviations and definitions for
these variables is included in Appendix 1.
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Definition of Terms

INTRODUCTION

In the course of waterflood exploitation, geologists
are usually responsible for the initial review and evalu-
ation of the potential waterflood candidate. Various
geological concepts and techniques, such as mapping
and production evaluation including rock-property
analysis, are employed to analyze the reservoir with the
goal of providing the reservoir engineer an in-depth
geological description of the waterflood candidate. In
the case of the consultant geologist, the goal is to pre-
sent a viable waterflood candidate to an interested
company. The first workshop in this series (Rottman
and others, 1998) attempted to highlight some of the
basic facets of a review that a geologist would ordi-
narily undertake, plus a few of those problems that
may be encountered concerning those facets.

The next important topic concerns the calculation of
original oil in place (OOIP) and the estimation of ex-
pected secondary reserves to be recovered for the pros-
pect. Geologists understand most of the basic criteria
necessary for these calculations. However, the impor-
tance of estimating secondary production sometimes
takes a back seat to the often misleading information
based on the amount of primary production from the
potential waterflood candidate. Thus, all too often, the
amount of primary production simply is used as an in-
dicator for the secondary-production potential of the
waterflood. This general rule of thumb can lead to di-
sastrous consequences for the company, because
many factors that would otherwise be scrutinized to
make an educated estimate of secondary reserves often
go unheeded or ignored. Therefore, this workshop will
be dedicated to the fundamental understanding of how
much oil is in place, how much oil is available after pri-
mary production, and how much oil could be expected
to be recovered from a cursory review. A majority of the
fundamental concepts and principles of these topics
will be reviewed for two reasons. First, geologists and
engineers must be able to communicate with each
other, which requires a knowledge and understanding
of these common concepts and principles. This was
the core of the problem with the geological depart-
ment’s evaluation and recommendations of the pros-
pect to the engineering department in the case history
presented in chapter 1. Not only did the geologists not
understand some of these concepts and their potential
effect on the waterflood candidate, but also the lack of
communication between the two departments resulted
in considerable wasted time and effort. The second
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reason that a geologist should be familiar with these
concepts and principles is because they are constantly
in effect during the origin, migration, and entrapment
of hydrocarbons in sediments. Figure 5 is a graphical
representation of this concept. The geologic time line
of hydrocarbons can be summarized by three major
events: origination, equilibrium, and depletion. Origi-
nation includes the creation of hydrocarbons and their
subsequent migration and entrapment. All the con-
cepts that will be discussed, such as permeability, for-
mation volume factor, viscosity, and material balance,
pertain to the reservoir and reservoir fluids during
this development period. Therefore, it is critical that a
geologist know and understand these rock and fluid
properties. The second event illustrated in Figure 5
(point B) is termed equilibrium because the fluids
within a reservoir are at equilibrium at the time of dis-
covery. It is at discovery that we become involved with
producing the hydrocarbons, and those same prin-
ciples of permeability, formation volume factor, etc.,
take on an important role in maximizing production of
those hydrocarbons. However, all the principles that an
engineer needs to know for producing hydrocarbons
are also important for a geologist to understand when
interpreting how the fluids migrated and became
trapped. A geologist’s responsibility to the reservoir
generally changes from a leadership role to a support-
ing role shortly after development of the field, whereas
an engineer’s role usually starts at discovery and con-
tinues to its depletion (point C). Thus, the geologist
and engineer have an overlap of responsibility in the
reservoir’s development, requiring understanding and
communication. The following terms described in this

Commonality
of terms
and understanding
—_——

Exploration and Production Geology
Reservoir Engineering

A Origination B Equilibrium C Depletion
(Deposition) (Discovery) (Erosion)
TIME

MIGRATION OF FLUIDS

Figure 5. Time line of a reservoir: origination, equilibrium, and
depletion. The geological and engineering departments’ rela-
tive areas of primary influence are highlighted.
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chapter are those necessary to understand
OOIP and current oil saturation. Let us first A
describe the physical state between gas and
oil in a reservoir.

SATURATED AND UNDERSATURATED
RESERVOIRS

The solubility of natural gas in an oil col-
umn depends on pressure, temperature, and
the composition of the oil and gas. As the
composition of the gas approaches that of the
oil, the solubility of the two increases. Like-
wise, if the pressure remains constant and the
temperature increases, the amount of gas
that can dissolve in oil decreases; and if the
temperature remains constant and the pres-
sure increases, the solubility between the oil
and gas increases. Figure 6 illustrates two ba-
sic types of reservoirs found today that per-
tain to the relationship between oil and gas.
Given a common temperature and pressure
between these two reservoirs, both reservoirs
contain oil with dissolved gas. When a slight
pressure drop is equally applied to both res-
ervoirs, a free-gas state develops in reservoir B
A by gas breaking out of solution. With this
pressure drop, reservoir B remains com-
pletely liquid with no free-gas state. Reservoir
A is said to be saturated with gas at this pres-
sure. Because of the slight pressure drop with
no associated release of free gas in reservoir
B, reservoir B is said to be undersaturated at
this pressure. What this implies is that the
amount of gas dissolved in reservoirs A and B
were not equal, with reservoir A containing
more dissolved gas than reservoir B. Because
of the constant pressure and temperatures,
and assuming a similar composition of the
gas and oil, it can be assumed that if addi-
tional gas were available to reservoir B it
would become dissolved until the amount of
dissolved gas is equal to that of reservoir A. It
is also important to understand that reser-
voirs in an undersaturated state have no asso-
ciated gas cap, and those reservoirs with a gas
cap are saturated with respect to the current
pressure and temperature conditions. As was
discussed in the first workshop (Rottman and
others, 1998), the amount of gas dissolved in oil is usu-
ally stated in terms of standard cubic feet of gas per
stock-tank barrel of oil (SCF/STB). In this workshop,
the initial solution gas/oil ratio (GOR, which can be
similar in value to the produced GOR at discovery or at
initial reservoir conditions) will be termed Ry;. Figure 7
illustrates the changes of a reservoir’s GOR from dis-
covery to depletion.

Figure 7A illustrates a reservoir composed of oil and
dissolved gas. Because the reservoir is at initial condi-

CHAPTER 2: Definition of Terms

RESERVOIR A
Constant P; + T;

FREE GAS

v/

CURREN

OlL

+
DISSOLVED
GAS

Saturated with
N+ NR; respect to gas

WHERE: Rg; = gas/oil ratio of the reservoir

RESERVOIR B
Constant P; + T;

N+ NRS,'

Undersaturated
with respect

to gas

Figure 6. Two basic types of reservoirs that pertain to the relationship be-
tween oil and gas. (A) Saturated reservoir. (B) Undersaturated reservoir.

tions, the oil and gas are in equilibrium with each
other, and the initial GOR, or Ry, is a constant. As pro-
duction occurs and reservoir pressure starts to decline,
gas breaks out of solution, lowering the solution GOR
for the oil. The solution GOR at any time after produc-
tion and prior to depletion is termed Rs, or the GOR at
current conditions. At depletion, the reservoir’s dis-
solved gas has almost completely dissolved from the
oil, leaving primarily oil and free gas. A more exact way
to describe the change in a reservoir’s GOR for an un-
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gas relationship is represented by reservoir B in
Figure 6.

The pressure at which gas first starts to break
out of solution is termed the bubble-point pres-
sure for the reservoir. Thus, the bubble-point
pressure for the reservoir in Figure 8 is 2,500 psia
and is represented by point B. The solution GOR
at the bubble-point pressure is also equal to the
solution GOR at discovery, whose pressure was
3,500 psia, so the solution GOR in an undersatu-
rated reservoir at any pressure above the bubble
point will always be the same. In this particular
example, the initial reservoir pressture is said to

Rsi

Oil with aimost no
dissolved gas

be above the bubble-point pressure of the reser-
voir. Most oil fields in Oklahoma have solution

DISCOVERY DURING PRODUCTION

discovery to depletion.
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Figure 8. Solution gas to oil curve for Big Sandy field in east-
ern Kentucky. (Craft and Hawkins, ©1959, fig. 3.1; repro-
duced by permission of Prentice-Hall, Inc.)

00 3000 3500

dersaturated reservoir is seen in Figure 8. This figure is
a graphical representation of the solution GOR versus
pressure from the time of discovery (point A) to the
time of depletion (point C). At discovery, the reservoir
is at equilibrium, and the initial solution GOR, or Ry, is
equal to approximately 567 SCF/STB. With production
and a subsequent pressure drop, the solution GOR re-
mains the same while production occurs, until the
GOR starts to drop at a pressure of 2,500 psia (point B).
Because the solution GOR did not change between
points A and B, the reservoir is said to be undersatu-
rated, and there is no free-gas phase within the reset-
voir as illustrated by the GOR and reservoir-oil relation-
ship of reservoir B in Figure 6. When the pressure drops
to approximately 2,500 psia, the solution GOR, nowin a
saturated condition, starts to drop because the gas is
being liberated from the oil as a result of the gas having
become saturated with respect to the relative amounts
of oil and gas and the pressure, volume, and tempera-
ture (PVT) conditions within the reservoir. This oil and

ATB0'F + 147 psia
AT DEPLETION

Figure 7. Changes that occur to a reservoir's gas/oil ratio (GOR) from

GOR versus pressure plots similar to that in Fig-
ure 9. This curve suggests that the discovery (ini-
tial) pressure (P;) is close to the bubble-point
pressure for the reservoir. With the slightest
pressure drop within the reservoir, gas would
break out of solution, thus incrementally lower-

SOLUTION GOR

B
Py, PRESSURE ——— > P;

WHERE: P, = Pressure at standard conditions
P; = Initial pressure

Figure 9. Typical GOR curve for reservoirs in Oklahoma.
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SURFACE PRODUCING
GOR —
RESERVOIR GOR —»

fR——

STOCK TANK CUMULATIVE

Figure 10. Typical solution surface and reservoir GOR curves
for a solution-gas-drive reservoir. (Frick and Taylor, ©1962,
fig. 29-16; reprinted by permission of Society of Petroleum
Engineers.)



= 8

ing the solution GOR for the reservoir. These reservoirs
are saturated at discovery pressure and temperatures.
It should be noted that a reservoir’s solution GOR
should not be confused with the produced GOR as de-
scribed in chapter 2 of the first workshop (Rottman and
others, 1998). Figure 10 is from that publication and il-
lustrates both the surface GOR (produced GOR) and
the reservoir GOR plotted against stock-tank produc-
tion.

Craft and Hawkins (1959) mention that variations in
areservoir’s fluid properties are generally not large but
do exist. These variations are often associated with
large closures. Variations in the solution GOR values on
the order of 25 SCF/BO per 100 ft of elevation were
cited for the Tensleep reservoir of Elk Basin field in
Wyoming and Montana (Fig. 11) and 25 to 46 SCF/BO
per 100 ft of elevation for the Weber Sandstone of
Rangely field, Colorado, and for the Scurry Reef field,
Texas. These variations were suggested as occurring
from (1) temperature gradients within the reservoir, (2)
gravitational segregation, and (3) alack of oil and gas
equilibrium. The variations are significant and have an
impact on the evaluation of the reservoir, as discussed
in greater detail in subsequent sections. In Oklahoma,
these variations exist, but probably not on as large a
scale for reservoirs with low structural relief. An ex-
ample of what may be considered segregation of the oil
column can be interpreted from the data in Figure 12.
This particular curve was generated by plotting the
produced GORs for the first 23 wells of a reservoir in
central Oklahoma. The produced GOR at point A is
from the discovery well and was considered to repre-
sent the initial solution GOR for the saturated reservoir,
which was also independently verified by laboratory
evaluation. Notice the solution GORs for wells B-F,
which were drilled between 9 and 20 months after
completion of the discovery well. The reservoir in these
wells was structurally lower by
as much as 100 ft in comparison

CHAPTER 2: Definition of Terms

Frame A is composed of two phases, gas and oil at stan-
dard conditions at a temperature of 60°F and an atmo-
spheric pressure of 14.7 psia. With an increase in pres-
sure (Fig. 12B), part of the gas changes phase and be-
comes soluble in the oil. Thus, the physical volumetrics
of the oil increase from addition of the soluble gas. In
Figure 13C, all the available gas has dissolved in the oil
with the increased pressure, and the oil has expanded
to its largest volume. This pressure represents the
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| 1.220
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Figure 11. Variations of the formation volume factor and solu-
tion GOR for the Tensleep reservoir, Elk Basin field, Wyo-
ming and Montana.
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SURFACE PRODUCING GAS/OIL RATIO

Owing to the similarity of gas
and oil compositions, gas can A

become readily soluble in oil. In 0

fact, given an unlimited amount 0
of pressure and available gas,
the solubility of gas in oil is infi-
nite (Craft and Hawkins, 1959).
Figure 13 illustrates this concept.

12 24 36
MONTHS FROM DISCOVERY

Figure 12. Plot of initial-potential (IP) GOR versus time for wells drilled in first 3 years of
development for a reservoir in central Oklahoma. Wells B—F exhibit producing GORs
lower than the discovery IP GOR (well A), possibly because of gravity segregation.
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Figure 13. Changes between the phase relationship of free
gas and oil in a reservoir with increasing pressure. (A) Free
gas and oil at standard pressures and temperatures. (B) In-
creasing pressure forces some gas into solution. (C) All gas is
dissolved at the bubble-point pressure. (D) Continued in-
crease in pressure compresses the oil.

bubble-point pressure for the reservoir. This ratio of
reservoir-barrel volume to stock-tank volume is termed
the formation volume factor (FVF) for the oil and is rep-
resented by the symbol B,. According to Craft and
Hawkins (1959), the formation volume factor “at any
pressure may be defined as the volume in barrels that
one stock tank barrel occupies in the formation (reser-
voir}, i.e., at reservoir temperature and with the solu-
tion gas which can be held in the oil at that pressure.
Because both the temperature and the solution gas in-
crease the volume of the stock tank oil, the factor will
always be greater than one.” Once the reservoir reaches
the bubble-point pressure—that is, the point at which
all the available gas has dissolved in the oil—a contin-
ued increase in pressure will actually start to decrease
the volume of the oil owing to the compressibility of
the oil (Fig. 12D). We will discuss implications of the
compressibility of oil in subsequent chapters.

Figure 14 is a graphical representation of the FVF-
versus-pressure plot and represents the same reservoir
illustrated in Figure 8. At standard conditions, the FVF
(B,) is 1.0 BBL/STB. This implies that the volume of oil
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is the same at the surface as in the reservoir. With in-
creasing pressure and the solution of free gas, the vol-
ume of the oil increases, as does the value of the FVF,
until all the gas is dissolved. The FVF has increased to
a value of 1.333 BBL/STB at 2,500 psia. This is the
bubble-point pressure for the reservoir and is repre-
sented by the symbol B,g. With increased pressure, the
oil compresses to a factor of 1.310 BBL/STB owing to
the compressibility of the oil. If this had been the con-
dition at discovery, the formation volume factor of
1.310 would be termed the initial formation volume
factor, or Boi.

Gas reservoirs also have a formation volume factor;
however, this is not covered in the present workshop.
Gas FVFs (By), like oil FVFs, relate the volume of gas in
a reservoir to the volume at the surface under standard
conditions. Their units are measured in cubic feet of
gas or barrels of reservoir volume per standard cubic
foot of gas. Equation 2.1 of Figure 15 describes Bg. To
understand the gas deviation factor (Z), one would
have to first look at the Ideal Gas Law.

As aresult of experiments with ideal gases, it was
found that the relationship expressed by Figure 16A
holds true where P, V}, and T are the pressure, vol-

.40 T y
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o Bog= 1.333 B0, 1310\
3
@ 30 W
« - &« \'
o 1200 PSIA / 3
5 Bo*1.210 >/ a w
> W «
w -4 2
mI.Z(') P a &
3 e &
] z a
= [+]

4 / a d
«
w 3
5"'0 14.7 PSIA 8 I60°F 2 £
E Bo:1.040 g =
3 14.7 PSIA & 60°F o
S1.00 0°1-000 | |
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PRESSURE, PSIA

Figure 14. Graphical representation of the formation volume
factor (FVF, By,) versus pressure for the Big Sandy field, east-
ern Kentucky. (Craft and Hawkins, ©1959, fig. 3.2; repro-
duced by permission of Prentice-Hall, Inc.)

B ZT
B, = = eq 2.1
g P (eq2.1)
WHERE: R, = Standard pressure of 14.7 psia

T, = Standard temperature measured
in absolute temperature (which is
459.7°Rankine + 60°F

Z = Gas deviation factor

T = Absolute temperature of the reservoir

P = Absolute pressure of the reservoir

Figure 15. Equation used to calculate the gas FVF (By).
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ume, and temperature of state 1, and P, V2, and T; are
the pressure, volume, and temperature of state 2. V)
and V> may be measured in any comparable units, P,
and P, may be measured in comparable units provided
they are absolute pressures, and T; and 7> may be mea-
sured in any comparable units provided they are abso-
lute temperatures. An example of this relationship, il-
lustrated in Figure 16B, demonstrates that if the tem-
perature is constant—that is, T and T; are equal—and
if the volume of V; is half that of V;, then P, would have
to be twice P; for equilibrium to exist. However, in the
realm of petroleum gases, this relationship does not
hold true. For example, if the gas involved were natural

T

.m
i

——
2P2 x 0.5 V2
T2

IDEAL GAS
Vz =05 V1
where
T1 = Tz

} Compressibility

NATURAL GAS
V,=<05V,
where
T1 = T2

D
St

VOLUME OF

NATURAL GAS Volume natural gas at T and P

S

VOLUME OF
IDEAL GAS

e

ldeal volume at same T and P

Figure 16. (A) Pressure, volume, and temperature relation-
ship given in Craft and Hawkins (1959). (B) Graphical repre-
sentation of ldeal Gas Law for ideal gases. (C) Graphical rep-
resentation of ldeal Gas Law for natural gas. (D) Graphical
definition of gas deviation factor.
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A

. v, CF
14.7 Psia ( A ) x T R
V, SCF
Bg= =

(459.7 + 60) Rx P pdia,

0.02829 Z—PT CF / SCF

1 BBL=5.614CF

C
0.02829 ZTT CF / SCF
By = =
5.614 CF.

BBL

B, = 0.00504 £] BBL/ SCF

Figure 17. (A) Substitution of standard pressure (14.7 psia)
and standard temperature (459.7°F) in equation 2.1 for Bj.
(B) Hatch marks indicate simplification of the expression to

iilustrate the unit relationship. (C) Conversion of By from CF/
SCF to BBL/SCF.

gas, decreasing the volume of V; by one-half will not
double the pressure of P,. In fact, the pressure will gen-
erally be less than twice as great, owing to the com-
pressibility characteristics of natural gas (Fig. 16C).
Craft and Hawkins (1959) state that the amount or
number that gases deviate from the PVT relationships
of ideal gases can be measured and is called the super
compressibility factor, or compressibility factor, and is
commonly called the gas deviation factor, whose sym-
bol is Z. By definition, then, the gas deviation factor is
the ratio of the volume actually occupied by a gas ata
given pressure and temperature to the volume it would
occupy if it behaved ideally as illustrated in Figure 16D.
This dimensionless quantity usually varies between
0.70 and 1.20, with a value of 1.00 representing the be-
havior of ideal gases (Craft and Hawkins, 1959). There
are many ramifications and uses for the Z factor, which
are not dealt with in this workshop; however, the au-
thor recommends additional reading from either Craft
and Hawkins (1959) or Slider (1983) for more informa-
tion.

As mentioned previously, the units for volume in the
Ideal Gas Law may vary, and thus the units for the Z
factor may also change. In a two-phase system—that is,
where free gas and oil are present—the units should be
similar. Thus, the oil volume should be expressed in
cubic feet, or the gas volume should be expressed in
barrels. Figure 17A substitutes the values for standard
pressure and temperature in equation 2.1. Reducing
the equation results in the expression for B, in Figure
17B. Figure 17C illustrates how the units of By can be
modified from cubic feet per stock-tank barrel to bar-
rels per standard cubic feet.
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INTRODUCTION

Material balance is essentially a method for calculat-
ing the oil in place in a reservoir using the conservation
of mass or equating mass balance. Standing (1977)
states that the term, “when applied to petroleum reser-
voir engineering, has come to mean a particular type of
calculation. In fact, to many petroleum engineers, it
connotes a particular equation proposed by Schilthuis
in 1936. As the two words ‘material’ and ‘balance’ sug-
gest, the calculations attempt to evaluate the quantity
of ‘material’ present in the reservoir by maintaining a
running ‘volumetric balance’ on the material remain-
ing in the reservoir at any particular time during the
depletion of the reservoir.” Another way of stating this
definition is that these equations are a method of
equating masses of reservoir fluids, both in and out of
the reservoir, at different times. However, it is generally
easier to derive the equations by equating volumes of
reservoir fluids at different times.

The object of describing material balance in this
workshop is not to provide an in-depth, detailed study
of the equations that are required for reservoir-engi-
neering evaluations but to provide a cursory and fun-
damental background to the principles and ramifica-
tions that these equations have on rock and fluid prop-
erties from a geological viewpoint. Some basic assump-
tions must be clarified prior to developing material-
balance formulas. One of the assumptions that will be
used when working with the equation is that the pres-
sure at any time during the depletion of the reservoir is
distributed equally within the reservoir. This assump-
tion does not really occur during production; however,
treating the reservoir as tank type for analysis purposes
accurately predicts the behavior of the reservoir, given
accurate pressure and production data for the reservoir
(Standing, 1977). Also, fluid-flow characteristics are not
dealt with in this workshop. The material-balance
equation derived simply will provide information on
performance or cumulative production as a function of
the average pressure in the reservoir. And finally, a gen-
eral material-balance equation will be derived that may
be applicable to any hydrocarbon reservoir. However,
all the variables involved in the equation may not be
necessary or relevant at the same time.

Many aspects are involved with the material-bal-
ance equation. This workshop is intended to highlight
the geological significance involved with each aspect of
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the equation. There are also many derivatives of the
equation that will not be touched on here, it being the
intent of the author to cover enough of the equation to
allow geologists, operators, and field personnel to gain
a basic understanding of the underlying principles. The
equation will be derived in the simplest manner pos-
sible, and its basic terms have been predefined in this
writing and in the previous workshop (Rottmann and
others, 1998). The various reservoir types described are
used simply as a means to derive various portions of
the formula and not to imply that there is a different
formula for each type of reservoir. Thus, all the changes
and interactions that occur to the variables of the equa-
tion during production within a reservoir can be han-
dled by one equation.

GAS-RESERVOIR MATERIAL-BALANCE
EQUATION

Perhaps the simplest material-balance equation is
that for a dry-gas reservoir. It simply states that the
mass of gas in place initially is equal to the mass of gas
remaining plus the mass of gas produced. Another way
of stating the equation in terms of balance of volume is
that the volume of the original gas in place at reservoir
conditions is equal to the volume of the gas remaining
in the reservoir at the new pressure-temperature con-
ditions after the gas has been produced. This equation
assumes no oil-influx drive, and a pore-volume change
with pressure loss at zero. :

Figure 18A is the material-balance equation for a
dry-gas reservoir. In the equation, G represents the
original gas in the reservoir, and By; is the gas forma-
tion volume factor (FVF) at the original pressure and
temperature of the reservoir. The amount of gas (G)
multiplied by the FVF for the gas, as determined by the
reservoir parameters, results in a specific volume of gas
at reservoir pressure and temperature. Gp, on the right
side of the equation (Fig. 18B) represents the amount
of gas produced, which implies that a pressure drop
from production must have occurred. Since the pres-
sure has dropped and the amount of gas has decreased
by the amount G, the remaining gas in the reservoir
would have to expand in order to occupy the same vol-
ume as GBg. Thus, By would have to be a larger num-
ber than By for this relationship to hold true. The rela-
tionship between the gas FVFs and pressure can be
seen in Figure 19. The curves referenced by point A are
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A GB; = (G-Gp)B, (eq. 3.1)
Pi P< PI
ST <
B
G Bgi = (G - GP) Bg
!// v/
WHERE:
G =Total gas B, = Current gas FVF

By = Initial gas FVF

P; = Initial pressure
Gy = Gas produced

P = Current pressure
C (Total gas)(Initial gas FVF) = [(Total gas - Produced gas) x (Current gas FVF)]

D SCF x RESERVOIR BBL / SCF = (SCF - SCF) x RESERVOIR BBL / SCF
'SGF x RESERVOIR BBL / B6E = 36K x RESERVOIR BBL / 56E

RESERVOIR BBL = RESERVOIR BBL

Figure 18. (A) Material-balance equation for dry gas and no fluid entry.
(B) Graphical representation of A. (C) Descriptive account of equation 3.1.
(D) Unit relationship of equation 3.1.
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Figure 19. Plot of gas FVF at various temperatures for a gas whose specific
gravity is 0.60 versus pressure. (Modified from Frick and Tayler, ©1962;
reprinted by permission of Society of Petroleum Engineers.) See text for fur-
ther explanation.
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the gas FVF curves for a gas at various res-
ervoir temperatures and whose gas gravity
is equal to 0.6, with air being 1.0. Notice
that as pressure declines, the gas FVF in-
creases for any Bg value on any of the
curves. Therefore, in the equation of Fig-
ure 18A, if production has occurred and
pressure declined, B; would have to be a
larger number than By; for the equation to
be equal. Figure 18C is a descriptive ac-
count of the equation. Figure 18D illus-
trates the units of the equation and the
volumetric equality implied. Original gas
and produced gas are in standard cubic
feet, and Bg and Bg are in reservoir barrels
per standard cubic feet. When the vari-
ables are multiplied together, the stan-
dard-cubic-feet units are nullified, leaving
the result of the equation as reservoir bar-
rels (of the original gas) equaling reservoir
barrels (of the current gas). Thus volume
equates to volume.

Equation 3.1 can easily be modified to
account for volume changes of the gas cap
if the gas cap is in contact with an active
water column or oil column. Figure 20A
represents a formula modification to
equation 3.1 (Fig. 19), owing to water en-
croachment from a water drive, by adding
the term (W.- W,), which is the net en-
croached water in the gas cap and is de-
scribed as water entry (W,) minus water
produced (W,). In this scenario, the net
water enters the gas cap and occupies the
pore space originally occupied by the pro-
duced gas of the gas cap. Thus, as Figure
20B implies, the original volume, GBy;, is
now being occupied by the volume (G-
Gp) Bg at the current pressure and current
gas FVF plus the volume of the en-
croached water. If the pressure in the res-
ervoir remains constant even with pro-
duction, Bg would be equal to Bg. Figure
20C illustrates the descriptive account for
this formula, with part D illustrating the
units involved. Factoring the equation re-
sults in reservoir barrels equaling reser-
voir barrels.

When gas-cap expansion is considered
for a gas reservoir, the change in gas-cap
volume can be a result of either produc-
tion from the oil column with no gas
breakthrough (where G, would be equal
to zero and Gy, is defined as gas produc-
tion from the gas cap) or production from
the oil column and the gas cap. Figure 21A
represents the equation for the change in
gas-cap volume from gas-cap expansion.
The equation simply states that the ex-
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A GBy = (G-Gp) By +(W,-W,)
P; P<P;
B ™ >
gi = W,- W,
v T e-m -
WATER WATER
WHERE:

W, = Water entry
W, = Water produced

C (Total gas)(Initial gas FVF) = [(Total gas — Produced gas)
x (Current gas FVF)] + (Water entry — Water produced)

D SCF xRESERVOIR BBL/SCF = (SCF - SCF) x RESERVOIR BBL

/ 8CF + RESERVOIR BBL - RESERVOIR BBL)

8EE x RESERVOIR BBL / 56F = 56K x RESERVOIR BBL / 3€E.

+ RESERVOIR BBL
RESERVOIR BBL = RESERVOIR BBL

Figure 20. (A) Material-balance equation for a gas reservoir, including
volumetric changes from water entry. (B) Graphical representation of
equation 3.2. (C) Descriptive account of equation 3.2. (D) Unit relation-

ship of equation 3.2. See text for further explanation.

pression (G - Gpo) By represents the current volume of
the gas cap, which is larger than the original volume
(GBg:) of the gas cap. Thus, the change in gas-cap vol-
ume is equal to the smaller initial gas-cap volume mi-
nus the larger current gas-cap volume. This results in a
negative number. Equation 3.3 of Figure 21C is the
material balance for a gas reservoir influenced by gas-
cap expansion and simply states that the initial gas-cap
volume is equal to the current gas-cap volume plus the
change in gas-cap volume. Since the current gas-cap
volume is larger than the initial gas-cap volume, add-
ing the change in the gas-cap volume (a negative num-
ber) brings the left and right sides of the equation to
equality. Figure 21D represents the terms for the equa-
tion, and Figure 21E illustrates the mathematical rela-
tionship of the units involved.

MATERIAL BALANCE FOR OIL RESERVOIRS
ABOVE THE BUBBLE POINT
(UNDERSATURATED)

The next type of reservoir we will look at with re-
spect to the general material-balance equation is an
undersaturated reservoir whose initial pressure is above
the bubble point. For the purpose of developing a gen-
eral material-balance equation, let us make the follow-

(eq. 3.2)

13 2=

ing assumptions. First, the production associ-
ated with pore-volume changes, or com-
pressibility of the matrix as internal fluid
pressures decrease, will be ignored. This
concept can actually be a significant drive
mechanism and is explained in more detail in
following chapters. Second, this formula as-

sumes no water encroachment. Reservoirs

with no water encroachment and minimal
compressibility changes are termed constant-
volume or volumetric reservoirs. Third, this
formula assumes that the average reservoir
pressure is uniform and above the bubble
point for the oil. The fourth assumption is
that the solubility of gas is low in the forma-
tion water and is considered negligible. The
fifth assumption is that the reservoir is ini-
tially undersaturated, which means there is
no gas cap and the reservoir fluid basically
consists of formation water and oil plus the
oils associated with solution gas. The sixth
and last assumption is that water production
is minimal and will be considered zero.
Points A to B of Figure 22 illustrate where
on the formation GOR curve this formula ap-
plies. As mentioned previously, the formation
GOR is constant for any pressure above the
bubble-point pressure in an undersaturated
reservoir. Also, the value of the FVF is largest
at the bubble-point pressure (Pgp). With in-
creased pressure and subsequent compress-
ibility of the oil, the value decreases until the
initial pressure at discovery (virgin reservoir
pressure) is obtained, resulting in the value B,; (point A
on the FVF curve). With the assumptions previously
mentioned, a material-balance equation for an oil res-
ervoir above the bubble point, which is similar to that
of a dry-gas reservoir, can be written as illustrated in
Figure 23A. The term NBy; refers to the volume of initial
oil in place measured in stock-tank barrels times the
value of the FVF at the initial pressure. Multiplying the
stock-tank barrels by the FVF gives the volume of the
oil measured in reservoir barrels. This type of reservoir
will produce by liquid expansion owing to the drop in
reservoir pressure and the decompression of the oil.
The expansion of the oil can be seen mathematically by
examining the value of the FVF from point D to point E
in Figure 22 as pressure in the reservoir drops. The res-
ervoir oil pore volume would remain a constant, as-
suming negligible rock and compressibility effects, as
seen on the right side of the equation of Figure 23B.
The expansion of the oil occupies the entire volume by
multiplying the remaining oil (N - N,) by the larger
FVF. The pictorial representation of equation 3.4 (Fig.
23B) shows that the volume of the original oil times the
original FVF is equal to the current volume of the oil,
which by definition is the original oil minus the pro-
duced oil (N- N,) times the FVF at current pressure
conditions of the reservoir. Figure 23C is a descriptive
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A Changein gas-cap volume = G Bgi— (G - Gp¢) By
P; P< P;
B
G By;
v I | SR
oil °
column expansion
Qil
column
WHERE:

C G Bgi = (G - Gpc) Bg + (G Bgi - (G - Gpc) By)

Initial gas-gap volume = Current gas-cap volume
+ Change in gas-cap volume

D Change in gas cap = (Total Gas x Initial gas FVF)

— [(Total gas — Gas produced) (Current gas FVF)

E Reservoir BBL = (SCF x Reservoir BBL / SCF)
~ (SCF - SCF) (Reservoir BBL / SCF)

Reservoir BBL = (SGE x Reservoir BBL / SGE) - SGE

x Reservoir BBL / SCF

Reservoir BBL = Reservoir BBL

Figure 21. (A) Equation for defining the change in gas-cap volume. (B)
Graphical representation of change in gas-cap volume. (C) Material-bal-
ance equation for a gas reservoir influenced by gas-cap expansion. (D)
. Descriptive account of equation 3.3. (E) Unit relationship of equation 3.3.
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WHERE: Pgp<P<P;
Bog < Bgc < By

Bgc = Current FVF

Bog = Bubble-point FVF

By = Initial FVF

Pgp = Bubble-point pressure

P = Cument pressure (above the Bubble Point)
P, = \nitial pressure

Pgr = Pressure at stock tank conditions

(eq. 3.3)

(eq. 3.3)
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account of equation 3.4. Figure 23D demon-
strates the mathematical relationship of the
units involved and shows that the formula is
essentially equating volumes of reservoir bar-
rels of fluids. Gas is produced along with the
oil at the surface, although within the reser-
voir a free-gas state does not exist because
the pressure of the reservoir is above the bub-
ble point, and the gas remains in solution.
Gas does not break out of solution, at least
theoretically, until the pressure drops below
the bubble point in the production string as
the oil approaches the surface. The amount
of gas produced is equal to the GOR (R;) of
the reservoir times the amount of oil pro-
duced, assuming that all the gas breaks out of
solution (Fig. 23E). The phrase gas in solution
is used to define the occurrence of a phase
change when, owing to a pressure drop, lig-
uid hydrocarbons change phases and form
gaseous hydrocarbons with similar composi-
tions.

One of the primary uses of the material-
balance equation is in calculating the original
oil in place (OOIP) for a reservoir. Equation
3.5 from Figure 24 solves equation 3.4 for the
value N, which is the original oil in place. Thus
if the produced oil is known, and If B, and By
are known, it is possible to calculate the OOIP
by using equation 3.5. Also, the fractional re-
covery (r), which is defined as the produced
oil divided by the OOIP, can be calculated,
given these variables, by mathematically re-
arranging equation 3.5 to the form of equa-
tion 3.6. The fractional recovery can now be expressed
as a fraction of the produced oil in stock-tank barrels to
the initial stock-tank oil in place that has been pro-
duced, or as the difference of the current FVF minus
the original FVF divided by the current FVF. This re-
lationship holds true for those conditions where the
pressure remains above the bubble point.

MATERIAL BALANCE FOR OIL RESERVOIRS
AT OR BELOW THE BUBBLE POINT
(SATURATED)

Most reservoirs in the Midcontinent, when discov-
ered, are at or very near the bubble point, which is
point B in Figure 22. This implies that a slight reduc-
tion of reservoir pressure, from production, will allow
free gas to break out of solution, and the reservoir GOR
will start to decrease along with the oil FVF. Thus the
reservoir, with respect to the dissolved gas, is termed
saturated. Assuming the lack of free gas from a gas cap,
and with water entry and water production minimal
and no pore-volume changes with pressure drop, the

Figure 22 (leff). Piot of FVF and solution GOR curve for a hy-
pothetical undersaturated oil reservoir above the bubble point.
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A N Byi=(N-N,) B,

Pi PBP< P<Pi

>

NBoi = N- Np) Bo
WHERE:

Pgp = Bubble-point pressure
N = Original oil in place
By = Initial oil FVF

N, = Produced oil

B, = Current oil FVF

C (Original oil)(Initial oil FVF) = [(Original oil — Produced oil)(Current oil FVF)]

D sTBxReservoir BBL/STB = (STB - STB) x (Reservoir BBL/ STB)

8T8 x Reservoir BBL/ $T8 = 3TB x (Reservoir BBL / $T8)

Reservoir BBL = Reservoir BBL

E Gas produced = G, = N,R; Total oil produced x Solution GOR for the oil produced

Figure 23. (A) Material-balance equation for an undersaturated reservoir
above the bubble point. (B) Graphical representation of equation 3.4.
(C) Descriptive account of equation 3.4. (D) Unit relationship of equation 3.4.

(E) Descriptive account of gas produced.

volume of the reservoir at initial condition is repre-
sented by the variable V,; in equation 3.7 of Figure 25A.
Vi is equal to the volume of oil (V;) plus the volume of
gas (V). This is illustrated pictorially by the left side of
Figure 25B. The original oil is saturated with gas and
represented by NRy;, which states that the amount of
saturated gas is equal to the original oil (N) times the
initial GOR (Ry). With a pressure drop from produc-
tion, gas starts to break out of solution from the single-
phase saturated oil volume such that the reservoir now
contains two phases and two volumes of fluids, oil and
gas, as defined on the right side of equation 3.7 from
Figure 25A. The volume of the oil phase (V,) plus the
volume of the free-gas phase (V) is equal to the vol-
ume of the initial saturated oil (Vy;). How does one de-
termine the volume of the free gas in the reservoir? Fig-
ure 25C is a descriptive expression for determining the
free gas and states that the free gas in a reservoir, in
standard cubic feet, is equal to the original gas in solu-
tion (represented by NR,;) minus the current gas in so-
lution (represented by NyR,) and the amount of the
produced gas (represented by N,R,). Equation 3.8 of
Figure 25D represents this relationship. A knowledge of

(eq. 3.4)

=GP
(Gas)

Fo8e8-
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the gas in solution, or GOR at various
pressures, is needed to calculate this
equation. Figure 25E represents the units
involved for equation 3.8.

Equation 3.7, which is an equation for
the volume of the reservoir and is repre-
sented by the summation of the volumes
of oil and gas (of Fig. 25) can now be mod-
ified as shown in equation 3.9 of Figure
26 by substituting the previously derived
expressions for current oil (right side of
equation 3.4) and free gas (equation 3.7).
Equation 3.9 states that the volume of the
initial oil (NB.:) is equal to the volume of
the remaining or current oil after produc-
tion, (N - N,)B,, plus the volume of the
free gas (Gr). We can now substitute
equation 3.8 for the value of the free-gas
phase represented by GrBg in equation
3.9 to form equation 3.10, which is the
material-balance equation for a reservoir
at or below the initial bubble-point pres-
sure, assuming that the parameters at the
beginning of this section are in effect. Be-
cause geologists and engineers are con-
cerned with the volume of OOIP, equa-
tion 3.10 can be solved for N as seen in
equation 3.11 of Figure 26C. Once equa-
tion 3.11 has been solved for N, it is pos-
sible to determine the fractional recovery,
r, for the reservoir (Fig. 26D). The frac-
tional recovery, r, is equal to the pro-
duced oil divided by the OOIP, or equa-
tion 3.12 of Figure 26, and can be ex-
pressed in terms of produced oil and
OOIP or as current and original gas and
oil FVFs and solution GORs. Figure 27 is a plot of frac-
tional recovery, or the percentage of ¢il produced ver-
sus pressure. The average recovery factors are shown
for the three primary drive mechanisms. Gas-cap-drive
and water-drive mechanisms make highly inefficient
waterflood candidates because their recovery factors

Original oil in

the reservoir o = Ne)Bo ea34)

Original oil =N= Bo Np (eq 3.5)
STB B, — Boi

Fractional =r= No _Bo—By (eq 3.6)

recovery N B,

Note: For conditions above bubble point pressure

Figure 24. Solving equation 3.4 of Figure 23 for the value N
(original oil in place). Equation 3.6 defines the recovery factor
for production above the bubble point in terms of the forma-
tion volume factors By and Bo.
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A v,=v,+y,
WHERE: V, = Ge By
Gg= Free gas in the reservoir

T
A

THE VOLUME OF
THE ORIGINAL OIL
IN PLACE = V,;

((Plus solution gas))
N Rg;

v
WHERE:

V,; = Volume of the original saturated oil

V, = Volume of the oil phase
V, = Volume of the gas phase

Pius current solution gas

N

(eq. 3.7)

[ ]
Gas

Volume of the

Volume of the
reservoir = V,

(N = Np)Rs )

NRgy =Amount of gas in solution
(N = N,)= Gas remaining in solution

after production of N,

Free gas = V,; = Initial gas — Solution gas - Produced gas

D  Ge=NRy-(N-N)R,-N,R,

WHERE:
R,; = Original gas to oil ratio

R, = Current gas to oil ratio in reservoir

R, = Produced gas to oil ratio

(eq. 3.8)

E Gr = (STB x SCF / STB) - (STB - STB) SCF / STB - (STB x SCF / STB)
Gr= (58 x SCF / 5¥8) — (5T8 x SCF / 5¥8) - (3T8 x SCF / 57B)

Gg=SCF

Figure 25. (A) Equation for the total hydrocarbon pore volume of a saturated res-
ervoir. (B) Graphical representation of equation 3.7. (C) Descriptive account of
free gas in the reservoir. (D) Equation for defining free gas in a reservoir. (E) Unit

relationship of equation 3.8.

Figure 26. (A) Equation 3.9 represents
the total volume of the reservoir as the
sum of the current oil pius the free gas.
Material-balance equation for a reservoir
at or below the bubble point. (B) Descrip-
tive account of the material-balance
equation for a reservoir below the bubble
point. (C) Equation 3.10 solved for the
value N. (D) Equation for the fractional
recovery represented by production and
OOIP or in terms of oil and gas FVFs
~and current OIP and OOIP.

WHERE: G = N Rgi— (N - Np)Rs — Np Rp

N Boj=(N—=Np)Bo + [N Rsj— (N = Np)Rs - Np Rp1B

Volume of
reservoir =
initial oil

Volume of
current oil *

Np [Bo + Bg (Rp — Rs)]
Bo — By + By (Rsi~ Rg)

N=

- Bo— Boi+ By (Rsi—Rs)
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are so high and they have little
mobile oil remaining. Solution-gas-
drive ratios in the range of 12-20%
represent viable targets for water-
flood candidates because the amount
of mobile oil remaining and avail-
able for secondary-recovery opera-
tions is a significant percentage com-
pared to that of other drive types.

One important observation should
be made at this point. The variable
Ry in equation 3.12 of Figure 26 is the
net cumulative produced GOR for
the reservoir. Because this variable is
in the denominator, it stands to rea-
son that the larger the cumulative
GOR is, the smaller the fractional re-
covery will be. As an example, case 1
and case 2 of Figure 28 represent
fluid properties for a hypothetical
reservoir to illustrate the effects that
either a high or alow produced GOR
has on the recovery factor of a reser-
VOIr.

Case 1 represents an example in
which the gas has been produced with
no effort either to shut in the gas wells
or to re-inject the gas. Therefore, the
cumulative GOR for the example is
3,200 SCF/STB of oil produced. The
variable R, which represents the cu-
mulative produced GOR, is in the de-
nominator, and the cumulative pro-
duced GOR minus the current GOR
represents a value of 2,450. By com-
pleting the formula, the recovery fac-
tor turns out to be 4.3%.

Case 2 represents an example in
which two-thirds of the original solu-
tion gas remains in the reservoir ei-

(eq 3.9)
(eq 3.8)
(eq 3.10)
Voiume
Volume of Volume
initial gas ~ current produced gas]
g solution gas

(eq 3.11)

Fractional —re Ille
recovery N

(eq 3.12)

Bo+ By (Rp-Rs)
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ther by re-injecting the produced gas or
by shutting in the high gas producers at
the same pressure at which the B, was
determined. The cumulative produced
GOR from this method results in a value
of only 1,066 SCF/STB. Subtracting the
initial GOR value of 750 from 1,066 re-
sults in a value of only 316, which is con-
siderably less than 2,450 for case 1. By
solving the equation of case 2, the recov-
ery factor is 10.7%, which is almost 2.5
times as great as the production from
case 1. This case should illustrate how
much more effective a gas-drive reser-
voir is than a solution-gas-drive reser-
voir. Case 1 is strictly a solution-gas-
drive reservoir. By re-injecting the gas, or
by shutting the high-GOR wells in, case 2
represents a gas-drive mechanism. The
increased recovery factor for primary
production represents a portion of the
oil that cannot be recovered from a wa-
terflood standpoint.

Case history 30 of the first workshop
(Rottmann and others, 1998, p. 100-101)
presents an excellent example of this
principle. Figure 29 illustrates the de-
cline curve for a reservoir under con-
sideration as a waterflood prospect in
north-central Texas. Several miles to the
north, a reservoir in the same formation
with almost identical rock and fluid prop-
erties had been successfully waterflooded;
its production curve is illustrated in Fig-
ure 30. The assumption was that because
the reservoir to the north had success-
fully responded to water injection, the
prospect represented by the decline curve
of Figure 29 should also be a viable can-
didate. The recovery factor for the anal-
ogy to the north was 13.7%, which is typ-
ical for a solution-gas-drive reservoir.
However, when the evaluators of the pros-
pect determined the recovery factor for
the candidate, it turned out to be over
22%. This is a considerable discrepancy
when comparing recovery factors from
two identical reservoirs producing under
assumed similar circumstances. Further
investigation of the waterflood candidate
represented by the production curve of
Figure 29 revealed that all the wells with
high gas saturation had been shut in and
that the operator had employed the prac-
tice of perforating and completing the oil
wells only from the very bottom of the
porous reservoir. In fact, it was learned
later that the field had a gas cap, which
effectively expanded, driving oil to the

o~
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Figure 27. Plot of percentage of oil produced versus pressure for water-, gas-
cap-, and solution-gas-drive reservoirs. (Clark, 1969, fig. 69; reprinted by
permission of American Petroleum Institute.)

A N, By - Boi + Bg (Rsi— Rs)

r= _P= (eq 3.12)
N Bo+ By (Rp - Ry)

WHERE:
Np = Cumulative production
N = Original oil in place
B, = Current oil formation volume factor = 1.450 SCF / STB
By; = Initial oil formation volume factor = 1.510 SCF / STB
By = Current gas formation volume factor = 0.00103 BBL /SCF
R;; = Initial reservoir GOR = 950 SCF / STB
R = Current reservoir GOR = 750 SCF / STB
Rp = Net cumulative produced GOR = 3,200 SCF / STB

B caset. r= 1.450 - 1.510 + 0.0013 (850 —750)
1.450 + 0.0013 (3,200 - 750)
1.450 + 3.185
r=0.043
r=4.3%
c

CASE 2. (Where two-thirds of gas is reinjected) and R, = 1,066 SCF/ STB

1.450 - 1.510 + 0.0013 (950 - 750)
"~ 1.450 +0.0013 (1,066 — 750)

e 0.2
"~ 1.450 + 0.4108

r=0.107
r=10.7%
Figure 28. (A) Equation 3.12, defining recovery factor. (B) Case 1. Example

of a recovery factor for a reservoir with a high produced GOR. (C) Case 2.
Example of a recovery factor for a reservoir with a low produced GOR.
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Figure 30. Production curve for a successful waterflood field used as an analogy for the reservoir represented by Figure 29.
Response to injection occurred at month 115.
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producers in the oil column. The great difference in re-
covery factors for these two reservoirs implies that the
oil saturations at depletion were controlled by two to-
tally different types of drive mechanisms; the analo-
gous reservoir had a higher oil saturation at depletion,
which allowed the waterflood response to be success-
ful. To date, the field represented by the production
curve of Figure 29 has not been waterflooded.

EFFECTS OF CHANGE IN GAS-CAP
AND WATER ENTRY

The left side of equation 3.10 (Fig. 26) represents the
reservoir volume of the OOIP and is equal to the right
side of the equation, which represents the volume of
the current oil plus the volume of the free gas in the
reservoir. The underlined expression N,R, in equation
3.10 of Figure 31A represents the amount of solution
gas produced where N, is the amount of oil produced
and R, is the produced GOR. Equation 3.13 is a modifi-

A N Byj= (N~ Np) By + [N Rsi— (N - Np) Rs— Np Rp] By

IS EQUAL TO:

N Byi= (N~ Np) B, + [N Rsj— (N - Np) Rs~ Gp] By
WHERE: G, = N, R, = GAS PRODUCED

B m

192=

cation of equation 3.10 by substituting G, (produced
gas) for NyR,. Figure 31B illustrates graphically that the
volumetric balance of a reservoir remains the same
when the modifications derived earlier for the addition
of water entry and/or expansion of a gas cap are fac-
tored in. If fluid encroaches either from an expanding
gas cap or from water entry, the right side of equation
3.13 (which up to this point only accounts for the vol-
ume of the current oil and free gas within the reser-
voirs) would be smaller than the left unless the volume
of the encroaching fluid from the gas cap or water entry
is added in. Thus, Figure 31C describes how these vari-
ables of water entry and gas-cap expansion would be
added to the material-balance expression derived thus
far. Substituting the mathematical expression for the
various parts of Figure 31C results in the material-bal-
ance equation for a reservoir with gas-cap and water-
drive components (Fig. 31D}. As mentioned previously,
one of the goals of this chapter is to develop a means
for calculating the OOIP. Therefore, by solving equa-

(eq. 3.10)

(eq. 3.13)

GAS CAP

Original oil
in place =

(G-Gp)B,-GBy

Q FREE GAS >

CURRENT OIL

é WATER

VAV

C  Original Reservoir _ Current Reservoir
Barrels of Oil — Barrels of Oil

D N Bgj= (N - Np) B, + [N Rg;- (N = Np) Rs— Gp] By + (G - Gpc) By — G By + (We — Wp)

Volume of
Free Gas

Volume of Water

Change in
Entry in Barrels

+ Gas-Cap Volume

(eq. 3.14)

E By — Boi+ (Rsi— Rs) By

(eq 3.15)

Figure 31. (A) Material-balance equation for reservoir at the bubble point. Equation 3.13 represents substitution of the variable
NpR, in equation 3.10 with Gp. (B) Graphical representation of the changes in reservoir original oil volume by expansion of gas
cap and water entry. (C) Descriptive account of B. (D) Material-balance equation for a saturated reservoir with a gas cap and

an active water drive. (E) Equation 3.14 solved for N (OOIP).
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tion 3.14 for N, which represents the OOIP, we obtain
equation 3.15 (Fig. 31E). Figure 32A illustrates the terms
used for equation 3.15. Notice the terms Gps and Gy,
which represent the amount of solution-gas produc-
tion and the amount of gas-cap production, respec-
tively. Although it is difficult to distinguish gas-cap and
solution-gas production, the production of either has
the same effect on the material-balance equation.
Equation 3.16 (Fig. 32B) replaces Gps and Gp. with the
term Gp, where Gy is simply the gas produced. Equa-
tion 3.16 represents a material-balance expression for
all the natural reservoir energies except pore-volume
changes, gas released from solution from formation
water, and volumetric changes of current water satura-
tion (assumed minimal).

PORE-VOLUME CHANGES

The last major principle of the material-balance
equation that we will consider is the effect of rock and
fluid compressibility. These factors can play a large role
in production for those undersaturated reservoirs above
the bubble point. First, a few basic terms need to be
defined.

Figure 33A illustrates a mass of material whose di-
mensions are length times width times height. This
volume of 100% mass is called the bulk volume, or V5.
With the introduction of porosity or pore space, as il-
lustrated in Figure 33B, the bulk volume is reduced,
and the volume of the pore space is now termed the
pore volume, or V,,. Subtracting the amount of the pore
volume from the bulk volume yields a net volume, which
is termed the solids volume. With the introduction of
gas, oil, and water into the pore volume, as illustrated
in Figure 33C, and by treating the pore
volume as unity, the pore volumeis A

CHAPTER 3: Material-Balance Determination of Original Oil in Place

of 5 x 108 psi”! means that the volume of 1 million bar-
rels of reservoir oil would increase by 5 barrels for every
drop of 1 psi in pressure. This number could be larger
for higher temperature reservoirs, API gravities, or
greater quantities of solution gas (Craft and Hawkins,
1959). Although the relationship of oil compressibilities
is already addressed when the material-balance equa-
tion uses FVFs, Figure 34A illustrates an expression for
oil compressibility, C,. The expression on the right is
the same equation that has been solved for AV, which is
the change in pore volume. Figure 34B illustrates the
direct relationship between reservoir volume and FVF,
which states that the current FVF minus the initial FVF
divided by the initial FVF times the pressure differen-
tial is equivalent to the oil compressibility. It must be
noted that this relationship holds true for a volumetric
reservoir, which by definition means that the reservoir
is bounded on all sides by impermeable strata (Craft
and Hawkins, 1959).

The second type of compressibility is that of water. It
is even smaller than that of oil by almost a factor of 10.
It is in the range of 1078 fractional volume change per
psi reduction. Water compressibilities can he gener-
ated from two sources, which are illustrated in Figure
35. First, water expansion can occur from a downdip
water column, which contributes water influx from a
water-drive reservoir. This entry of water has already
been examined and incorporated into the material-
balance equation by the term (W, - W,). A second
compressibility factor that influences volumetric
changes is formation water in the pore space above the
oil-water contact (OWC). As pressure drops, these
minute volumes of water expand, contributing to the

divided into volumes of gas, oil, and
water, with the terms gas saturation
(Sg), oil saturation (So), and water
saturation (Sw). The addition of all
saturations equals 1, as seen in equa-
tion 3.17. That part of the pore vol-
ume represented by the addition of
the oil and gas saturations is referred
to as the hydrocarbon pore volume,
or Vi, of the original mass.

We will consider three basic types
of compressibility: oil, water, and rock
compressibility. The first type to be
discussed is oil compressibility above
the bubble point. Reservoirs above
the bubble point have all their avail-
able gas in solution, and thus with
an increase in pressure, there is a de-
crease in volume, which depends on
the temperature and composition of
the fluid. Craft and Hawkins (1959)
suggest values of compressibility for
undersaturated oils ranging from 5 to
100 x 10 psi’. An oil compressibility

N= Np By + Bg (Gps — Np Rg) - [(G - Gpe) Bg— G Bgil - (We — Wp)

By — Boi+ (Rsi— Rs) Bg

(eq 3.15)

WHERE: N = Original oil in place

Ny = Produced oil
B, =Current oil FVF
B,; = Initial oil FVF
By =Currentgas FVF
By = Initial gas FVF
Gps = Solution gas production . .
Gpo = Gas-cap production } Cannot differentiate = G,
G =Initial gas in place
W, = Water entry
W, =Water produced
R = Initial reservoir GOR
Rs = Current reservoir GOR

N Np Bo + B (Gp— Np Rs) - G (Bg — Bg)) — (We - Wp)

By — Byj+(Rsj— Rs) By

WHERE: G = Gas produced from either solution gas or gas cap

(eq 3.16)

Figure 32. (A) Material-balance equation for a saturated reservoir with gas-cap
and water entry, with definition of variables. Gps and Gpc cannot be differentiated.
(B) Substitution of G, for variables Gys and Gpc in equation 3.15.
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HEIGHT

A = Length x Width
Vg = Bulk Volume = A

A
LENGTH \{

V,, = Pore volume = Bulk volume x Porosity
Vs = Solids Volume = Bulk Volume — Pore volume

Solids volume = 1 — Porosity

C

o

Gas saturation
o)

Oil saturation
@d‘

Water saturation
Where:
1=S4+8,+8y (eq. 3.17)

= -5,
=
=

Ve = Hydrocarbon pore volume = Vp~ Vg

Figure 33. (A) Graphical illustration for definition of bulk volume. (B) Graphical definition of pore volume. (C) Graphical
definition of gas, oil, and water saturations within pore volume.

hydrocarbon-pore-volume reduction in reservoirs
above the bubbie point.

Figure 36 shows graphs used to calculate the com-
pressibility of water, the solubility of natural gas in
fresh water, and corrections for the salinity. Notice that
the solubility of natural gas in water is low compared
to that of oil. Just as oil compressibility has been de-
scribed in equation 3.18 of Figure 34, water compress-
ibility is similar and is described in equation 3.20 of
Figure 35A. This equation shows that the change in
pore volume is equal to the water-compressibility fac-
tor in volumes of change per psia reduction times the
pressure differential times the reservoir pore volume.

The last form of compressibility that will be ad-
dressed is rock compressibility. With burial, overbur-

den pressure is exerted on a reservoir, which is simply a
compressive force on the rock. The average pressure
gradient—that is, the amount of pressure with depth—
is approximately 1 psi/foot of depth (Slider, 1983}, al-
though this overburden pressure can vary widely and
depends on many variables such as structure and con-
solidation of the sediments. In normal situations, such
as consolidated sediments, the overburden pressure is
not transmitted directly to the pore space because of
the support from the matrix material. In areas such as
the Gulf Coast of Texas and Louisiana, the pore pres-
sures of the reservoir may approach those of the over-
burden owing to the unconsolidated nature of the sand-
stones, and the transfer of the overburden pressure is
directed to the fluids in the pore volume owing to the
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Figure 34 (right). (A) Equation for oil compressibility. (B) Oil
compressibility expressed as a change in initial and current oil
volumes and pressures, and with respect to current and initial
oil formation volume factors and pressures.

(eq. 3.20)

A AV,=Cy AV,

We

Where:
AV),, = Change in Pore Volume
C, = Water Compressibilty
A, = Change Pressure

VZ = Pore Volume
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A
14V
Co=———— AV=CyApV
0 Vdp o (eq 3.18)
WHERE: V = Volume
dV = Change in volume
dp = Change in pressure
B
Co _ 1dVv - VO_ Voi _ BO— BOi (eq 319)
dp Voi (i—P)  Boi(Pi—P)
WHERE: V = Original reservoir volume

Vi = Initial reservoir volume
pi = Initial pressure
p = Pressure

Note: For reservoirs above the bubble point

o WATER/OIL
CONTACT

C Change in Pore Volume = Water Compressibility X Change in Pressure x Pore Volume

Figure 35. (A) Equation for the change in pore volume from water compressibility. (B) Graphical illustration of sources of water

compressibility. (C) Descriptive account of equation 3.20.
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the production gas-water ratio:

solution compressibility

Ratio:

Solubility of natural gas in water, cu ft/bbl
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From (d) correction factor = 0.9

Rq, for brine = 18 x 09 = 16.2 sciibbi

Then the correction factor from (b) is
115 and ¢, = 1.15 x 305 x 10-6
= 35 x 10-S/psi

Correction for gas in solution

> 13
=
2 +
B2 <
a [ /
E I
]
LR
o - /
@
;10 dgd gl el vl
0 5 10 15 20 25
(b)
24
- \
20} r\\\ e
oL \\\‘—/_A,soc//
! e
N e
16 = ~] 3.600
14F \\ 3000
L 2500
12 A \ 2.000
10
B \ 1.500
8
r 1.000 ]
6
4 B Tt
[ Pressure. 500 psia
?
_lll lLJllI]Illlll
60 100 140 180 220 260
Temperature, °F
()
2z
< = Correction tor brine salinity
5 1.0
o= 250°F
el = - 200-F
=15 gol—150F
2 - 100 F
== pgbaau sl ity W
a8 10 20 30
212 L .
] Total solids in brine —
-3
I ppm x 10
<
T (d)

Figure 36. Charts used for determining water compressibility and gas and
salinity corrections. (From Dobson and Standing, ©1944; reprinted cour-
tesy of the American Petroleum Institute.)
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decrease in pore volume from compaction.
However, in most cases, the matrix partially
supports the overburden pressure, and only
a part of the pressure is transmitted to the
pore space. This pore pressure is generally
in the range of 0.5 psi/foot of depth (Slider,
1983).

In response to external pressure, the
matrix can become compressible; that is,
the pore volume of the reservoir solids be-
comes slightly smaller. Craft and Hawkins
(1959) suggest that the degree of compress-
ibility for sandstone and limestone reser-
voirs lies in the range of 2 x 1010 25 x 10-6
psit. The compressibility can be on a bulk-
volume basis. Dividing the compressibility
of the bulk volume by the porosity gives the
compressibility on a pore-volume basis.
Figure 37 shows the compressibilities for a
number of limestone and sandstone res-
ervoirs. These samples were subjected to
3,000 psia of external pressure (overburden
pressure), and the internal pore pressure
varied from 0 to 1,500 psia. The compress-
ibilities are plotted against porosities be-
cause lower porosities seemed to have high-
er compressibilities.

Thus, the reduction in pore volume that
can occur with reduction in pressure can
come from two sources. First, a pore-vol-
ume loss results from a reduction in the
gross volume of the reservoir from compac-
tion, which results from a pressure loss ow-
ing to production. Second, pore-volume
loss can occur from an increase in the vol-
ume of reservoir solids with a decrease in
pressure. Figure 38 illustrates these two
components of rock compressibility. Note
that the decrease in reservoir pore volume
by default decreases the average porosity of
the reservoir. This porosity change is usu-
ally on the order of 0.5% for every 1,000-psi
change in the internal fluid pressure (Craft
and Hawkins, 1959). In unconsolidated
sediments, the porosity changes might be
considerably higher. van der Knaap (1958)
pointed out that the change in porosity for
a sediment does not depend on the abso-
lute pressure (the overburden pressure) but
on the difference between the internal and
external pressures of the rock.

Figure 37 (left). Formation-rock compressibility
from various reservoirs and pressure differen-
tials of 0 to 1,500 psia plotted against porosity
values. (Hall, ©1953; reprinted by permission of
Society of Petroleum Engineers.)
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(eq. 3.21)

Overburden

With
Production
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Original reservoir volume

Oil and Gas

1. Decrease pore volume with pressure drop

2. Increases solids size (decreases porosity) due to compressibility

= OILAND GAS

Where:
A V, = Change in Pore Volume
Cr= Rock Compressibility
Ap = Change in Pressure
V), = Pore Volume

C Change in Pore Volume = Rock Compressibility x Change in Pressure x Pore Volume

Figure 38. (A) Equation for change in pore volume from rock compressibility. (B) Graphical illustration of source of rock com-
pressibility. {C) Descriptive account of pore-volume loss from rock compressibility.

Figure 39A shows the formulas for water compress-
ibility (equation 3.20) and rock compressibility (equa-
tion 3.21) previously derived. The pore-volume changes
from these two sources can be added together as dem-
onstrated in equation 3.22. Rearranging equation 3.22
and factoring out (p and V), results in equation 3.23,
which is a more convenient form. Because the general
material-balance equation is a balance of volumes,
equation 3.23 could be added to equation 3.14 (Fig. 31),
which now accounts for all the volumetric changes in-
cluding those from water and rock compressibilities.
However, V, in equation 3.23 would be introducing the
new variable V,. Because V), represents the original
pore volume of the reservoir, another way of stating it
in terms already expressed would be by equation 3.24,
where V), is equal to the volume of the OOIP divided by
the percentage of oil volume or oil saturation repre-
sented by the value of 1 (or unity) minus the formation-
water saturation. Substituting this expression for V,

into equation 3.23 gives equation 3.25, which is an ex-
pression for the volumetric change in the reservoirs
from the changes of rock and water compressibilities.

For all the expressions derived to this point there are
many variations, ramifications, and intricacies that we
have bypassed in the name of simplicity. The purpose
thus far has been to derive a fundamental knowledge of
the concepts behind the material-balance formula.
Because the pore-volume changes from water and rock
compressibilities have been defined in equation 3.25 of
Figure 39, this expression can now be added to the gen-
eral material-balance equation derived thus far for the
other volumetric changes of free gas in the reservoir,
gas-cap volumetric changes, and water-entry volumet-
ric changes (equation 3.14, Fig. 31).

Equation 3.26 of Figure 40C is the revised general
material-balance equation with all the variables de-
scribed to this point. The formula states that the origi-
nal reservoir barrels of oil is equal to the current reser-
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A AV,=C, Ap S,, V, (eq 3.20)
WHERE: §,,, = Formation water saturation
AV, =C; Ap Yy (eq 3.21)
AV, =Cy Ap S, V,+C;Ap V, (eq 3.22)
AV, =(C +C, Sy;)dp V, (eq 3.23)

Change in

) Rock + Water N Change of _ Pore
FEServolr = \ compressibility compressibility) * pressure ~ volume
pore volume
B v, = N B, (eq 3.24)
(1-8,.)
Original reservoir barrels of oil
Pore volume =
Original oil saturation
Substituting eq 3.22 into eq 3.21
C N B,
AV, =(Ci+C, S,.)Ap x (eq 3.25)

1-5,,
Figure 39. (A) Pore-volume changes (equation 3.23) in a reservoir derived by
the addition of the effects of water compressibility (equation 3.20) and rock
compressibility (equation 3.21). (B) Equation for total pore volume of a reservoir
expressed by the terms original oil in place and original oil saturation. (C) Sub-
stitution of Vj, of equation 3.22 with equation 3.24.
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voir barrels of oil, plus the volume of
free gas in the reservoir, plus the change
in any gas-cap volume, plus the change
in volume from the barrels of net water
entry, plus the volumetric changes in
hydrocarbon pore volume and the pore
volume, in barrels, from the water and
rock compressibility. Because we are in-
terested in obtaining the OOIP for the
reservoir in stock-tank barrels, we can
solve equation 3.26 for N, resulting in
equation 3.27, which is a general equa-
tion for material balance that accounts
for the major sources of reservoir ener-
gies.

DATA SOURCES FOR MATERIAL-
BALANCE CALCULATIONS

If the variables of equation 3.27 are
known and accurate, this general for-
mula is all that is necessary to derive
OOIP. It is unnecessary to have special
equations for each scenario of a pro-
ducing reservoir such as an equation for
production above the bubble point ora
separate equation for solution-gas drive
or water drive. Also, it should be noted
that many of the variables are not ap-
propriate at all stages of a reservoir’s life.
For instance, for reservoirs above the

A eq3.14 of

N Byi= (N = Np) By + [N Rg = (N = Np) As = Gyl By +(G— Gpo) By— G B+ (We— Wp) (Figure 85
Original reservoir ~ Current reservoir Volume of Change in Volume of
barrels of oil barrels of oil free gas gas-cap volume water entry

: eq 3.25 of

B Change pore volume = (C;+ Cy, Sy0) Ap x Boi (Figure 39)

wc

C
N Boj=(N=Np) + [N Rsj~ (N~ Np) Rs = Gp] By + (G~ Gpc) Bgi— G Byi+ (We
'Obriginal reservoir Current reservoir Volume of Change in
barrels of oil barrels of oif ' the free gas gas-cap volume
D

_ Ny By + By(Gp— Ny Rs) — G(By— Bg) ~ We - W,
By = Bgj+ (Asi— As) Bg+(Cy+ Cyy Sue) AP Boi /(1 - Swe)

N B,;
= Wp) +(Cs+ Cy S Ap x TS

we

(eq 3.26)

Change in pore volume
from rock and water
compressibility

Volume of
water entry

(eq 3.27)

Figure 40. (A) Material-balance equation 3.14 from Figure 31. (B) Pore-volume change from rock and water compressibility.
(C) Addition of pore-volume changes from rock and water compressibility to the material-balance equation, 3.14. (D) Rearrang-

ing equation 3.26 to solve for the original oil in place.
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bubble point, the gas-expansion term
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would be equal to zero, because free gas s Crode A Cruoe &'
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For older reservoirs from which these Ty i%j:

types of data were not obtained, various
methods and empirical data are avail-
able to estimate this information. Fig-
ures 41 and 42 are examples of empir-
ical data that allow the calculation of
FVFs and gas in solution if the reservoir
temperatures, pressures, and oil and gas gravities are
known. Empirical PVT data can be obtained from Stand-
ing’s correlations, which are found in Amyx and others
(1960). However, when a discovery well is completed,
obtaining bottom-hole-fluid samples and determining
PVT data are critical for the proper evaluation of the
reservoir for future opportunities.

A second major concern for the geologist, operator,
or engineer is the accuracy of the production data. Be-
cause oil is sold and its amount is not generally ques-
tioned except for old reservoirs, or where several zones
are commingled, a question arises about the accuracy
of the stated water and gas production. The reason for

Figure 41. Correlation chart used for estimating GORs or bubble-point pres-
sures. (Modified from Borden and Rzasa, ©1950; reprinted by permission of
Society of Petrolem Engineers.)

this is that gas is not always sold, because it may be
used for lease purposes, as demonstrated by case his-
tory 11A from the first waterflood workshop (Rottmann
and others, 1998, p. 35). In that example, 13% of the gas
produced was not sold because it was being used to
fuel the gas engines in the lease pumping units. Since
the cumulative GOR (Rp) (equation 3.10), or the total
gas produced (Gp) (equation 3.27), are predominant
variables in the general material-balance equation, any
deviation from this accuracy will significantly affect the
equation’s outcome. The same holds true for water
production and water entry. Because water is a com-
modity that is not sold, its production data often are
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3 Example
e Crude A
Ny s GOR
Gas gravity
WL = . “AP!
— + 0"@ T

From chart, RFV

Figure 42. Correlation chart used to estimate GORs or FVFs for oil. (Modified
from Borden and Rzasa, ©1950; reprinted by permission of Society of Petrolem

Engineers.)

not accurate. Thus, a dedicated effort should be made
to determine accurate data for water production, in-
cluding examination of surface equipment and discus-
sions with knowledgeable personnel.

A good example of the importance of accurate knowl-
edge of water production, and assumptions made con-
cerning water-saturation calculation, is given in case
history 5 of the first waterflood workshop (Rottmann
and others, 1998, p. 18-20). In that example, it was
assumed that because water production was not re-
ported for a majority of the wells, it was not a signifi-
cant factor. As it turned out, water production and its
associated water saturation proved to be the downfall
of the project.

Another factor critical to material balance is the
amount of water entry. This factor is difficult at best to
estimate, although some formulas do so that are based
on the pressure differential of the reservoir, water vis-
cosity, relative permeabilities, and the geometry of the
aquifer. A water drive usually results from one or a com-

27 2=

bination of the following causes: (1) ar-
tesian flow, water entering at the sur-

2 . .
8_759 face whose source is structurally higher
27.4 than the reservoir, creating a hydro-
218°F static-pressure gradient; (2) expansion
1,306

of the water or other sources of oil or gas
within the reservoir; and (3) compaction
of the aquifer portion of the reservoir
rock. Fluid-flow fundamentals, which
are beyond the scope of this workshop,
are necessary to evaluate water influx.

A third type of data critical to the gen-
eral material-balance evaluation of a
reservoir is accurate pressure data. These
data include initial-pressure data at dis-
covery plus current pressure data at some
point in the life of the reservoir. One note
of caution concerning pressure analysis
is to make certain that any pressure-
buildup tests remain in the reservoir long
enough to allow the bottom-hole pres-
sure to stabilize. If the recorded pres-
sure is still changing even slightly when
examined, the actual bottom-hole pres-
sure could be considerably higher than
the buildup test indicates, especially in
low-permeability strata.

As stated previously, one goal of pre-
senting the material-balance equation
is to illustrate the effects of pressure
changes within a reservoir on its fluids
and on the reservoir itself. Reservoir en-
gineering is usually concerned with a
reservoir from discovery to abandon-
ment, as described in Figure 5. Geolo-
gists are concerned with the origin, or
the deposition and entrapment, of hy-

Origination Equilibrium Depletion
(Deposition) (inscovery) (Erosion)
2.0 750
S e
E ,/” ...... é ...... ) \\\
L R g . GOR
£ 7 N,
= // .,.."' ‘\‘ AJ %
S /, P \\ o
g s FVF .
= /7 N
[v] &
E |/
=} R \
w7 A
PRESSURE
AND TIME
== GEOLOGICAL =
= | ENGINEERING _==

Figure 43. Time line of a reservoir from origination to deple-
tion. FVF and gas to oil curves are shown representing con-
ditions that may exist for the fluids in a reservoir from origina-
tion (deposition) through depletion (erosion).
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drocarbons; diagenesis of the reservoir; and structural
effects. Figure 5 can now be modified, as illustrated by
Figure 43, which adds the GOR curve and the forma-
tion volume curve for a typical reservoir to Figure 5. At
point C, which represents discovery of the reservoir,
reservoir engineering becomes involved and follows
through to point E, which represents abandonment.
The geologist, on the other hand, should be concerned
with those rock and fluid properties that occur from
origination (point A) to discovery (point C). As de-
scribed in this chapter, a reservoir becomes undersatu-

CHAPTER 3: Material-Balance Determination of Original Oil in Place

rated with increased pressure and an absence of addi-
tional gas. This condition causes the fluids to com-
press, as shown by the FVF curve from point B to point
C. Compression of the fluids implies compression of
the reservoir as well. Thus, the principles governing the
reservoir-fluid properties must be understood by the
geologist. Likewise, geologists attempting to explain
migration of fluids need to understand phase and satu-
ration changes with respect to pressure that can occur
or need to occur in order to deal with such saturations
found in reservoirs today.
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Volumetric Determination of OOIP

INTRODUCTION

A second method for calculating original oil in place
(QOIP) is the volumetric method. This method is the
one most commonly used by geologists for estimating
OOIP when evaluating cursory parameters for a new
waterflood project. The variables for the formula, ex-
cept for the formation volume factor (FVF) and the bar-
rels per acre-foot constant, were discussed in detail in
the first waterflood workshop (Rottmann and others,
1998, p. 34-85), although the formula for oil in place
was not. The volumetric method is based on the values,
bulk volume, porosity, salt-water saturation, barrels
per acre-foot constant, and reservoir FVF. Figure 44A il-
lustrates the equation for volumetric oil in place. Fig-
ure 44B is a pictorial representation of the equation.
One point should be mentioned: this equation is an es-
timation of OOIP and is independent of free gas in the
reservoir or a gas cap. This point will be expanded later
in this chapter. The following sections give a brief de-
scription and review for each of the variables in the for-
mula.

VARIABLES OF THE VOLUMETRIC
OO0IP EQUATION

Constant 7,758

The constant 7,758 refers to the amount of barrels of
material that can be contained in a volume whose di-
mensions are 1 acre of area and 1 ft thick. Thus, 1 acre-
foot is defined as 1 acre in area times 1 ft in thickness.

Area

The term area refers to the amount of acres con-
tained in a net-isopach depiction of the reservoir. The
term can apply to the summation of acres for multiple
layers. Chapters 4 and 5 of the first waterflood work-
shop (Rottmann and others, 1998) were devoted to de-
termining net pay and mapping net pay. This task is
perhaps the geologist’s single most important respon-
sibility, because mapping the pay zone will ultimately
reflect reserves and expenditures to recover those re-
serves. The following topics are a review of consider-
ations that need to be made when isopaching and ulti-
mately determining area for the oil-in-place (OIP) for-
mula:

1. The appropriate porosity cutoff should be consid-
ered. A porosity cutoff that is too low will yield exagger-
ated OIP estimates. This can have tremendous ramifi-

cations for a waterflood candidate, because the smaller
recovery factor from primary production will yield
overly optimistic remaining oil reserves. Table 10 of the
first workshop illustrates this concept (Rottmann and
others, 1998, p. 44).

2. Every effort should be made to interpret pay thick-
ness correctly from the various electric and porosity
logs. Minor thickness variations dramatically affect OIP
numbers, as demonstrated by table 11 of the first work-
shop (Rottmann and others, 1998, p. 45).

3. Non-pay reservoir should be understood. It is
not uncommon for non-water-bearing strata to have
porosity-log values above the porosity cutoff value,
which would indicate an acceptable net-pay thickness
for a reservoir, whereas, in fact, that part of the reser-
voir never contributed to production, as in case history
15 of the first workshop (Rottmann and others, 1998, p.
48-50).

4. The proper interpretation and mapping of an oil-
water contact and a gas—water contact are critical to
the correct geometry and volumetrics of the oil col-
umpn, as in case histories 16 and 17 of the first work-
shop (Rottmann and others, 1998, p. 51-58).

5. Incorporation of the environment of deposition
into the mapping of a reservoir is needed to approxi-
mate the proper geometry of the reservoir. This is espe-
cially important where individual layers are present,
because the cumulative-isopach depiction does not
represent the geometry of the individual layers (illus-
trated in case history 19 of the first workshop; Rott-
mann and others, 1998, p. 63-70).

Height

Calculating the correct average height for a reservoir
can also affect the final OIP figure dramatically. Table 6
from case history 12 and table 10A from the first work-
shop (Rottmann and others, 1998, p. 39, 44) illustrate
the magnitude of error that can occur by misjudging
average height for a reservoir. Great care must be taken
when picking net pay from electric logs, as was pointed
out in the preceding section on area.

Porosity

The porosity value in the OIP formula refers to the
average porosity that is representative of the reservoir.
Just as in the discussion of area and height, any devia-
tion from the actual value for average porosity can have
dramatic effects on the OIP figure. Case history 13 and
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A OOIP = 7758 x A xH X@ x (1 - S,) (eq. 4.1)
Boi
1 2 3 4
B 3
OO0IP = = D g
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=+ Reservoir
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of water Stock-
AxHx@x(1-S8y) tank
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RES BBL
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Figure 44. (A) Volumetric equation for determining OOIP. (B) Graphical representation of equation 4.1. (C) Unit relationship of

equation 4.1.

table 6 of the first waterflood workshop (Rottmann and
others, 1998, p. 39) illustrate these effects. It is impor-
tant to point out that porosity, in this formula, is influ-
enced by the minumum porosity value used to deter-
mine net pay. Smaller minimum-porosity values allow
the amount of net pay used in the height variables to
become larger, which can make OIP calculations overly
optimistic.

Expression (1 = Sy)

In the expression (1 - S,), the numeral 1 refers to the
pore volume of the reservoir. Subtracting the decimal
percentage of the water saturation yields the percent-
age of the pore volume that is oil saturated. This oil-
saturated pore volume was illustrated in Figure 33 of
this report. The water-saturation percentage should be
treated similarly to those of porosity and height. In
other words, an average value would need to be deter-
mined for use in the OIP formula.

Variable B,

The variable By is the initial formation volume factor
(FVF) for the reservoir as determined from fluid analy-
sis or correlation charts. The expression 7,758 x A x Hx
(1 - S.) represents the amount of oil, in reservoir bar-
rels, in the defined reservoir. Dividing this amount by
the FVF converts the amount of reservoir barrels to the
amount of OIP measured in stock-tank barrels.

COMPARISON OF MATERIAL-BALANCE
AND VOLUMETRIC OOIP CALCULATIONS

If all field variables are equal, the calculations for
OIP from the material-balance method and the volu-
metric method should be equal. However, there are at
least two situations in which these calculations may
not be equal.

The first situation arises where the material-balance
equation is less than the volumetric calculation. Data
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Figure 45. Hypothetical reservoir, illustrating perforated layers
contributing to production,

for volumetric calculations come from open-hole elec-
tric logs and core data. If the field is developed, or if the
limits and geometry of the reservoir are known, values
for volumetric OIP should represent the actual OIP re-
gardless of production trends. The rea-
son material-balance OIP calculations
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the actual OIP value because of the limitations just
mentioned for the material-balance method. George
and Stiles (1978) consider the ratio of material-balance
to volumetric OIP calculations as a measure of conti-
nuity for a reservoir, which indicates a measure of well
spacing and effective-interval completions. As a hypo-
thetical example of this, consider the reservoir of Fig-
ure 46. The material-balance calculation of OIP, based
on production, pressure, and fluid properties, indicates
a value of 3.75 MMBO. However, the volumetric OIP
calculation suggests a value of 4.5 MMBO. The ratio of
material-balance OIP to volumetric OIP is 83.3%. This
percentage suggests that only 83.3% of the reservoir is
effectively completed either by proper well spacing,
all productive zones perforated, or permeability ade-
quately enhanced.

A ratio of material-balance to volumetric OIP greater
than 1 may suggest that the reservoir’s volumetric in-
formation is not adequately defined (i.e., more reser-
voir is participating in production than is mapped).
Figure 45 illustrates how this might occur. Layer 2 is
perforated in both wells A and B, and the zones at the
wellbore are similar in thickness. However, between
the two wells lies an additional part of the reservoir,
which is contributing to production. This effect, on a
larger scale, would cause the material-balance calcula-
tion to be larger than the volumetric calculation of OIP.

are less than volumetric OIP calcula-
tions is because all the potential pay
zones in the reservoir may not be con-
tributing to production—that is, the pro-
duction is discontinuous or not in com-
munication. Figure 45 illustrates this
scenario. Well A has three productive
layers, each of which is perforated and
contributing to production. Well B has
three layers also, but only two are perfo-
rated and contributing to production;
layer 4 in this well is not perforated and
is not contributing to production. Mate-

MATERIAL BALANCE OOIP
3,750,000 STB

VOLUMETRIC OOIP

4,500,000 STB
MB OOIP
RATIO =
VOL 00IP
3,750,000
RATIO =
4,500,000

rial-balance calculations rely on pro-
duction pressure differentials that are
directly related to FVFs. Because layer 4
is not contributing to the production, its
production potential is unaccounted
for. Thus, the material-balance calcula-
tions will be less than the volumetric
calculations because layer 4 would be
included in the latter. Therefore, only
those layers connected to a wellbore and
that have effective porosity or perme-
ability and proper well spacing will af-
fect material-balance calculations.

As was mentioned in the first water-

RATIO = 83.3%

0 0.25 Mile

flood workshop (Rottmann and others,
1998, p. 80-84), volumetric calculations
for OIP are considered representative of

Figure 46. Hypothetical reservoir, comparing material-balance OIP calculations
to volumetric OIP calculations.
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Case history 23 of the first workshop illustrates another
example of this concept (Rottmann and others, 1998, p.
82-85).

CALCULATING CURRENT
OIL AND GAS SATURATIONS

The most important step, next to determining OOIP,
is determining the oil saturation at the beginning of the
waterflood. In the oil column of a reservoir at discov-
ery, the oil saturation is simply the percentage of pore
volume minus the percentage of water volume, as de-
scribed previously. Or, as stated in equation 4.2 of Fig-
ure 47A, the oil saturation is equal to 1 minus the for-
mation-water saturation. The oil saturation can also be
stated as a percentage of the total pore volume, as ex-
pressed in equation 4.3 of Figure 47B. In this expres-
sion, the oil saturation is equal to the oil volume di-
vided by the total pore volume. This is perhaps
the most commonly used equation and one that
we will develop later in this chapter.

A
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A
Qil saturation = 1 — water saturation
S, =1-5, (eq 4.2)
WHERE: S,; = Qil saturation at discovery
S, = Water saturation at discovery
1 = Pore volume of the reservoir
B

Oil saturation = reservoir oil volume / reservoir pore volume

Initial reservoir oil volume
%™ Reservoir pore volume

(eq 4.3)

Figure 47. (A) Equation defining oil saturation in a reservoir.
(B) Second method of defining oil saturation in a reservoir,
using the parameters of reservoir pore volume and oil vol-
ume.

Determining the oil saturation really occurs
from two perspectives, the oil saturation at or
above the bubble point and the oil saturation be-
low the bubble point. These two situations repre-
sent different behaviors with respect to oil satura-
tion. Figure 48A is a formation-volume curve for a
reservoir producing above the bubble point. As
was described in the last chapter, solution gas re-
mains dissolved in the reservoir oil as production
occurs, and as pressure depletes in the reservoir
from point A to point B, the oil expands from the
pressure drop and decompression of the oil. A
free-gas state does not exist in the reservoir, be-

FVF B, RESERVOIR BBL / STB

Primary production
period, above
bubble point

Bog > By

cause the pressure is sufficient for all the gas to

Pgp

—> Pressure

remain in solution. Thus, the volume of oil in the
reservoir is still the same, no matter how much
production has occurred, until the pressure in the
reservoir reaches the bubble point. Therefore, the
oil saturation at or above the bubble point will
not change. The amount of oil in barrels in the
reservoir changes, but the saturation percentage
with respect to volume will always remain the
same. This assumes, of course, that variations in
water entry and rock compressibility are ignored
or insignificant.

The second situation for oil-saturation varia-
tion occurs when the reservoir pressure is at or
below the initial bubble-point pressure, as indi-
cated in Figure 49A. The decrease in value for the
FVF now indicates that the volume of oil will de-

crease as gas breaks out of solution from the oil. Cc
The reservoir oil continues to shrink in volume
until the pressure is at stock-tank conditions if p

they could be achieved. In this stage, the oil vol-
ume is constantly changing; Figure 49B illustrates

7
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Reservoir volume
of oil at bubble point
(Point B, Bypg)

Reservoir volume
of oil at discovery
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Water saturation, S,
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Water saturation, S,

Cumulative production = N — Np, (above BP)
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this relationship. Some of the gas that breaks out
of solution remains in the reservoir, and some
flows to the wellbore and is produced. Assuming
no water entry, the pore volume is now equal to

Figure 48. (A) Typical FVF curve for a reservoir producing above the
bubble point. (B} Graphical representation of production occurring
above the bubble point. (C) Equation defining cumulative production
above the bubble point. (D) Equation for calculating current oil satu-
ration above the bubble point.
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and OIP values representative of the
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reservoir when the reservoir pressure
is above the bubble point.

There are two methods for calcu-
lating the amount of oil produced above
the bubble point. Figure 50A illus-
trates that by using the OOIP value,
the initial FVF value, and the bubble-
point FVF value, equation 3.4 may be
solved for N, which is the amount of
oil produced above the bubble point.
Figure 50B illustrates a second ap-
proach. Equation 3.6 solves for the
recovery factor by inserting the initial
FVF and the bubble-point FVF. The
recovery factor then is multiplied by

T
s¢ Pgp

o[
Qil produced
above BP

Reservoir

C Pore volume = Oil volume + Gas volume + Water volume

> Pressure

P, the OOIP to determine the amount of
production that will occur above the

bubble point. For reservoirs in which
water influx is negligible and whose
- initial state is at the bubble point, these

@ steps are not necessary.
Oil produced Figure 51 illustrates an example of

below BP how to determine the amount of pro-
duction above the bubble point and

Q 1 ’ how to determine the OIP at the bub-
\__/ ble point for a reservoir that is par-

N Gas saturation -~ tially depleted and whose initial pres-

sure was above the bubble point.
Water-entry and rock-compressibility

volume of Reservoir volume . s .
ol at bubble —— of ofl at time, T factors are considered negligible for
point r=1= below bubble point this example. Figure 51A gives the
(Point B, Bgr) (Points B to C,AB,) known parameters for the reservoir,

which has a cumulative production
el of 7.5 MMSTBO and a current FVF of
1.15. The bubble-point FVF is 1.350,

w ‘ ~ Water saturation, Swo and the initial FVF is 1.310. The first
\_—-—/ step is to determine the amount of

production above the bubble point.
By inserting the initial and the bub-
ble-point FVFs into equation 3.6, the
recovery factor is above the bubble

Figure 49. (A) Typical FVF curve for a reservoir producing at or below the initial  point at 2.9%. This means that 2.9%
bubble-point pressure. (B) Graphical representation of phase changes that occur  ofthe 38 MMSTBO, or 1,125,925 STBO,
in a reservoir producing at or below the initial bubble-point pressure. (C) Equation 45 produced above the bubble point,

for pore volume in a reservoir.

the addition of the reservoir oil volume plus the gas
volume plus the water volume, as shown in Figure 49C.

In order to calculate the current oil saturation below
the bubble point, it is necessary to determine the OOIP
at the bubble point for those reservoirs whose initial
pressures were above the bubble point and the amount
of production that occurred above the bubble point.
The reason that the OIP at the bubble point is used is
because it is at the bubble point that oil saturation
starts to decrease, as illustrated in Figure 49B. The cal-
culations would be misleading by using production

as illustrated in Figure 51C. Figure

51D calculates the amount of oil that

was produced below the bubble-

point pressure by subtracting the 1,125,925 STBO from

the cumulative production. The OIP at the bubble

point is determined by subtracting the oil produced

above the bubble point from the OOIP, as illustrated in

Figure 51E. The 36.8 MMSTBO value is the OIP at the
bubble point for the reservoir.

Equation 4.3 calculates the current oil saturation for

a reservoir below the bubble point (Fig. 52A). The oil

saturation is equal to the reservoir oil volume divided

by the reservoir pore volume. The reservoir oil volume

can be expressed as the OIP at the bubble-point pres-
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(eq 3.4)

OO0IP = (Original oilsTg— Produced Oil(above BP STB)) Current FVF(at or above BP)

Np= Ngp- NBy;
Bgp

_ Np (above BP) _ Bog ~ Boi
N Bos

r

rx N= Np (above BP)

(eq 3.6)

Recovery factor (zpove gp) x OOIP = Produced oil above BP

Figure 50. Two methods for calculating the amount of production above the bubble point. (A) Oil produced
above the bubble point with respect to bubble-point FVF and OIP and OOIP values. (B) Equation for oil
produced above the bubble point with respect to FVFs initially and at the bubble point.

sure (measured in reservoir barrels) minus the pro-
duced oil below the bubble point (measured in reser-
voir barrels) (Fig. 52B). The reservoir oil volume can
also be expressed by equation 3.6, with the stipulation
that Npgpis the OIP at the bubble point and N, is the
amount of production below the bubble point.

The reservoir pore volume, the denominator in
equation 4.3, can be expressed as the OIP at the bubble
point, measured in stock tank barrels, multiplied by the
FVF at the bubble point divided by the oil saturation at
the bubble point (expressed as salt-water saturation,
Swc) as shown in Figure 52C. To determine the current
oil saturation for a reservoir, we can substitute the ex-
pression that we derived for reservoir oil volume (Fig.
52B) and the expression for reservoir pore volume (Fig.
52C) into equation 4.3, resulting in equation 4.5. Rear-
ranging equation 4.5 results in equation 4.6, which is
the commonly used oil-saturation formula.

Figure 53A illustrates the saturations that occurin a

solution-gas-drive reservoir at some depleted state.
The pore volume is composed of the oil volume plus
the water volume plus the gas volume (equation 4.7).
The oil-saturation formula derived in the preceding
section calculates the oil saturation at any point below
bubble point in the productive life of the reservoir if the
current FVF is known. By knowing the initial water
saturation (assuming no water input) and the current
oil saturation, equation 4.8 calculates the gas satura-
tion at that point in the life of the reservoir.

Figure 54 is an example for calculating the current
oil and gas saturations for the example reservoir of Fig-
ure 51. The current oil saturation may be calculated by
inserting the current FVF, the bubble-point FVF, and
the initial water saturations along with the previously
determined OIP at the bubble point and the amount of
production below the bubble point. Solving the equa-
tion results in a current oil saturation of 49.1%, and an
associated-gas saturation of 20.9%.
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Reservoir parameters:
Cum prod = 7,540,000 STBO

OO0IP =38 MM STBO
B, =1.15
B, =1.310
B, =1.350
S, = 30%
Recovery factor = 1.350 - 1.310
1.350

Production above
bubble point

Production below
bubble point

Calculating OOQIP at bubble point

35

Figure 51. Example of determining production
above the bubble point. (A) Parameters used for
example. (B} Equation 3.6 for recovery factor.
(C) Estimating oil produced above the bubble
point (from B). (D) Determining oil produced be-
low the bubble point. (E) Calculating OIP at the

bubble point.

=2.9%

= 38,000,000 x 0.029 = 1,125,925 BO

= 7,540,000 - 1,125,925 = 6,412,882 BO

OOIPg, =OOIP - oil produced above bubble point
OOIPg, = 38,000,000 - 1,125,925 BO

OOIP,, = 36,874,075 STBO

S Reservoir oil volume
° 7 Reservoir pore volume

(res bbl)

Reservoir oil :
volume = OOIP,; gp) — Produced oil /04 5y
(res bbl)
Reservoir oil _ ("Ngo= Np peowsp)) g
volume (STB)(STB) ©
Ngp x Bog

Reservoir pore volume =
1- Sy

_ (Nep— Np) B,
®" [ Ngex Bog
1 - SWC

N, B
S, = __p) (i) _
0 (1 Nep X Bap (1-Sw)

WHERE: N, = Oil produced below bubble point

{eq 4.3)

(eq 3.6)

(eq 4.4)

(eq 4.5)

(eq 4.6)

Figure 52. (A) Equation for calculating current oil saturation at or below the
initial bubble point. (B) Calculation for determining reservoir oil volume. (C)
Equation for determining reservoir pore volume. (D) Equation for determining
current oil saturation, substituting equations 3.6 and 4.4 into equation 4.3.
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Gas saturation, Sg
~<_ (Gas pore volume) -

-
—~ - -

Oil Saturation, S, L
(Qil pore volume)

Pore volume or 1

—— ——

Water saturation, Sy,
(Water pore volume) ’

B
1 (Pore volume) = Pore volumes of oil + water + gas

Figure 53. (A) Saturations that occur in a solution-gas-drive(?)
reservoir at some point during depletion. (B) Definition of pore
volume with respect to oil, gas, and water saturations.

A N B
- v < o _
S,= (1 - Nop X Be x(1-S8y (eq 4.6)

B

Calculating current oil saturation

1.15
S, (1 6,412,882 B0 (1-0:30)

(38,000,000 — 1,125,925) ) *1.350 *
S,=(1=0.174)x 0.85 x 0.7
S,=49.1%
Sy=1-0.491-0.3
S,y=20.9%

Figure 54. (A) Equation used for calculating current oil saturation. (B) Example
of calculating current oil saturation.
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INTRODUCTION

Previous chapters in this report were dedicated to
defining rock and fluid properties of producing oil
fields and presenting two separate methods for estab-
lishing original oil in place (OOIP) and current oil in
place (OIP). OOIP, coupled with cumulative produc-
tion, gives the evaluator an idea of the recovery factor
for the reservoir. The recovery factor can be a helpful
indicator to the viability of a potential waterflood can-
didate, because the lower the recovery factor, the
higher the probability for a successful waterflood. But
the recovery factor by itself does not suggest or imply
the amount of secondary production to be expected
from the waterflood candidate. As noted previously, it
is a mistake to believe that the recovery factor from pri-
mary production is an indication of potential second-
ary reserves by waterflooding, although many pros-
pects are evaluated under the assumption that primary
recovery is an indication of secondary reserves.

The following chapters illuminate factors used for
estimating how many barrels of oil may be expected
from secondary operations. As mentioned previously,
this workshop is designed to familiarize geologists, op-
erators, and field personnel with the basic or funda-
mental principles involved with a cursory review, and
also for the purpose of improving communication with
the engineering department. Although the following
chapters do not treat all the fundamentals, principles,
or derivatives of waterflood engineering in detail, they
do look at the basic rock and fluid properties that affect
these fundamentals and principles and offer a brief
introductory description of those fundamentals and
principles that would allow a geologist or operator to
make a quick estimate of secondary reserves.

OIL IN PLACE AT THE START
OF THE WATERFLOOD

Predicting waterflood recovery is perhaps the most
critical aspect of project evaluation. This prediction
should be done on two levels: first, a preliminary, cur-
sory evaluation for the purpose of deciding the viability
of the project and continuation of the evaluation, and
second, a thorough, detail-oriented review of all as-
pects of reserve evaluation. This and the following chap-
ters will highlight the principles and fundamentals of
the first method.

Equation 5.1 of Figure 55 represents the basic for-
mula for waterflood-recovery prediction. N, is the vari-

able that represents the amount of oil to be displaced,
taking into consideration the variables E; (displace-
ment efficiency), E, (areal sweep efficiency), and E,
(vertical sweep efficiency). N, in this equation repre-
sents the maximum amount of oil recovery to be ex-
pected. Certain effects, such as gas re-saturation, are
not deducted from this total.

The variable N represents the amount of oil present
within the floodable area as represented by equation
5.2 of Figure 56. This number is different from the N in
equation 4.1 and is controlled by the area itself. In
equation 4.1, A refers to the area of the oil column of
the reservoir. In equation 5.2, A refers to the floodable
area. The material-balance and volumetric OIP value

eq 5.1
Np=NxEyzx E;x E, (ea 5.1)

WHERE:

N, = Qil displacd by waterflood injection

N = Oilin place at the start of the waterflood
within the floodable area

E, = Displacement efficiency

E, = Areal-sweep efficiency

E, =\Vertical-sweep efficiency

Figure 55. General equation for estimating oil displaced by
waterflooding.

7758 AH¢ S, (eq5.2)
N= +—— * =
B,
WHERE:
N =0ilin place at the start of the waterflood

within the floodable area

7,758 = Total barrels per acre-foot constant
A = Floodable area

H = Average height of floodable area

¢ = Average porosity of floodable area
S, = Current reservoir oil saturation

B, = Currentformation volume factor

Figure 56. Equation for determining OIP within the floodable
area.

X372~
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represents the amount of oil at discovery. This value of
N represents the amount of oil at the start of the water-
flood within the floodable area and is modified by the
variable S,, which represents the amount of oil satura-
tion currently within the reservoir (assuming equilib-
rium and uniform saturation) and will always be less
than the original oil saturation if production has oc-
curred. The variable S, was defined by equation 4.6 of
the previous chapter (Fig. 52) and is also an almost im-
mediate indicator of a potential waterflood’s chance of
economic success. This topic will be discussed after
wettability and residual oil saturation are defined in
subsequent chapters.

The variables H (for average height) and ¢ (for aver-
age porosity) are treated in the same manner, except
they represent those parameters in the floodable area
only.

FLOODABLE AREA

Defining the floodable area is much like mapping
the original reservoir. However, in this case, instead of
defining the reservoir by its productive limits, it is de-
fined by the economic influence of water injection be-
tween all injectors and producing wells. Consider Fig-
ure 57A, which represents a reservoir under a sohition-
gas drive. This is a reservoir composed of five produc-
ers bounded by a zero reservoir line. All five wells are
producing, and the direction of the pressure sinks are
shown heading toward all five producers, which will
probably completely drain the reservoir of primary oil.
In this case, the entire reservoir is affected by drainage.
However, as illustrated in Figure 57B, when the four
outside wells are converted into injectors, water is in-
jected in all directions. As water is injected into well A,
an oil bank forms. The oil bank is moved radially from
the well (assuming a homogeneous reservoir). Most of
the injected fluid moves along stream lines to the pres-
sure sink, or producing well, as illustrated by well B.
These stream lines would cover the entire reservoir of
this example if ample time were allowed. As the injec-
tion pattern increases, the oil bank ultimately will meet
adjacent banks, as shown between wells C and D. Some
of the squeezed oil goes to the pressure sink, or pro-
ducing well, and some goes in the opposite direction as
unrecoverable oil. The water injected within the ap-
proximate area of the dashed line will hopefully drive
oil to the pressure sink, or center producing well. Water
injected outside the dashed line will drive oil toward
the reservoir boundary, and eventually some of the oil
will be driven back into the pattern. However, the wa-
ter cut from water being injected into the pattern may
cause that portion of the production to be uneconomi-
cal by that time. Therefore, the dashed line represents
the potential drainage area for the producer in the pat-
tern. This example illustrates the need for defining the
swept area of a pattern or reservoir, because only the
swept area will contribute to production. With injec-
tion, oil will be moved around outside the pattern, but
for all practical purposes it does not contribute signifi-
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cantly toward secondary-oil recovery. Therefore, the
variable A in equation 5.2 (Fig. 56) refers to the area
potentially swept.

In more complex reservoirs, the manner of deter-
mining the swept area is similar. Figure 58 is a reservoir
under consideration for waterflood. Wells 2, 5, 8, 11, 13,

Pressure sinks during
primary production

Area of
unrecovered
oil

Area of
unrecovered
oil

Area of
unrecovered
oil

Area of unrecovered oil

Pressure sink during injection
of a normal five-spot pattern

Where:
@ =Producer
2 = Injector

Figure 57. (A) Direction of drainage and pressure directions
for producing wells. (B) Four outside wells converted to in-
jection. Dashed line indicates possible area of production for
center producing well.
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that of wells 1 and 2. The solid line would
represent one quarter of a five-spot pat-
tern as illustrated in Figure 57, but the
flow-stream pattern would probably be
better suited for this situation. The flood-
able area for this example would be the

o

acre-feet of the reservoir within the pat-
tern outline.

Determining the swept area from net-
sand isopach maps depends on all wells
in the reservoir being in direct commu-
nication. However, a net-sand isopach
map that has been derived from the ad-
dition of multiple layers can have dis-
astrous consequences for a potential
waterflood candidate. Several case his-
tories were reviewed in the first water-
flood workshop that dealt with this sub-
ject (Rottmann and others, 1998). Those

Floodable pattern
Partial pattern
- « = Apparent pattern 0

cases illustrated the need to break multi-
layered reservoirs into genetically re-
lated components for the purpose of es-
tablishing the geometry of each sand
body, for it is the geometry of the sand
body that is critical in establishing an
effective injector-producer pattern for a
waterflood candidate.

Consider the case of the reservoir in
Figure 59, which is the same reservoir
used in case history 19 of the first work-

0.5 mile shop (Rottmann and others, 1998, p. 63—

70). This map represents the net-sand

Figure 58. Hypothetical reservoir, showing floodable boundary. Solid line repre-
sents potential swept area used as the variable A in equation 5.2. Dashed line
represents area that may not be swept because of producer—injector geometry.

Dotted line represents partial patterns.

15,17, 19, and 21 have been determined to be the injec-
tors. The method of determining the swept area is to
determine the pattern resulting from the injector-pro-
ducer pattern proposed. Some patterns are fairly easy
to determine, such as the pattern of wells 8, 11, 13, and
15, with well 12 as the producer. However, some pat-
terns are more difficult to determine, such as the pat-
tern of wells 18, 19, and 22; these wells represent only a
part of a pattern. The dashed line between wells 18 and
22 would represent the normal swept area; however, if
gas saturations are very high, the pattern should go
from wells 18 to 19 to 22. This is particularly true where
the edge wells are producers, but this would not be the
case if wells 18 and 22 were injectors. However, from
the author’s experience, it would be best to create flow
streams from injector to producer as illustrated be-
tween wells 18 and 19 and between wells 19 and 22.
Flow-stream patterns would be particularly useful for
determining the swept area for partial patterns such as

isopach for the reservoir as interpreted
by the original operators. It implies that
all the wells in the reservoir are in com-
munication. An engineering firm, using
this map and its interpretation, recom-
mended that four injection wells, with
a possible fifth, would be adequate for
flooding the entire reservoir. These
wells would inject into the gas cap, filling it and subse-
quently sweeping oil to the producers. The pattern was
considered viable, assuming that injection capacity
was adequate and directional channeling did not
occur. However, in the first workshop it was demon-
strated that this reservoir {case history 19) was com-
posed of four distinct and genetically related sand bod-
ies, which are not everywhere in direct communication
(Rottmann and others, 1998, p. 63-70).

Figures 60-62 represent three of the four sand bodies
and the associated injector-producer plan suggested
for each. The idea was to create an effective injector—
producer pattern for each sand body that also includes
common injectors and producers from the other sand
bodies. The patterns were established for each sand,
and the floodable area was determined by connecting
the injectors and producers with a straight line.

When these maps are overlaid, common injectors
and producers amongst the three layers can be deter-
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Figure 59. Isopach map of potential waterflood reservoir. Contours (in feet) represent thicknesses of >10 ohms resistivity,
as interpreted from open-hole electric logs. Four proposed injection wells are shown with one alternate injector. Reservoir
is in east-central Oklahoma.
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Figure 60. Map outline of sand layer A, the topmost of four layers constituting the reservoir of case history 19 (from first
waterflood workshop, Rottmann and others, 1998, fig. 76). Proposed injector—producer pattern and potential swept area

are shown. Contours in feet.
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Figure 61. Map outline of sand layer B, the second of four layers constituting the reservoir of case history 19 (first
waterflood workshop, Rottmann and others, 1998, fig. 77). Proposed injector—producer pattern and potential swept
area are shown. Contours in feet.
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Figure 62. Map outline of sand layer C, the third of four layers constituting the reservoir of case history 19 (first water-
flood workshop, Rottmann and others, 1998, fig. 78). Proposed injector—producer pattern and potential swept area are
shown. Contours in feet.
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Figure 63. Composite map of the three layers that compose the net-sand reservoir of case history 19 (first
waterflood workshop, Rottmann and others, 1998, fig. 81). Injector—producer pattern takes into account wells
that are common to all three layers. Contours in feet.
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mined. Figure 63 illustrates these combined patterns,
using common injectors and producers. This pattern
considers the geometry of the sand bodies of the three
primary layers of the reservoir, so that this pattern in
comparison to the original operator’s pattern is obvi-

ously different. The economic evaluation of the oper-
ator’s original feasibility study did not include money
for conversion of additional wells to injectors, a fact
that was soon to become obvious because of the geom-
etry of the individual sands.



Displacement Efficiency




Oklahoma Geological Survey Special Publication 99-3

CHAPTER 6

D e 4
M

Displacement Efficiency

INTRODUCTION

The displacement of oil by water or another immis-
cible injected fluid is the essence of secondary recov-
ery. In the previous chapter, we talked about the water-
flood pattern that would be affected economically by
water injection. However, the displacement of oil by
water within that pattern was not mentioned. The dis-
placement efficiency, Eg, is the variable in equation 5.1
that accounts for the economic mobile oil available for
production within the floodable area. Equation 6.1 of
Figure 64 is the formula for displacement efficiency,
represented as a fraction, and is simply the amount of
mobile oil in the floodable area divided by the current
oil saturation. The current oil saturation was defined
by equation 4.6. This chapter is dedicated to under-
standing how to determine displacement efficiency for
areservoir. However, a few terms must be defined first.

Mobile oil is only a component of the current oil
saturation. The oil column of any reservoir actually
could be considered to be composed of four compo-
nents (Fig. 65). The water portion of the oil column is
divided into mobile-water saturation and irreducible
(residual) water saturation. The same is true for the oil
portion, which is divided into mobile-oil saturation
and irreducible (residual) oil saturation. The irreduc-
ible saturation for both oil and water is defined as that
saturation percentage that is nonmobile in the reser-
voir, regardless of the amount of displacing phase pass-
ing through it. The residual saturations for both oil and

Displacement A S, (69 6.1)

efficiency ~ g,

Amount of mobile

Displacement  oil remaining
efficiency Current oil
saturation
Displacement  S,— S, (eq 6.2)
efficiency =~ S,

Figure 64. (A) Equation for displacement efficiency in terms of
mobile oil and current oil saturation. (B) Equation for displace-
ment efficiency in terms of current and residual oil satura-
tions.

water vary with the wettability of the rock. The wet-
tability can be defined as “the tendency of one fluid to
spread on or adhere to a solid surface in the presence
of other immiscible fluids” (Craft and Hawkins, 1959).
In this workshop we will consider only water and oil as
a possible wetting phase. Residual saturations for non-
wetting-phase fluids depend on capillary-pressure and
pore-size considerations. These subjects are explained
in more detail in the references listed for this chapter.
The properties of residual oil saturation and wettability
will be discussed in following sections, but in order to
define them adequately, we must first define perme-
ability, viscosity, and capillary pressure.

T

Som Oil

saturation So
Sor )

Water

saturation ©%

Where:

S, = Total Oil Saturation

Som = Mobile Oil Saturation

Sor = Irreducible Oil Saturation
(residual oil saturation)

S, = Total Water Saturation

Swm = Mobile Water Saturation

Syir = Irreducible Water Saturation
(residual water saturation)

Figure 65. Four components that occupy the oil column of a
reservoir (diagram).

=47==
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PERMEABILITY

Permeability is the characteristic of a
porous material to have the capability
for a fluid to flow through it. The units
of permeability were chosen to honor
Henry Darcy, who developed the con-
cepts of basic quantitative fluid flow.
The unit for permeability is the darcy
and is described as the flow of 1 cubic
centimeter of fluid with a viscosity of
1 centipoise (water) flowing through 1
square centimeter of rock in 1 second
under a pressure gradient of 1 atmo-
sphere per centimeter of length in the
direction of flow.

The permeability of a rock is called
the absolute permeability if the fluid fills
100% of the pore volume of the rock. It
must be stressed again that the perme-
ability of a rock is not a function of the
fluid but is a property of the rock itself.
Figure 66 illustrates the relationships of
porosity and permeability for various
packed-sphere geometries. The cubic
relationship between spheres has the
highest porosity and permeability val-
ues of the four patterns, whereas the
rhombohedral-sphere pattern has the
lowest porosity and permeability. This
demonstrates that tighter packing can
affect permeability. Figure 52 of the first
waterflood workshop (Rottmann and
others, 1998, p. 41) illustrates the rela-
tionship of compaction and sorting to
porosity and permeability and describes
the need for understanding the relation-
ship between depositional properties
and permeabilities.

Equation 6.3 of Figure 67 is the equa-
tion for absolute permeability. Figure
68A gives an example of determining the
absolute permeabilities for a sample of
oil and water. In the first example, a 1.0-
cp fluid (water) is injected into a porous
medium whose cross-sectional area is
2.0 cm? at a pressure differential of 2.0
atmospheres over a length of 3.0 cm.
The resulting flow rate, given these crite-
ria, is 0.5 cm3/sec. Inserting these data
into equation 6.3 gives a permeability of
0.375 darcy (Fig. 68B). To demonstrate
how the permeability is a function of the
rock, consider the second example us-
ing the parameters from Figure 68C.
Now we inject a 3.0-cp oil into the po-
rous sample, which results in a flow rate
of 0.167 cm3/sec. Placing these data into
equation 6.3 also yields a result of 0.375
darcy (Craft and Hawkins, 1959). This

Cubic ¢ = 47.6%

Rhombohedral ¢ = 26% Tetragonal ¢ = 30.2%
100¢
i Orthorhombic |

3 7
2 1ok —e -
S F Cubic

. F Rhombohedral
Z ‘ & el
5 I /\
3 Tetragonal
£ 1.0F
o o
o o

0_1201||l11|130111|llll40|lllI11150

Porosity, percent

Figure 66. Some ideal geometric packing patterns of 500-um-diameter spheres
and a plot of their permeability-versus-porosity values. (Courtesy of Schlum-
berger.)

A

Absolute _ ,_ gqul
permeability ~ k= AAp (6q 6.3)
WHERE:
g =Flow rate
p = Viscosity of fluid
L = Length of flow
A = Cross-section area of flow
Ap = Pressure differential
B

Absolute (Flow rate)(Viscosity)(Length of flow)
permeability ~ (Cross-section area of flow)(Pressure differential)

Figure 67. (A) Expression for absolute permeability. (B) Definition of the ex-
pression for absolute permeability.
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Relative permeability is de-
fined as the ratio of the effective
permeability to the absolute
permeability, as shown by equa-

tions 6.4 and 6.5 (Fig. 70). These
are the equations for relative per-
meabilities to water and oil, re-
spectively. When various frac-
tions of oil and water are in-
jected into a core, a plot of the
relative permeabilities can be

plotted, as illustrated in Figures
71 and 72. These curves, when
derived from core-fluid analy-
sis, yield considerable informa-
tion about the reservoir they
represent. This information in-
cludes the wettability of the res-
ervoir (or at least that portion of
the reservoir from which the core

A EXAMPLE OF ABSOLUTE PERMEABILITY
¢———— L=30em —m7mm >
100% ——
1.0-cp
fluid
(water) A=
? i ?
20cm Flows at rate
3
l of 0.5 cm /sec
«——— 2.0ATM _—
gulL 0.5x1.0x3.0
B k= 285 = “30xze = 0375 Darcy
C é————— L=30cm —m™ ™ ™ @™ @ >
100%
3.0-cp
fluid
i), _
2.0cm Flows at rate

was taken) and the residual oil
and water saturations. Figure 71
represents the water—oil rela-
tive-permeability curves for a
typical strongly oil-wet rock, or,

of 0.167 cm? ; .
sec as previously described, where

the rock preferentially adheres to
oil. Figure 72 is a typical water—

e 20AIM ——mm oil relative-permeability curve
for a strongly water-wet rock,
L .167 x3.0x 3. ri in
D k= G 0.167x3.0x30 _ ... Darcy or where water is the wetting

AAp 2.0x2.0

agent of the rock. As an exam-
ple, point A in Figures 71 and 72

Figure 68. (A) Example of determining absolute permeability of a 1.0-cp fluid (water).
(B) Equation 6.3 and its solution for the variables listed in A. (C) Second example of
determining the absolute permeability of a 3.0-cp fluid (oil). (D) Equation 6.3 and its
solution for the variables listed in C. (Example from Craft and Hawkins, 1959.)

represents the relative perme-
ability of oil to water when water
is at irreducible saturation {point

example demonstrates that the absolute permeability
remains the same, no matter what fluid passes through
the medium, as long as the fluid occupies 100% of the
pore space.

The fluid within an oil reservoir is not always homo-
geneous. Generally, two or more phases are involved.
Figure 69A illustrates how the permeabilities are calcu-
lated when two or more phases are present. The fluid
injected into the same core described previously (Fig.
68) is now composed of 70% S,, at 1.0 cp and 30% oil at
3.0 cp. The two fluids flow through the core at different
rates. The salt water flows at 0.3 cm?®/sec, and the oil
flows at 0.02 cm3/sec. Substituting the flow rate for the
water into equation 6.3 yields a permeability of 0.225
darcy. Also, substituting the flow rate of the oil into
equation 6.3 yields a permeability of 0.045 darcy. No-
tice that the sum of the two permeabilities does not
(and will not) equal the absolute permeability. The per-
meability of one fluid, in the presence of another im-
miscible fluid, is termed the effective permeability for
oil or for water.

B, Figs. 71, 72). The relative per-

meability of oil is equal to 1.0,
which means that when water is nonmobile or irreduc-
ible, only oil will flow in the reservoir.

Point D in Figures 71 and 72 is the point at which the
relative permeability of the oil is zero: in other words,
oil will not flow. The x-axis represents the salt-water
saturation at this point. Point D in Figure 71 implies
that oil becomes immobile in a strongly oil-wet reser-
voir when the water saturation is approximately 70%,
or the oil saturation is 30%. Likewise, point D in Figure
72 corresponds to approximately 75% salt-water satu-
ration, or 25% oil saturation.

It is also characteristic for the relative permeabilities
of oil and water to be equal in approximately the same
positions (point C, Figs. 71, 72) for strongly oil-wet and
water-wet reservoirs. For strongly oil-wet reservoirs,
the equality of relative permeability occurs at about
40% salt-water saturation. For water-wet reservoirs,
this point occurs at about 65% salt-water saturation.

The end points of the water relativity curve are also
indicative of strongly water-wet and oil-wet reservoirs.
The relative permeability of water at residual-oil satu-
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water ratio tests for both the oil-
wet and water-wet cores. The ex-
periment demonstrates that the
higher the viscosity ratios, the

70% S,, T
30% S,
=3 A

easier it is for water to break
through in both water-wet and

—, oil-wet reservoirs.

03cm §,

— CAPILLARY PRESSURE
0.02em” S, Capillary pressure is, concep-

|e——— 20AT™

_ 0.3x1.0x3.0
2.0x2.0

- Gutl
B K = Alp

= 0.225 Darcy

Golbol

_ 0.02x3.0x3.0
AAp

20x2.0

= (.045 Darcy

0.270 Sumof

Effective

Permeabilities

C Effective Permeabilities < Absolute Permeability

Figure 69. (A) Graphical illustration for determining effective permeabilities where two
immiscible fluids are present. (B) Equation for determining effective permeability of the
oil and water mixture. (C) Sum of effective permeabilities is always less than absolute

permeability. (Example from Craft and Hawkins, 1959.)

ration is considerably higher in an oil-wet rock than in
a water-wet rock. Table 1, from Craig (1971), shows
some rules of thumb for interpreting the wettability of
areservoir based on information derived from the re-
sults of the relative-permeability curves for the reser-
Voir.

A term often used is relative permeability ratio. This
is discussed in more detail in subsequent sections. The
ratio is simply the relative permeability of water to the
(or divided by) the relative permeability of oil. Figure
73A illustrates the equal relationship of the relative-
permeability ratio to the effective-permeability ratio.

VISCOSITY

Viscosity, by definition, is the property of a substance
to offer internal resistance to flow; its internal friction.
Viscosity is an important fluid characteristic and will be
studied in greater detail in the next chapter, but the re-
lationship of viscosity and wettability to waterflood re-
covery should be considered here. Figure 74 presents
two sintered aluminum oxide cores, one oil wet and
one water wet. The oil used was a 1.8-cp oil and a
2,500-cp oil. The dashed line represents the fraction of
oil recovery prior to water breakthrough. The high oil/
water viscosity ratio test had breakthrough with fewer
pore volumes of water injected than did the lower oil/

>

tually, the suction capacity of a
rock for a fluid that wets the rock,
or the repulsive capacity of a fluid
that does not wet the rock. By def-
inition, capillary pressure is the
difference in pressure across the
interface between two immiscible
fluid phases jointly occupying the
interstices of a rock. It is due to
the tension of the interfacial sur-
face, and its value depends on the
curvature of that surface (Jackson,
1997).

Capillary pressure is an impor-
tant variable for complex predic-
tion models of waterflood behav-
ior. It controls the vertical distri-
bution of fluids in a reservoir and
can predict the vertical water-wet
distribution in a water-wet sys-
tem. Capillary-pressure data can
provide information on the pore-
size distribution of a reservoir. As described in the first
waterflood workshop, capillary-pressure data can also
determine the irreducible water saturation (Rottmann
and others, 1998). And probably most importantly,
capillary pressure can influence the displacement effi-
ciency by its influence on the movement of a water-
flood front (Smith and Cobb, 1987).

Relative permeability

K
K= ——Kl" (eq 6.4)
K
Kro= 70 (eq 6.5)
WHERE:

K., = Relative permeability to water
K., = Relative permeability to oil

K, = Effective permeability to water
K, = Effective permeability to oil

K = Absolute permeability

Figure 70. Equations for determining relative permeability.
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Capillary-pressure data are not always available, as
they require expensive core tests to obtain. Because
this workshop centers on a cursory evaluation of oil in
place and potential secondary recovery, we will not go
into more detail on this subject.

WETTABILITY

Two terms must be defined when dealing with wet-
tability. These are imbibition and drainage processes.

1.0

o o o
£ » [o:}
| | T

Relative Permeability, Fraction

o
[\
T

80 100
Water Saturation, % PV

Figure 71. Water—oil relative-permeability curves for strongly
oil-wet rock. (Craig, ©1971; reprinted by permission of Soci-
ety of Petroleum Engineers.) See text for further explanation.
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Figure 72. Water—oil relative-permeability curves for strongly
water-wet rock. (Craig, ©1971; reprinted by permission of Soci-
ety of Petroleum Engineers.) See text for further explanation.
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TABLE 1. — Comparison of Water-Wet
and Oil-Wet Properties®

Water-Wet Oil-Wet
Connate-water Usually greater  Generally <15% PV,
saturation than 20-25% PV  frequently <10%
Saturation atwhich  >50% water <50% water
oil and water relative saturation saturation
permeabillities are
equal
Relative permeabil-  Generally >50% and
ity to water at maxi- <30% approaching
mum water satura- 100%

tion; i.e., floodout

aModified from Craig (©1971); reprinted by permission of Soci-
ety of Petroluem Engineers.

Figure 75A illustrates imbibition, which is defined as
increasing the wetting phase. Figure 75A1 illustrates
the water-wet relationship with the sediment. Figure
75A2,3 shows the increase of the wetting phase—that
is, the injection of water. The increase in the wetting
phase is termed imbibition. Figure 75B illustrates an
oil-wet environment. By injecting water, the wetting
phase is decreased, and the term is called drainage.
Wettability in reservoir rock was described previously
in this chapter as being a fluid’s tendency to adhere to
a solid surface in the presence of other immiscible flu-
ids. This phenomenon is probably due to the presence
or absence of polar compounds existing in crude oils.
These compounds probably exist in minute quantities
and are apparently asphaltic in nature. They are ab-
sorbed in the rock surface, rendering them oil-wet.
Several methods are used for determining the wettabil-
ity of a reservoir. One is to use an uncontaminated
sample of the reservoir crude oil and a polished crystal
representing the predominant mineral within the res-
ervoir in a contact-angle test described by Wagner and
Leach (1959). The test can take hundreds of hours to
accomplish because of the time necessary for equilib-
rium to occur. The advantage of the tests is in the reli-
ability and the ease of obtaining uncontaminated fluid
samples versus uncontaminated rock samples from
cores used in other tests. Contact angles near 0° (Fig.
76) indicate strongly water-wet reservoirs, whereas those
approaching 180° indicate strongly oil-wet reservoirs.
Tests resulting in a 90° angle apply to reservoirs of in-
termediate wettability (Craig, 1971).

Water movement within a core has been described
by Rasa and others (1968) and is illustrated in Figures
77 and 78 for water-wet and oil-wet reservoirs. Figure
77A represents a water-wet reservoir at initial water
saturation. Because of capillary pressures, oil is con-
fined to the center of the larger pores and as droplets
within the smaller pores. Water forms a thin film over
all the solid surfaces and is the wetting phase. Craig
(1971) describes the movement of water through the
reservoir as a uniform front. Figure 77B illustrates the
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A Relative-permeability ratio
K _Ko/K Ky K Ky
K. K,/K K K K
B : G
Effective-permeability ratio
Ky
Ko

Figure 73. (A) Equation for determining relative-permeability
ratio. (B) Definition of effective-permeability ratio.
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Figure 74. Effect of low viscosity and a high-viscosity cil on an
oil-wet and water-wet sintered aluminum oxide core. (Jennings,
©1966; reprinted by permission of Society of Petroleum Engi-
neers.)

introduction of injected water, which tends to move
into the smaller pores, displacing oil in the process
(Fig. 77C). Oil that has moved into the larger pores or is
contained in the larger pores is moved out by the in-
jected water. Ahead of the water front only oil is mov-
ing, and behind the front some of the oil is trapped in
impermeable channels or forms globules that remain
behind. This constitutes the bulk of the residual-oil
saturation. Figure 77D demonstrates that after the wa-
ter front has passed, almost all the oil is immobile, and
because of this, at breakthrough little or no oil is pro-
duced from this stream line (Anderson, 1987).

Figure 78 describes oil displacement in an oil-wet
environment. A waterflood in an oil-wet rock is much
less efficient than one in a water-wet rock. Figure 78A
illustrates rock surfaces coated with a thin film of oil.
The water saturation forms as globules in the center of
the pores. Water, at the beginning of the waterflood, is
usually confined to the larger channels, displacing oil
in the process (Fig. 78B). As water injection continues,
the water works into the smaller pores and channels,
displacing oil also (Fig. 78C). As production continues,
the water/oil ratio (WOR) gradually increases as the oil

CHAPTER 6: Displacement Efficiency

from the smaller channels reaches the wellbore. When
water is basically unrestricted to the producing well, oil
production becomes negligible (Anderson, 1987).

The effect of wettability on waterflood performance
can be generally summarized here by Figure 79, which
is from a paper by Owens and Archer (1971) using a
sample of oil-wet and water-wet Torpedo Sandstone
(Pennsylvanian) cores from Oklahoma. The wettability
was laboratory controlled, and relative permeability
curves were measured, to calculate field performance
for a 20-acre five-spot pattern with homogeneous prop-
erties. Water breakthrough is the point at which each
curve becomes nonlinear. Notice that the strongly oil-
wet test had water breakthrough first, and the strongly
water-wet test had breakthrough after the greatest per-
centage of oil was recovered. The results of this test
represent results of waterflood recoveries in general for
uniformly wetted reservoirs that have a reasonable oil/
water viscosity ratio. Oil-wet reservoirs generally have
water breakthrough from a smaller amount of injected
pore volume than water-wet reservoirs.

Figure 80 illustrates typical water-breakthrough re-
lationships, oil-recovery percentages, WORs, and cu-
mulative WORs for water-wet and oil-wet cores. Curve
Arepresents the amount of oil recovery versus pore
volumes of water injected for the water-wet core.
Notice that most of the oil is recovered prior to water
breakthrough, with very little recovered after break-
through. Curve C represents the WOR for the water-
wet core and illustrates that once breakthrough occurs,
the amount of water can increase rapidly. This suggests
that the amount of oil produced can be independent of
the amount of water injected.

Breakthrough for an oil-wet reservoir occurs much
earlier in the life of the injection process, as illustrated
by curve B (Fig. 80). However, as opposed to a water-
wet environment, water production increases gradu-
ally, and a significant amount of oil is produced after
the onset of water production. The oil-wet system is
less efficient than the water-wet system, because con-
siderably more pore volumes of water are necessary to
recover similar amounts of oil. Also, the oil recovery for
an oil-wet system depends on the amount of water in-
jected.

MIXED WETTABILITY

Mixed wettability refers to a reservoir that is not ho-
mogeneous in its wettability. This can be due to the
various minerals contained in the sediment and the
ionic exchange associated with them. Salathiel intro-
duced the term to describe an occurrence in which the
larger, well-connected pore spaces are oil-wet and the
smaller, discontinuous ones are water-wet and contain
no oil.

Mixed wettability can have a dramatic impact on a
potential waterflood project. Consider the reservoir
represented by the log suite of Figure 81, which was
considered a potential waterflood candidate by a major
oil company. The feasibility study did not mention or
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Water-Wet
Reservoir

QOil-Wet
Reservoir

Figure 75. (A) Parts 1, 2, and 3 illustrate an increase in the wetting phase (water), a process termed imbibition. (B) Parts 1, 2,
and 3 illustrate a decrease in the wetting phase (oil), a process termed drainage.

explain the significant resistivity contact at point A.
Figure 82 is a series of core photographs from the same
well. Notice at point A a dramatic facies change from a
fine- to medium-grained sandstone to a limestone
conglomerate. Relative-permeability curves and other
criteria revealed the sandstone facies to be strongly oil-
wet and the conglomerate facies to be strongly water-
wet. This field was only several miles from a very suc-
cessful waterflood in the same formation. However,
that waterflood had only a small amount of the con-
glomerate facies. The original operator of the field as-
sumed that the successful result of the offset water-
flood was sufficient to predict a successful outcome for
this field. When the reservoir started responding to in-
jection, it became obvious that the flood would have a
large water cut with the oil production, which was gen-
erally less than 5% of the produced fluid. Two wells
were making all oil with no water cut. Figure 83 is a
structural representation of the field, illustrating the
sandstone and conglomerate facies. Wells A and an off-
set to Well B were the two wells that produced only oil.
The difference between the 100%-0il producers and

ROCK SURFACE

e

OIL-WET

ABc N\

WATER-WET

Figure 76. lllustration of contact angles used to determine
wettability. (From Raza and others, 1968.)
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wells with large water cuts depended on the absence or
presence of the conglomerate facies. The permeabili-
ties of the conglomerate were higher than those of the
sandstone, and apparently the injected water was con-
fined to this zone, bypassing oil in the sandstone above.

RESIDUAL-OIL SATURATION

Determining the residual-oil saturation is perhaps
the key to displacement efficiency, because it describes

Water-Wet Rock at
Initial Water Saturation
at Moderate Oil/Water
Viscosity Ratios
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the amount of oil within a reservoir that will not be pro-
duced. If relative-permeability data are available, the
residual-oil saturation can be determined readily by
determining where the relative permeability to oil is
equal to zero. However, this information is not always
available, especially for older reservoirs.

Often, a well within a reservoir has been cored, and
only a basic core analysis has been made. Although
such an analysis will generally supply the current sur-

Figure 77. Oil displacement within a water-wet environment. (A) Initial conditions. (B) Entry of injected water. {C) Injected water
moves into smaller pores, displacing oil. (D) Residual oil remains after water front has passed.
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face saturation for oil and water in the core, this satura-
tion does not represent the saturations present in the
reservoir. Figures 133-136 of the first waterflood work-
shop (Rottmann and others, 1998) illustrate the satu-
ration changes that occur to fluids in a core as it ap-
proaches the surface. Figure 84 is the same as figure
133 from the first workshop. Part of Figure 84 illustrates
those saturation changes that occur when an oil col-
umn is cored by a water-based mud. In the water-based-

Oil-Wet Rock at
Initial Water Saturation
at Moderate Oil/\Water
Viscosity Ratios

e e
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mud system, the filtrates act as an injected fluid sweep-
ing oil from the core and increasing the water satura-
tion within the core. This behavior is similar to a water-
flood process, and the saturations for the core probably
would represent final saturations for the reservoir if the
core could be preserved at those pressures. However,
when the core approaches the surface and the dis-
solved gas breaks out of solution, it also expels oil and
water, further reducing the volume of oil. A common

Figure 78. Oil displacement within an oil-wet environment. (A) Initial conditions. (B) Entry of displacing water through higher
permeability channels. (C) Water starts permeating smaller permeability channels. (D) All permeability channels have been
invaded by water, displacing the mobile oil.
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result is oil saturations reported for the core that are
below the residual saturations in the reservoir.
Jennings (1966) experimented with residual-oil satu-
rations in sintered aluminum oxide plugs in which the
wettability was controlled. The plugs were initially
treated with 10% kerosene and then waterflooded. The
water saturation at breakthrough was 75% for the
water-wet plug and 53% for the oil-wet plug. When 40
pore volumes of water had been injected, the oil satu-
rations were 85% for the water-wet plug and 81% for
the oil-wet plug. If enough pore volumes of water is
injected, the ultimate residual-oil saturations may
approach the same percentage for oil-wet and water-
wet environments. However, this is not practical for a
waterflood project. The residual-oil saturation for a
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Figure 79. Effect of wettability on waterflood performance,
using a controlled water-wet and oil-wet core for a simulated
20-acre five-spot pattern. (Owens and Archer, ©1971; re-
printed by permission of Society of Petroleum Engineers.)
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(Modified from Raza and others, 1968.)
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water-wet reservoir is lower than that of an oil-wet res-
ervoir. It is the author’s experience that water-wet and
intermediate-wet reservoirs have residual saturations
ranging from 25 to 35%, and for oil-wet reservoirs the
saturations generally range from 30 to 45% or higher.

The problem with residual-oil saturations and their
influence on displacement efficiency is in estimating
the residual-oil saturation from basic core-analysis
data. Generally, determination of oil saturation from
core analysis has been influenced from the flooding
effects of the filtrate during coring and the expansion
and expulsion of the oil from gas breaking out of solu-
tion. The following two examples illustrate typical core
analyses for water-wet and oil-wet reservoirs with mod-
erate GORs.

Figure 85 is an electric log from a field in east-central
Oklahoma. The cored interval is represented by the
crossed area. Table 2 is the core analysis for this well.
Notice that the interval from 2,214 to 2,222 ft has an
average oil saturation of approximate 16%. Owing to
the effects of coring, this saturation is lower than ex-
pected for residual-oil saturation. A general rule used
by the author is to essentially double the average oil
saturation for the core and use this number to repre-
sent the residual-oil saturation for the reservoir. In this
case, the saturation doubled would be approximately
32%. The wettability of the reservoir can be inferred
from the calculated water saturation if the saturation
also is assumed to be at or near residual. In this case,
the initial production for the well and for the field did
not report any water production; therefore, the water
in the reservoir can be assumed to be immobile. In this
case, the salt-water saturation for the reservoir also av-
erages 32%. Comparing this to Craig’s rule of thumb
from Table 1 would imply that the reservoir is water-
wet.

Figure 86 is an electric log from a reservoir in south-
central Oklahoma. Table 3 lists the core analysis. The
average oil saturation from the core analysis is 35%.
Because of the processes involved with coring, this
amount is below the actual residual-oil saturation for
the reservoir. The author’s rule of thumb of doubling
the average core oil saturation does not apply for oil-
wet reservoirs, but a factor of 1.5 may be in order until
more thorough and exact data are obtained. In this
case, 1.5 multiplied by the oil saturation from the core
results in an approximate residual-oil saturation of
52%. The core analysis for this well yielded a 49.6% re-
sidual-oil saturation. The calculated water saturation
was 8%. Because the wells in the field had no history of
water production, this could represent the residual-
water saturation. A comparison of these parameters to
Craig's rule of thumb from Table 1 suggests that this
reservoir is oil-wet.

RESTORED CORE AND CONTAMINATION

Figure 87 represents calculated waterflood data
using a core that was contaminated with wettability-
altering chemicals in the mud that rendered the core
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oil-wet. The same core was cleaned and rendered water-
wet. This test indicates significant differences in results
that can occur from core that has not been preserved
properly. According to Figure 87, the core would have a
much better waterflood response after it was rendered
water-wet in comparison to the contaminated oil-wet
core. This demonstrates the care that must be given the
core when special waterflood tests are planned. Native-
state core refers to core whose wettability characteris-
tics, and often fluid saturations, are preserved. Re-
stored-state core refers to core that has been cleaned
and dried and artificially returned to the same wettabil-
ity and fluid saturations representative of the reservoir.
Thus, restoring the core depends on an independent
knowledge of those reservoir conditions.

Sometimes an attempt to restore the core can lead
to properties that are not representative of the reservoir
at all. Consider the case shown in Table 4. The operator
of this reservoir submitted a section of core for analy-
sis. The core had been preserved by wrapping the core
in saran wrap and aluminum foil after the cores had
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been dipped in seal-peal wax. The core was assumed to
be fresh. The results of the core analysis determined
the core to be oil-wet and the residual oil saturation to
be 52%. The analysis was flawed because of the aging
effect on the core. The wettability determination and
the residual-oil-saturation data were totally useless
because of the alteration to the core. The reservoir was
likely to be water-wet, because the salt-water satura-
tion of 32% was at or near irreducible levels. Of interest
for this reservoir was the fact that the current oil satura-
tion at depletion was calculated to be near the 52% fig-
ure calculated for the residual saturation from the con-
taminated core. The field is now unitized and is pro-
ducing about 600 BOPD at peak production.

FRACTIONAL-FLOW EQUATION

Displacement efficiency means essentially displacing
one fluid by another. In the case of a waterflood, the
mobile oil remaining is displaced by injected water (or
other fluids). This concept implies that the movement
of fluid within the reservoir at any particular point may
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Figure 83. Structural facies representation of the reservoir under consideration as a waterflood candidate. The log suite and core

described in Figures 81 and 82 are from this reservoir.

be composed of two or more immiscible fluids. Frac-
tional flow is defined as the fraction of the total fluid
flow that is caused by the flow of the displacing phase

A B
Saturation Flushing with Flushing with
conditions water-based mud oil-based mud
12% 40% 48% 40% 30% 30%
Core at
Surface
Trip to Surface Solution gas expels Solution gas expaels
Gas Expands oil and water while oil while oil shrinks
oit shrinks
After Coring 30% 70%
in Barrel
at Reservoir
Pressure
Filtrate invasion Filtrate water Filtrate oil exchanges
During Coring flushes out oil with pore oil
70% 30%
Saturations
in Reservoir

on. GasD Water

Figure 84. Typical fluid contents for a core as it goes from res-
ervoir conditions to surface conditions. (Core Laboratories,
©1980; reprinted by permission.)

(Slider, 1983). In the case of a waterflood, the displac-
ing fluid is water, and the displaced fluid is oil.

In 1942, Buckley and Leverett modified Darcy’s law
for water and oil (Fig. 88, eq. 6.6). This equation deter-
mines the fractional flow of water for any point in a res-
ervoir if the salt-water saturation and other rock and
fluid characteristics of the reservoir are known. If all the
variables required for the fractional-flow equation are
known for a particular reservoir, then it is possible to
estimate the fraction of salt-water flow rate versus the
salt-water saturation.

Plotting the fractional flow of water versus the vari-
ous water saturations results in a curve similar to the
solid curve of Figure 89. This curve is referred to as a
fractional-flow curve. As an example of interpreting the
curve, point A would imply that a salt-water saturation
in the reservoir of 40% would indicate a fractional flow
of water at that point to be less than 25%. A salt-water
saturation of 60% (point B) would imply a fractional
flow of water of almost 80% An example of a very effi-
cient displacement is represented by the dashed curve.
For example, if the water saturation were 50% (point
C), the fraction of water flowing in the fluid would be
10%. An example of a very poor displacement effi-
ciency would be represented by the dotted line. Point
D would represent almost a 95% water cut for the same
50% water saturation. The fractional-flow curve also il-
lustrates the irreducible saturations for oil and water.
Point E represents the water saturation in the reservoir
that is nonmobile. Point F represents the point at which,
in reservoir salt-water saturation, oil becomes non-
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Figure 85. Electric log from a well in east-central Oklahoma. Cored interval is defined by the crossed area. Core analysis is given
in Table 2. SP = spontaneous potential; Res = resistivity; Cond = conductivity. '

mobile. Therefore, the residual-oil saturation is repre-
sented by 1 - S, for this example.

The fractional-flow curve is also influenced by the
wettability of the reservoir. Figure 90 represents a typi-
cal curve for a strongly water-wet reservoir, assuming
that the viscosity of oil is similar to that of water. Figure
91 illustrates a typical fractional flow curve for a strongly
oil-wet reservoir. The fractional-flow curve of Figure 90
will start to look like that of Figure 91 as the viscosity
ratio of oil to water becomes greater.

Analyzing all the variables of equation 6.6 (Fig. 88)
reveals that some of them are difficult or impossible to
determine. The expression of the gradient of capillary
pressure over length (Fig. 92, eq. 6.7) is just such a vari-
able. The gradient of capillary pressure to salt-water

saturation can be determined from a capillary-pressure
curve. However, the expression for the gradient of salt-
water saturation to length is not readily available. For-
tunately, the value for equation 6.7 is small, and be-
cause of this the expression can be neglected and treated
as zero, and the fractional-flow equation (6.6, Fig. 88)
reduces to equation 6.8 (Fig. 92).

Another variable that should be considered is illus-
trated by Figure 93B. Equation 6.8 takes into consider-
ation the structure or the angle of displacement. If the
displacement is horizontal, the sine of 0° is zero, and
equation 6.8 reduces to equation 6.9. Figures 94 and 95
illustrate the effect of formation dip on the fractional-
flow curve. Both curves demonstrate that oil displace-
ment is more favorable when water is injected in an
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TABLE 2. — Core Analysis from the Well of Figure 85

Residual saturation

Average
Sample  Depth Permeability Porosity percent pore space oil content
no. fo) (mnd) (%) Oil %) Water (%) Total (%) (BO/acre-foot)
1 2,214.6 182.0 235 15.0 45.0 60.0 270.0
2 2,215.5 223.0 23.2 14.0 44.0 58.0 250.0
3 2,216.6 150.0 23.2 14.0 45.0 59.0 240.0
4 2,217.7 205.0 23.8 14.0 45.0 53.0 270.0
5 2,218.6 188.0 234 16.0 46.0 62.0 290.0
6 2,219.6 207.0 24.0 16.0 44.0 60.0 300.0
7 2,220.5 177.0 23.7 18.0 46.0 64.0 330.0
8 2,221.6 160.0 23.2 19.0 44.0 63.0 350.0
9 2,222.7 173.0 24.0 16.0 45.0 61.0 300.0
P10 2,223.2 99.0 23.2 nd nd nd nd
10 2,223.5 12.0 19.7 6.6 58.0 65.0 100.0
11 2,224.6 8.2 20.6 4.8 54.0 59.0 77.0
12 2,226.6 0.2 18.8 4.6 66.0 71.0 68.0
13 2,230.4 4.0 20.0 2.9 63.0 66.0 44.0
14 2,233.5 0.3 19.7 3.0 66.0 69.0 47.0
15 2,235.5 imp. 12.1 4.3 61.0 65.0 40.0
Note: nd = no data; imp. = impermeable.
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Figure 86. Electric log from a well in south-central Oklahoma. Cored interval is defined by the crossed area. Core analysis is

described in Table 3. CAL = caliper; DEN = density; DEN ¢ = density porosity; RES = resistivity.
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TABLE 3. — Core Analysis from the Well of Figure 86

Pe;cent saturation
Sample Depth Permeability = Porosity in pore space
no. (f0) (md) (%) 0il (%)  Water (%)
1 4,145.0-46.0 0.54 4.20 27.50 17.70
2 4,146.0-47.0 3.10 9.40 36.40 15.60
3 4,147.0-48.0 7.60 11.50 41.60 17.40
4 4,148.0-49.0 2.00 8.70 39.70 15.80
5 4,149.0-50.0 9.00 10.50 35.20 15.50
6 4,150.0-51.0 na? na na na
7 4,151.0-52.0 8.20 9.50 35.00 18.10
8 4,152.0-53.0 4.00 11.70 37.10 23.60
9 4,153.0-54.0 5.10 11.50 36.80 22.80
10 4,154.0-55.0 0.98 7.80 42.00 12.30
11 4,155.0-56.0 1.10 6.40 40.50 14.90
12 4,156.0-57.0 2.00 9.10 41.30 14.90
13 4,157.0-58.0 3.00 8.50 38.60 15.10
14 4,158.0-59.0 3.70 10.00 31.40 18.60
15 4,159.0-60.0 3.80 9.80 40.30 18.40
16 4,160.0-61.0 21.00 10.50 34.20 18.60
17 4,161.0-62.0 17.00 12.00 33.40 19.30
18 4,162.0-63.0 3.00 8.60 33.00 14.60
19 4,163.0-64.0 8.90 10.90 31.80 20.20
20 4,164.0-65.0 4,70 8.30 39.70 16.80
21 4,165.0-66.0 0.05 3.10 50.80 22.60
22 4,166.0-67.0 8.40 8.80 38.50 15.60
23 4,167.0-68.0 1.10 8.80 37.40 17.00
24 4,168.0-69.0 3.80 10.60 38.60 19.50
25 4,169.0-70.0 2.00 8.70 35.10 16.30
26 4,170.0-71.0 13.00 8.80 36.30 17.50
27 4,171.0-72.0 7.50 10.70 31.80 17.00
28 4,172.0-73.0 2.90 10.60 30.80 18.60
29 4,173.0-74.0 11.00 9.10 27.50 11.40
30 4,174.0-75.0 6.30 8.70 26.30 13.40
31 4,175.0-76.0 1.80 7.30 25.60 11.60
32 4,176.0-77.0 5.30 10.40 28.90 19.90
33 4,177.0-78.0 11.00 11.50 28.80 18.90
34 4,178.0-79.0 4.80 10.90 30.70 23.20
35 4,179.0-80.0 8.40 11.60 42.40 10.80
36 4,180.0-81.0 7.00 9.90 32.10 19.50
37 4,181.0-82.0 8.50 9.70 42.50 17.70
38 4,182.0-83.0 7.00 9.80 36.20 19.80
39 4,183.0-84.0 1.90 5.50 37.30 15.30
40 4,184.0-85.0 1.00 2.10 31.40 22.20

apa = not available.

updip direction and efficiency increases with the higher
injection angle.

Figure 96B represents the mathematical relationship
of the effective-permeability ratios of water and oil to
the relative-permeability ratios of water and oil. Be-
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cause these ratios are similar, as de-
scribed previously, they can be substi-
tuted into equation 6.9 to obtain equa-
tion 6.10, which is the commonly used
fractional-flow equation.

Figures 97 and 98 illustrate the effect
of viscosity on the fractional-flow curve.
Figure 97 illustrates the effects of vis-
cosity on the fractional-flow curve for a
strongly water-wet reservoir. As the vis-
cosity of the oil increases, the displace-
ment efficiency decreases. Figure 98.il-
lustrates the effects of viscosity on the
fractional-flow curve for a strongly oil-
wet reservoir. It also shows that higher
oil viscosities decrease the efficiency of
the displacement.

FRONTAL-ADVANCE THEORY

There are many uses of the fractional-
flow equation that pertain to water-
flood-efficiency prediction. Most of
these uses are beyond the scope of this
workshop, whose objective is to offer in-
sight on the fundamentals of a cursory
evaluation of a potential waterflood can-
didate. However, it is important to un-
derstand how an injected fluid moves
through a reservoir, displacing an im-
miscible fluid. Figure 99 is a modified
version of figure 4 from the first water-
flood workshop (Rottmann and others,
1998, p. 3). Figure 99B represents a cross
section from an injection well to a pro-
ducing well. As was explained in the first
workshop, two fluid banks form and
travel toward the pressure sink (pro-
ducer) in response to injection (Rott-
mann and others, 1998). Point 1 refers to
the discontinuity between the oil satura-
tion and water saturation and is referred
to as the water bank. Point 2 represents
the discontinuity between oil satura-
tions on the left and oil and gas satura-
tions on the right and is termed the oil
bank. We are going to look at the char-
acteristics of fluid movement as a result
of injection.

Slider (1983) described various situa-
tions and their characteristics of fluid
movement. The first example illustrates
fluid movement in a water-drive reser-
voir, with the stipulation that the water
influx is equal and constant to the oil

production. Figure 100 is a three-dimensional represen-
tation of the reservoir. Note that the reservoir has a
cross-sectional area (A), which is the height (H) times
the width (W) of the reservoir. The reservoir is tilted,
with an oil-water contact (OWC) at the position of S, =
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TABLE 4. — Comparison of Electric-Log Data
and Contaminated Core Data

Electric log Core
Salt-water saturations 32% 26%
Residual oil saturations 30% 52%
Wettability Water-wet Oil-wet
Porosity 12% 11.80%
70, T T T T T T T T M T
@ WATER BREAXTHROUGH
6ol— o FRACTIONAL FLDwW OF WATER * 95% ]
bd
a
s ¥ WATER-WET, FIRED CORE
v
5 so._ -
i
- 20 B ’ n
=] QL-WET, WEATHERED CORE
10+ ~
1 1 . i N | n 1 N )|
[v] 04 [} ] t2 16 20

WATER INJECTED, PORE VOLUMES

Figure 87. Calculated waterflood recovery data from a core
that was contaminated with wettability-altering chemicals that
rendered the core oil-wet. The core was cleaned and ren-
dered water-wet. (Keelan, ©1972; reprinted by permission of
Journal of Canadian Petroleum Technology.)

k Kk 3P,
Z ( —= - gApSINay
U-,- W oL
fw= (eq 6.6)
Bw k,
1+ — =
Ho kK,
WHERE:

fy = Fraction of water in the flowing stream passing
any point in the rock (i.e., the water cut)

k = Formation permeability

k,, = Relative permeability to oil

k, = Effective permeability to oil

k, = Effective permeability to water

Mo = Oil viscosity

u,, = Water viscosity

uy = Total fluid velocity (i.e., gr/ A)

P, = Capillary pressure = P,—- P,, = pressure in olil
phase minus pressure in water phase

L = Distance along direction of movement

g = Acceleration due to gravity

A, =Water—oil density differences = P,,— P,

oy = Angle of the formation dip to the horizontan

8 = Gradient

Figure 88. Equation for determining the fractional flow of
water from a predetermined salt-water saturation (Craft and
Hawkins, 1959).
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100%; this contact is defined by the pore volume con-
taining 100% salt water. Successive layers show lesser
amounts of salt-water saturation in an updip direction.
Some geologists and engineers might use a different
definition for the OWC, which could be the layer de-
fined as S, = 75% because any production structurally
below this point would be only water owing to the im-
mobility of the oil. In this example, the OWC (S, =
100%) is termed the influx face, and the top of the
structure with the producing wells is termed the pro-
duction face.

Figure 101 is a modified figure illustrating the res-
ervoir setup in Figure 100. Figure 101A is now a two-
dimensional cross section of the reservoir looking in
the X direction. Figure 101B is a schematic representa-
tion of the water saturations on the y-axis versus the
distance from the influx face or original OWC (Su =
100%). The curve generated defines the water satura-
tions, which is AX from the OWC. Capillary pressures
are the primary reason for the change in water satura-
tions from X ¢ to Xo20. This is the transition zone, as
was described in the first workshop (Rottmann and
others, 1998, p. 16-17), and the water saturation above
Xo.20 is termed the irreducible water saturation.

1.00

090

0.80
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~

=
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o
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Fraction of Total Water Flow, fw
[=} o
5 8

0.30

020+

0.10+

0 10 20 30 40 50 60 70 80
Salt-water Saturation, % PV

Figure 89. Typical fractional-flow curve (solid curve). Dotted
curve represents very poor displacement efficiency; dashed
line represents very effective displacement efficiency. See
text for further explanation.
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Figure 90. Typical fractional-flow curve for a strongly water-
wet reservoir, with viscosity of oil 1 cp and viscosity of water
0.5 ¢p. (Craig, ©1971; reprinted by permission of Society of
Petroleum Engineers.)
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Figure 91. Typical fractional-flow curve for a strongly oil-wet
reservoir, with viscosity of oil 1 cp and viscosity of water 0.5
cp. {Craig, ©1971; reprinted by permission of Society of Pe-
troleum Engineers.)
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Figure 102 illustrates the movement of the water
saturations over 3 years. Notice that the saturations are
referred to as Sg. This represents the initial saturation
of the displacing fluid, in this case water, over the dis-
tance from the influx face (original OWC) to the nearest
producer (producing face). Assuming constant produc-
tion and water influx, the saturations are represented
by the positions of curve A after 1 year. Likewise, after
years 2 and 3, the curves are represented by curves B
and C, respectively. Three important characteristics of
the water movement can be drawn from this illustra-
tion:

1. First, a maximum water saturation is constant
and is defined as 1 - S, This represents the mobile-oil
saturation for the reservoir.

2. There is an abrupt discontinuity of saturations at
the fluid front. This point is labeled Sy for years 1, 2,
and 3. Note how the saturation of the front slightly in-
creases through the years.

3. The third characteristic of this fluid-movement
example is that the rates of velocity for similar satura-
tions are equal, assuming that water influx and produc-
tion are constant. Notice the positions of the point la-
beled (X; for the initial position, year 1 position, year 2
position, and year 3 position. The yearly change in po-
sition is equal with regard to the horizontal distance
from the previous position. (Xj saturation moves faster
than the maximum water saturation (labeled 1 — Sor)
and moves considerably slower than the front labeled
Saf.

Figure 103 represents the second example described
by Slider (1983). The conditions are similar to those of

3P
A 1+% S—Lc-gApSINac)
f,= o p (eq 6.6)
1+ — 20
lo Kk,
B 3P, 8P 85, 6.7
8L 85, oL (eq6.7)
5 P, Determined from water—oil
58S, capillary pressure curve
8 Sy Saturation gradient (information
5L is not readily available)
C k ka
1+ 7 T (-g ApSIN a4)
fy= 2 (eq 6.8)
1+ P ko
Bo kK,

Figure 92. (A) Fractional-flow equation 6.6 from Figure 88.
(B) Description of capillary-pressure gradient versus change
in length. (C) Simplification of equation 6.6 by assuming that
equation 6.7 is negligible.
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Figure 105 is the model we will use to
demonstrate the frontal-advance formula.
It is similar to the one used by Slider (1983)
for a reservoir having a uniform fluid satu-
ration. A (area) for the equation is shown
as W(width) times H (height), which is the
cross-sectional area of the influx face. The
assumptions for the equation are given in
Figure 105. Because 5.615, ¢, W;, and A are
constants, the length, L, that a given water

A
1+; T’;‘g(—gAp SINex )
fw = P K (eq. 6.8)
ﬂo kw
B
: ()
o
# o .
C x = (° SIN0°=0
1
D fu= m (eq. 6.9)
ﬂo kw

Figure 93. (A) Reduced fractional-flow equation 6.8 from Figure 92. (B)
Graphical illustration of angle of displacement used in equation 6.8. (C)

saturation travels in the example of Figure
105 is proportional to the derivative of df;,/
dSw, which is the slope of the tangent line
to the fractional-flow curve for any salt-
water saturation.

As an example, Figure 106 illustrates how
to calculate the slope of the tangent at a
salt-water saturation of 43%. The slope is
simply the rise over the run, or the change
in fu, which is 0.32, divided by the change
in S,, which is 0.15. Therefore, the value
for df.,/dSy used in the fractional-flow
equation is 2.13.

Figure 107 illustrates how the slopes for
various salt-water saturations can be cal-
culated at certain times and plotted versus
salt-water saturation (curve D). If A, ¢, and
W; are known, the various slopes for these
water saturations can be inserted into the
frontal-advance equation to determine the

Value of sin 0° = 0; (D) Simplification of fractional-flow equation for horizon-

tal injection.

Figure 102 except that this scenario represents ad-
vancement of a fluid in a reservoir of uniform satura-
tions. Notice that the initial water saturation at the
front, Sa, is uniform throughout the interval repre-
sented by X. Some of the conclusions from the previ-
ous example need to be modified as follows:

4, The leading edge of the front retains the same
saturation until it reaches the producing face.

5. The velocities of equal saturation are the same,
assuming that the input and output rates are similar.
The leading edge of the water bank represented by Sz
will travel the fastest.

6. The reservoir water saturation will not increase
above the value 1 - S,,, as described previously.

In 1942, Buckley and Leverett proposed a formula
that would explain the movement of fluids through a
porous medium with respect to time—or to put it dif-
ferently, the saturation distribution of various phases
with respect to time. Equation 6.11 (Fig. 104) is the
frontal-advance equation proposed by Buckley and
Leverett. We will not derive the equation in this work-
shop, but its concepts and development can be found
in the references for this chapter. The equation can be
used to explain theoretically and mathematically the
characteristics of fluid movement described by Slider
(1983).
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Figure 94. Effect of formation dip on the fractional-flow curve

for a strongly water-wet rock. (Craig, ©1971; reprinted by
permission of Society of Petroleum Engineers.)
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distance, L, the saturations traveled at the time W; was
injected.

Figure 108 illustrates how the length, L, is plotted for
salt-water saturations of Suo.70, Swo.s0, and Swe.s0. This
represents the distance these water saturations have
traveled from the influx face at the time W; was in-
jected.

Figure 109 illustrates the results of plotting Swo40and
Swo.0. These saturations require the curve to turn and be
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Figure 95. Effect of formation dip on the fractional-flow curve
for a strongly oil-wet rock. (Craig, ©1971; reprinted by permis-
sion of Society of Petroleum Engineers.)

A 1
fw=—mTo (GQS.Q)
1+ — =
p’O kw
B ks ke K _ K
kKo Kko/k X Ko K,
C . 1
w—1+ &V@ (eq 6.10)
l"l'O krw

Figure 96. (A) Fractional-flow curve in its common form. (B)
Relationship of relative permeabilities for water and oil and
effective permeabilities for water and oil. (C) Substitution of
relative-permeability values into equation 6.9.
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Figure 97. Effect of various oil viscosities on a fractional-flow
curve for a strongly water-wet rock. (Craig, ©1971; reprinted
by permission of Society of Petroleum Engineers.)
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Figure 98. Effect of various oil viscosities on a fractional-flow
curve for a strongly oil-wet rock. (Craig, ©1971; reprinted by
permission of Society of Petroleum Engineers.)
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Figure 99. Areal (A) and cross-section (B) views of a five-spot
pattern under injection for a solution-gas-drive reservoir. Point
1 is the water bank, and point 2 is the oil bank, as the result of
water injection. (Clark, ©1969; reprinted by permission of
Society of Petroleum Engineers.)

Figure 100. Tilted water-drive reservoir,
illustrating oil-water contact (OWC) and
transition zone. X represents that portion
of reservoir where water saturation be-
comes irreducible. See text for further ex-
planation.
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directed back toward the influx face. The anomaly for
the curve now is that at the same distance, L, from the
injector, two separate salt-water saturations (Sy06s and
Swo.40) appear to exist at the same point and time in the
reservoir. Buckley and Leverett (1942) recognized this
impossible situation. They pointed out that the correct
interpretation should be that part of the computed
saturation is imaginary and that the leading edge of the
water front is actually a discontinuity.

The shaded parts of the curve (Fig. 110) illustrate
those parts thought to be imaginary, according to Buck-
ley and Leverett (1942). The point L, can be determined
by the material-balance method and occurs at a point
where areas A and B are equal. The vertical plane at L,
represents a discontinuity from a water and oil satura-
tion to the left of the plane, which is constantly chang-
ing with changing values for W}, and a constant satura-
tion distribution to the right of the plane. The plane at
L, is the flood front referred to by Slider (1983) and by
point 1 in Figure 99B.

Figure 111 illustrates what the flood front would
look like by taking gravity and capillary forces into ac-
count. The area to the right of the front, or discontinu-
ity, is termed the o0il bank, and the area to the left, the
drag zone. The area above the curve and below the irre-
ducible oil saturation is the amount of oil that poten-
tially can still be produced. The producer should be
making 100% oil, with the stipulation that the assump-
tions of Figure 105 are still in effect.

Figure 112 illustrates the advance of the waterflood
front and the water saturations at times Wi, Wi, and
Wi.3, and at the time the flood front (W) reaches the
producing face. The characteristics described by Slider
(1983) now can be shown to be mathematically correct,

Producing Wells {Producing Face)

=]

X

/ Sy =25%

%
S, =50%
/ Sy =75%
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Wells

Sy =75%
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(INFLUX FACE)

S,, = 100% (original WOC)
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salt water and 15% oil. We will now dis-
cuss how this result can be derived.

The frontal-advance equation was a
theory proposed by Buckley and Leverett
in 1942, It was not until 1951 that a paper
presented by Terwilliger verified by appli-
cation the theory of frontal advance. Ina
model using gas-oil gravity drainage, and
incorporating gravity and capillary pres-
sures into the frontal-advance equation,
he demonstrated that the observed ad-
vance of the displacing gas front and its
saturation were in agreement with the
calculated curve over time. Terwilliger
also suggested an important concept il-
lustrated by Figure 113. Simply stated, a
tangent to the fractional-flow equation

Horizontal
slice at X

100

with the end point at Su;, and fi, = 0, will
yield the salt-water saturation within the
front. This point and saturation are indi-
cated by the dashed line, whose value

75

would be 62%. Terwilliger also found that
the saturation in the waterflood front
moved at the same velocity and termed
this saturation the stabilized zone.

50

In 1952, a paper was published by
Welge that complemented the work of
Buckley and Leverett (1942). Welge also

25

showed that the tangent to the fractional-
flow curve resulted in the same conclu-
sion as the balancing of areas described

by Buckley and Leverett (illustrated in

Fig. 110) for finding the saturation at the

leading edge of the advancing front.
Figure 114 illustrates another graphi-

0
Xi.0Xo.75

INFLUX
FACE

Xo.50 Xo.25

Xo.20

Distance from original WOC, X

Figure 101. (A) Cross-section view of the reservoir from Figure 100, looking
in the X direction. (B) Water-saturation profile for the reservoir in the X direc-
tion. (Modified from Slider, ©1983; reprinted by permission of PennWell

Books.)

using the frontal-advance equation. The following is a
summary of those characteristics:

7. The frontal discontinuity is a uniform saturation
moving at a constant velocity, assuming constant in-
put.

8. The irreducible oil saturation will not be reduced.

9. The velocities of the saturations are constant for
each saturation and different from others, assuming
constant input. A comparison of the two velocities
(e.g., at salt-water saturations of 60% and 67%) would
indicate, by the lengths, that the saturations prove the
velocity of the 60% saturation to be faster than that of
the 67% saturation, which is faster than the saturation
directly below 1 — S,.

Once the water bank reaches the producing face, the
oil cut goes almost immediately from 100% oil to 85%

PRODUCING

cal interpretation of the fractional-flow
curve. Extrapolating the tangent of the
curve as Sy; and f, = 0 to fi = 1.0 yields
the average water saturation behind the
front at breakthrough for this linear sys-
tem. In this particular example, the aver-
age water saturation at breakthrough is
approximately 70% and is represented by
the dotted line in Figure 114 (Craig, 1971). The dashed
horizontal line to the y-axis will determine the frac-

FACE
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A
(1 - Sar) B
c C
S
o o | — -
8 S AX; XA X 3 years
& s 1year Wmﬂ

/‘

0
"= Influx face Producing face

X—>
Figure 102. Movement of a fluid front over a 3-year period in

a medium of variable water saturations. (Modified from Slider,
©1983; reprinted by permission of PennWell Books.)
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5615W, df,
_s = T A g4
. (= Sed 0A  dS, (eq 6.11)
§ Saf- ax S ax e aX =e=ax 4 yoars WHERE:
& Years T2 years \Sa years L  =Total distance that the plane
S%i ot ot \ls‘;' of given water saturation moves
Influx face X—— Producing face =" W, = Cumulative water injected, reservoir bbl
Figure 103. Movement of a fluid front over a 4-year period in df :
a medium of uniform initial saturations. (Modified from Slider, d g = Slope of the fractl.onal row curve at
©1983; reprinted by permission of PennWell Books.) w  the water saturation of interest
Figure 104 (right). Frontal-advance equation proposed by ¢ = Porosity
Buckley and Leverett (1942). A = Cross-sectional area
Injector Producer
o ®
w;
Cross-sectional Area A= Wx H
%9 N2 1
o &
100% PV _ I Q
I
I
I
] Irreducible Oil Saturation = 25%
80% —| |
I
|
\9—> I
|
60% — | Q@ H
!
|
| Mobile
I Oil
0,
40% — | Saturation = 55%
I
I
!
20% | }
|__ __Imeducible Water Saturation=20% _ _ _ _ v
e
e
0% PV . - z\ﬂz
Assumptions:
1. No mass transfer between phases
2. The phases are incompressible
3. No significant gas saturation
4 E and E,=1.0
5. Homogeneous reservoir
6. Linear flow
7. Saturations distributed uniformly within reservoir
8. Gravity and capillary forces neglected

Figure 105. Model used for illustrating the frontal-advance equation. Model represents a cross-sectional area from injector to
producer in a homogeneous reservoir with uniform saturations. PV = pore volume; E, = areal sweep efficiency; E, = vertical
sweep efficiency. See text for further explanation.
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tional flow of water and oil when the flood front, with a
saturation of 62%, reaches the producing face.

The concept of the flood front moving as a smooth
plane through the reservoir was expanded on by Craig
(1971). Figure 115 illustrates displacement of one fluid
by another immiscible fluid (van Meurs, 1957). The
presence of viscous fingering probably increases as the
oil/water viscosity ratio increases (van Meurs, 1957).
Craig suggests that viscous fingering probably does
occur in a reservoir, perhaps owing to variations in po-
rosity and permeability, which undoubtedly do occur.

The development of the frontal-advance theory,
which is the physical movement of injected water and
the displacement of an immiscible fluid, has been
touched on in this chapter to demonstrate some of the
major principles involved with the theory. But this, by
no means, is a comprehensive evaluation of the fron-
tal-advance formula. Subjects such as displacement
efficiency after breakthrough, water saturation above
irreducible saturation, and presence of gas saturation
are but a few of the influences not touched on. These
are subjects that the reservoir engineer would evaluate
for an in-depth analysis of the prospect. This chapter is
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Figure 106. Example of calculating the slope of the tangent to
the fractional-flow curve at a salt-water saturation of 43%.
The slope of the tangent is the derivative of the variable df/
dsy in equation 6.11.

=2.13
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devoted mainly to an overall cursory review of a poten-
tial waterflood project, as described by equations 6.1
and 6.2 of Figure 64, which, it is hoped, will give the
reader a basic understanding of how water displaces
oil.
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Figure 107. Calculation of the slopes to the fractional-flow
curve at various salt-water saturations. Curve A is a plot of
the slopes versus salt-water saturations.
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Figure 108. Plot of the distance, L, from the injector, as de-
rived from equation 6.11 for salt-water saturations of 50%,
60%, and 70%.
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Figure 109. Plot of distance, L, from the injector, as derived
from equation 6.11 for salt-water saturations of 30% and
40%. See text for further explanation.
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Figure 110. Shaded area represents the imaginary part of the
frontal-advance formula for various salt-water saturations
(Buckiey and Leverett, 1942). L represents the leading edge
of the waterfiood front at a point where areas A and B are
equal.
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Figure 111. Geometry of the flood front, with gravity and cap-
illary effects taken into consideration.
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Figure 112. Advance of the flood front at times Wi, Wi.1, Wiz,
and Wis. W, has intersected the producing face, and the oil
cut has gone from 100% to 15%. See text for further explana-
tion.
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example. Figure 114. Extrapolation of the tangent to the fractional-flow
curve to a value of fy1.0. Extrapolation of this point to the water
saturation (dotted line) yields the average salt-water satura-
tion behind the flood front at breakthrough (Swar).

N, = W;=6.0%

N, = W= 12% N, = 52%; W; = 650%

Figure 115. Displacement of one fluid by another, immiscible fluid. Notice the viscous fingering.
(van Meurs, ©1957; reprinted by permission of Society of Petroleum Engineers.)
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Areal Sweep Efficiency

INTRODUCTION

The concept of the frontal-advance theory discussed
in the last chapter was devised with a linear plane be-
tween the injector and the producer. It also assumed
that 100% of the pore volume was contacted by in-
jected water. The cross-sectional area used in the fron-
tal-advance equation, as illustrated, would not be ap-
propriate in reservoirs unless the reservoirs were elon-
gate and the injection occurred across the cross-sec-
tional area of the reservoir. However, for most reser-
voirs, the linear-flow concept is not practical because
most reservoirs have multiple injectors and multiple
producers. These wells are often in patterns such that
injection from one well could affect producers in other
patterns. The injected water would spread radially from
the injector, assuming the permeability to be homoge-
neous. In this scenario, the water that reaches a pro-
ducer would travel along the shortest path
from the injector. This path of injected wa-
ter is referred to as a stream line. Figure 116
illustrates four injectors in a reservoir at var-
ious stages of injection. Well A is just under
injection and shows the radial nature of the
injection. Stream line 1 from well B has
reached producing well E. Notice that the
stream lines labeled 2 and 3 have not reached
the producer yet, because their curved path
requires them to travel farther. This implies
that at breakthrough (stream line 1), not all
the potential pore volume that will ultimately
be affected has been swept.

This is an important point, because previ-
ously, when talking about breakthroughina
water-wet reservoir, reference was made
that nearly all the oil would be produced.
That point needs to be clarified here and
expanded to mean that most of the oil from
that stream line would be produced; how-
ever, other stream lines were yet to reach
the wellbore. Figure 117 illustrates how mul-
tiple stream lines can reach a wellbore. This
reservoir is in central Oklahoma. The reser-
voir had a gas cap, and three injectors were
positioned in it to fill the void with water.
Well 5 is an injector in the oil column. Wells
1 and 3 were influenced by the well 5 injec-

tor initially. ducer.

Figure 118 shows the production curves for wells 1-4.
These curves are composed of two parts, oil production
(solid line) and water production (dotted line). Well 3
has three points labeled A, B, and C. These points rep-
resent oil-production increases when a stream line is
presumed to have entered the wellbore. Production at
point A jumped from a background of 500-600 barrels
of oil per month (BOPM) to over 2,000 BOPM near the
end of 1990. This was the oil bank from the first stream
line that reached the wellbore. In the middle of 1990,
oil production fell dramatically, and water production
increased to over 1,000 BWPD. This represents the wa-
ter bank from the same stream line. A water break-
through of this magnitude might imply that very little
future oil production would be obtained from this well.
In fact, the operator chose to shut in the well in 1992 to
help maintain reservoir pressure. In mid-1992, the op-
erator happened to put the well back on line and was

Reservoir Boundary

Figure 116. lllustration of four injectors under various stages of injection,
and the direction of the stream lines from those injectors. Well E is a pro-
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Figure 117. Map of a reservoir in central Oklahoma. Wells 1-
4 are producers, and well 5 is an injector in the oil column.
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surprised at an increase in the oil cut. Point B repre-
sents an increase in production under the assumption
that it is coming from another stream line. Again, the
water bank for this stream line hit, and water produc-
tion increased dramatically in 1994. The well was shut
in again and reopened in mid-1994 when oil produc-
tion started to increase a third time from a possible
third stream line. Well 4 indicates three separate oil-
production increases similar to those of well 3. Well 2
illustrates two possible fronts entering the wellbore;
the time interval from 1994 to 1995 was a period when
oil production had dropped to a very low level, and the
well was shut in. Well 1 perhaps is more typical of a
normal response, with an oil bank reaching the well-
bore at point A. Water-free production from the oil
bank occurred for over a year, and then oil production
dropped sharply (point B) as the water bank reached
the wellbore. Notice how oil production gradually
dropped over the last 5 years and how water produc-
tion gradually increased.

Figure 116 also illustrates how some of the stream
lines radiating from wells C and D will never reach the
producer, because some of the stream lines intersect
and interfere with each other. Once this interference
occurs, the stream lines are either directed toward the
producer or away from it. Figure 119 illustrates those
stream lines that will affect the producer. The dashed
line enclosing the injectors defines the pattern bound-
ary. Areal sweep efficiency can be defined as the per-
centage of an area or a pattern contacted by water at a
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Figure 119. lllustration of those stream lines that will reach the
center producer. Dashed line represents the pattern boundary.

A N,=NxE4xE,xE, (eq. 5.1)

77 ==

given time. For example, if one-half of a pattern has
been contacted by injected water when a stream line
reaches the producer, as in stream line 1 of well A of
Figure 116, the sweep efficiency is the fraction 0.50 at
the time of breakthrough. Figure 120 illustrates this
concept graphically. E, from equation 5.1 (Fig. 55) is
simply the total swept area divided by the total area
influenced. Smith and Cobb (1987) describe four fac-
tors that affect areal sweep efficiencies: mobility ratio,
geomeitry of the pattern, reservoir heterogeneities, and
water-injection rate. In this chapter we will look at
mobility ratio and flood patterns and their integration
in order to predict areal sweep efficiency.

MOBILITY RATIO

The mobility ratio between fluids is perhaps one of
the most important characteristics of a waterflood.
Equation 7.1 (Fig. 121) defines mobility ratio as the
mobility of the displacing fluid (water) divided by the
mobility of the displaced fluid (oil). The mobility of a
fluid is controlled by the effective permeability with
respect to the viscosity of the fluid. As
the viscosity increases, the mobility
decreases. Equation 7.2 (Fig. 121B) is
an algebraic term defining the mobil-
ity ratio. In this equation, M is equal
to the mobility of water, which is the
effective permeability of water di-
vided by the viscosity of water di-
vided by the mobility of oil, which is
the effective permeability of oil di-

Swept area

Where: Swept area is dependent on the
economic effectiveness of the pattern

Figure 120. (A) General equation (Fig. 55) for estimating oil displaced by water-

flooding. (B) Graphical definition of areal sweep efficiency.

A M = Mobility ratio =

Mobility of displacing phase (water)

vided by the viscosity of the oil. Re-
ducing the equation results in the re-
lationship on the right, which defines
the mobility ratio as the relative per-
meability of water times the viscos-
ity of oil divided by the relative per-
meability of oil times the viscosity of
water.

In 1955, Craig and others sug-
gested that the relative permeability
of the water should be at the average
water saturation at breakthrough,
which was the Syprvalue defined in
the last chapter. The relative perme-
ability of the oil should be that of the

Total area

=kw/uw= kw/ 1o =krw/P-w
ko/po ~ Ko/Pw Kro/ pw

M

WHERE:

k= Relative permeability for the average salt-water

saturation behind the water bank s,
ky, = Relative permeability in the oil bank

Mobility of displaced phase (oil)

(€a7.1)  Hil-bank saturation ahead of the front.
Figure 122 illustrates this relation-
ship. All the terms in this expression
have been defined previously. The

(eq7.2) mobility ratio remains constant until

breakthrough, and then it increases
as the average water saturation of the

Figure 121 (left). (A) Definition of mobil-
ity ratio. (B) Equation for mobility ratio in
terms of relative permeabilities and vis-
cosities of oil and water.
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Ko (k) Swar

M= 2 e wE
Rw (kro) Swi

(eq 7.3}

WHERE:

(k) Swsr = Relative permeability of the average salt-water
saturation behind the front at breakthrough

(ko) Swi = Relative permeability of the oil in the oil bank
Ho = Viscosity of the oil
Hw = Viscosity of the water

Figure 122. Equation for defining the mobility ratio, using the
relative permeability to water at the average salt-water satu-
ration in the reservoir at breakthrough, and the relative per-
meability to oil for the oil saturation ahead of the front.

flooded reservoir increases. A mobility ratio equal to 1
indicates that the mobilities of water and oil are identi-
cal. A mobility of less than 1 indicates that oil flows bet-
ter than water, which implies that water is a good dis-
placing fluid to move oil. A mobility ratio of greater
than 1 indicates that oil is not as mobile as water and
that water would not be as effective in displacing oil.

Two rules of thumb from Smith and Cobb (1987)
could be appropriate here. First, mobility ratios in the
range of 0.50 to 5.0 can be considered acceptable for
a waterflood project. Second, a quick, rudimentary
method of evaluating the mobility ratio of a potential
waterflood project is to use 0.30 times the viscosity of
oil. This value roughly approximates the mobility ratio.
It will be shown in following sections that knowledge of
the pattern and the mobility ratio is all that is needed to
estimate areal sweep efficiencies.

ESTABLISHING AREAL SWEEP EFFICIENCY

Since 1933, various authors, using the principles of
displacement of oil touched on in the last chapter, have
studied areal sweep efficiency for various producer—
injector patterns. As will be seen, the pattern chosen
for a waterflood candidate has tremendous impact on
the potential outcome of the project. Obviously, some
patterns are more effective than others, and care should
be taken when selecting a pattern. Another consider-
ation for the selection of a pattern should be the high
cost of drilling infill wells. At the time a waterflood
project begins, a field is generally already developed. A
knowledge of various flood patterns and their effective-
ness with respect to one another is an important ad-
vantage when considering the economics of a water-
flood candidate.

Several definitions should be expanded on. The min-
imum pattern possible is composed of one injector and
one producer. In this pattern neither the injector nor
the producer shares injection or production from other
wells if these are the only two active wells. In terms of
net wells, this situation would be considered one net
producer and one net injector. If a pattern were re-
peated, some of the producers and injectors would

CHAPTER 7: Aeral Sweep Efficiency

share or influence production of other patterns. The
result of this might be that only a portion of an injector
would contribute to its pattern, and likewise only a
portion of a pattern’s production might come from the
pattern itself (i.e., some production might come as a
result of injection from other patterns). In this exam-
ple, a net well, whether a producer or an injector, is the
sum of those portions of either injectors or producers
that contribute to a particular pattern. The pattern
spacing is simply the well spacing times the number of
net wells for the pattern.

Some patterns become more or less effective by the
distance between wells and the distance between rows
of wells. These patterns are defined by a ratio called the
dla ratio, in which d is the distance between adjacent
rows and a is the distance between adjacent wells in a
row.

A third relationship is whether a pattern is termed
normal or inverted. A normal pattern consists of one
net producing well to a pattern with various numbers
of net injectors. An inverted pattern consists of one net
injector to a varying number of net producing wells.

A considerable number of authors have extensively
researched areal sweep efficiencies for the primary
types of patterns used in waterflood projects. The re-
sults of these studies are published and should be use-
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\ // Pattern boundary
AN = 2
pattern =2 D
Injector / Producer ratio 1:1
B

Pattern boundary

Stream lines

Two-spot pilot with flow lines

Figure 123. (A) Two-spot pattern. (B) Stream lines for a two-
spot pattern. Shaded area represents the floodable area.
Stream lines outside the floodable area contributing to pro-
duction may increase the efficiency of the pattern.
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ful in estimating the areal sweep effi-
ciency (the E, variable in eq. 5.1 of Fig.
55). Estimating E, is simply a matter of
determining the mobility ratio for the
oil and establishing an injector-pro-
ducer pattern for the reservoir and com-
paring this information to sweep effi-
ciency previously determined for these
criteria. Craig (1971) compiled an excel-
lent resource of information for deter-
mining sweep efficiency. The remaining
figures in this chapter highlight some of
the primary patterns used in water-
flooding and give basic graphs or tables
that provide preliminary data for esti-
mating areal sweep efficiency for each
of these patterns.

Two-Spot Pattern

The two-spot pattern is the simplest
of patterns. It consists of one injector
and one producer. The pattern area used
to establish the sweep efficiency is iltus-
trated in Figure 123A. The pattern area
is equal to 2 times the diameter squared
and has an injector/producer ratio of
1:1. Because of the lack of wells, the pat-
tern would be highly susceptible to di-
rectional permeability, fracturing, or
compartmentalization within a res-
ervoir. Figure 123B illustrates how the
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TABLE 5. — Areal-Sweep Efficiency Studies—Isolated Two-Spot?

Areal-sweep
Mobility efficiency at
Date Author(s) Method ratio breakthrough (%)
1933 Wyckoff, Botset, Potentiometric 1.0 52.5
and Muskat model
1954 Rameyand Blotter-type 1.0 53.8
Nabor electrolytic o0 27.7
model

Note: Base area = 2D? where D is the distance between wells.

“Modified from Craig (©1971). Reprinted by permission of Society of Petro-
leum Engineers.

TABLE 6. — Areal-Sweep Efficiency Studies—Isolated Three-Spot®

Areal-sweep

Mobility efficiency at
Date Author(s) Method ratio breakthrough (%)
1933  Wyckoff, Botset,  Electrolytic 1.0 78.5
and Muskat
1954 Rameyand Blotter-type ©o 66.5
Nabor electrolytic
model

Note: Base area = 2D? where D is the distance between injection and pro-
duction wells.

2Modified from Craig (©1971). Reprinted by permission of Society of Petro-
leum Engineers.

stream lines from outside the pattern
area might influence the performance
of this pattern. Care should be taken, es-
pecially for a pilot flood, to determine if the pattern is
benefiting from production outside the pattern area
that would ordinarily be produced by other patterns in
the waterflood. If this occurs, the results of the pilot flood
may be overly optimistic. Table 5 highlights studies for
this pattern and areal sweep efficiencies at break-
through for an oil whose mobility ratio is 1.0.

Three-Spot Pattern

The three-spot pattern adds an additional well to the
two-spot pattern, either an injector or a producer. The
area of the pattern is identical, being 2 times the dis-
tance (D) between the outer wells squared, as illus-
trated in Figure 124. In the example shown, the injec-
tor/producer ratio would be 1:2. Table 6 gives the re-
sults for sweep efficiencies determined from this pat-
tern. The efficiencies are more than 50% greater than
those for a two-spot pattern and even greater for mo-
bility ratios higher than 1.0.

Four-Spot Pattern

The four-spot pattern is an even more efficient pat-
tern, owing to the increase of wells. If the field is a multi-
well field, the establishment of patterns would act to
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Injector / Producer ratio 1:2

Figure 124. Three-spot pattern. Dashed line indicates pattern
boundary.
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confine injection to the patterns because of the inter-
ference from the injectors of other patterns. Figure
125A illustrates a regular four-spot pattern. In this ex-
ample, the producer is surrounded by three injectors
whose net injection into the pattern is shown. One-
sixth of the injection for each injector is affecting the
pattern. Therefore, the injector/producer ratio is a sum
of the net injector, or three-sixths to one producer. Fig-
ure 125B illustrates the skewed four-spot pattern. Fig-
ure 126 illustrates the sweep efficiencies for the skewed
four-spot pattern. Breakthrough should occur at a sweep
efficiency of over 50%, depending on the value of the
mobility ratio. The various values for displacement vol-
ume (V;) are determined by the fraction of the cumula-
tive injected fluid divided by the pattern pore volume
times the displacement efficiency as determined in the
last chapter. A Vz of 1.0 would indicate that 2.0 pattern
pore volumes of fluid has been injected into a pattern
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Figure 125. (A) Regular four-spot pattern. (B) Skewed four-
spot pattern. Shaded area represents patterns.
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TABLE 7. — Areal-Sweep Efficiency Studies—
Developed Skewed Four-Spot®

Mobility
Date Author(s) Method ratio
1968  Caudle, Hickman, X-rayshadowgraph 0.1-10.0
and Silberberg using miscible fluids

aModified from Craig (©1971). Reprinted by permission of
Society of Petroleum Engineers.
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Figure 126. Areal sweep efficiencies for a skewed four-spot
pattern, with various values of Vy (displaceable volume).
(From Caudle and others, ©1968; reprinted by permission of
Society of Petroleum Engineers.)

whose displacement efficiency is 0.50. Table 7 gives ref-
erences and criteria for establishing the sweep efficien-
cies of Figure 126.

Direct Line-Drive Pattern

Direct line-drive patterns are probably the closest to
approximating injection across a plane, as used in the
concepts describing displacement efficiency in the pre-
vious chapter. Figure 127 illustrates the line-drive pat-
tern and the a variable, which is the distance between
adjacent wells in a row, and the d variable, which is the
distance between adjacent rows of producers and in-
jectors. The injector/producer ratio is 1:1. Figure 128
illustrates the plot for mobility ratio versus areal sweep
efficiency for a direct line drive with a d/a ratio of 1.0.
Table 8 lists data and references for studies of line-
drive and staggered line-drive patterns with various
dla ratios and mobility ratios.

Staggered Line-Drive Pattern

Figure 129 illustrates the staggered line-drive pat-
tern and is divided into an upper and lower part. The
upper part (pattern 1) has a d/a ratio that is not equal
to 0.5. The lower part (pattern 2) has a d/a ratio equal
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TABLE 8. — Areal-Sweep Studies—Line-Drive Patterns®

Staggered
or direct Mobility
Date Author(s) Method line drive dia ratio
1933  Wyckoff, Botset, Electrolytic Direct 1.0 1.0
and Muskat model
1934  Muskat and Electrolytic Direct 0.5-4.0 1.0
Wyckoff model Staggered  0.5-4.0
1952  Aronofsky Numerical and Direct 1.5 0.1, 1.0, 10
potentiometric
model
1952  Slobod and X-ray shadowgraph Direct 1.5 0.1-10
Caudle using miscible fluids
1954  Dyes, Caudle, X-ray shadowgraph Direct 1.0 0.1-17
and Erickson using miscible fluids ~ Staggered 1.0
1955  Cheek and Fluid mapper Direct 2.0 0.04-11.0
Menzie
1956  Prats Numerical approach ~ Staggered  1.0-6.0 1.0
1956  Burtonand Gelatin model Direct 1.0 0.5-3.0
Crawford

"Modified from Craig (©1971). Reprinted by permission of Society of Petroleum Engineers.

to 0.5. This is a highly symmetrical pattern and is the
same as the five-spot pattern described directly follow-
ing. The staggered line drive is formed by shifting either
the rows of injectors or producers to an alternate cater-
cornered position rather than having injectors and pro-
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Injector / Producer ratio 1 : 1

Figure 127. Direct line-drive pattern. Shaded area represents
pattern.

ducers in an opposite position, as in the line-drive pat-
tern. Cobb points out that the advantage of this pattern
is to significantly increase the breakthrough efficiency
over the line-drive pattern, especially for low d/a ratios.
Figure 130 illustrates sweep efficiencies for a staggered
line drive with a d/a ratio of 1.0. Figure 131 is another
graph displaying sweep efficiencies as a function of the
d/a ratios, with a mobility ratio of 1.0. Craig (1971) sug-
gests that Prats’ (1956) curve is perhaps the one to use
with the most confidence. The injector/producer ratio
for this pattern is 1:1.
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Figure 128. Areal sweep efficiency at breakthrough for a de-
veloped line-drive pattern and a d/a ratio of 1.0. (Craig,
©1971; reprinted by permission of Society of Petroleum Engi-
neers.)
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Figure 129. Staggered line-drive pattern. Shaded area repre-
sents patterns. Pattern 1 refers to a d/a ratio of 0.50, and
pattern 2 refers to a d/a ratio of 0.50 and is the same as a
five-spot pattern.
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Figure 130. Areal sweep efficiency, at breakthrough, for a stag-

gered line-drive pattern with a d/a ratio of 1.0. (Craig, ©1971;
reprinted by permission of Society of Petroleum Engineers.)

Five-Spot Pattern

As mentioned previously, the five-spot pattern is a
special line-drive pattern in which the d/a ratio is equal
to 0.50. The pattern of wells is geometrical enough so
that if the pattern needs to be adjusted because of pre-
mature water breakthrough, fracturing, etc., it can eas-
ily be modified. Figure 132A illustrates the normal five-
spot pattern, and Figure 132B illustrates the inverted

CHAPTER 7: Aeral Sweep Efficiency

five-spot pattern. Notice that the normal pattern is one
producer per portions of injectors, and the inverted
pattern is one injector per portions of producers. Fig-
ure 133 represents the results of various investigators in
analyzing the sweep efficiency of a developed five-spot
pattern. The term developed means that the pattern is
one of several adjacent patterns. The investigators all
seem to agree as to the sweep efficiency where the
mobility ratio is 1.0 or less, but vary when the mobility
ratio exceeds 1.0. Craig (1971) suggests that the solid
curve probably most closely approximates waterflood
performance. Figure 134 also gives areal sweep effi-
ciencies at breakthrough for a single, isolated injection
well (inverted five-spot pattern) and a single, isolated
producing well (normal five-spot pattern). The term
isolated implies that the pattern could be that of a pilot
waterflood with no adjacent pattern. Tables 9 and 10
give data and information for developed and isolated
five-spot patterns, respectively.

The next two pattern types represent higher injec-
tor/producer ratios. These patterns might be consid-
ered in situations where high injection rates may be
necessary in low-permeability reservoirs, for example.
The inverted pattern could be used in cases of high
permeability. The patterns are of two types, one in
which the wells are directly across from each other, and
one in which the wells are staggered.

Seven-Spot Pattern

Figure 135A illustrates the normal seven-spot pat-
tern. The injector/producer ratio for the pattern is 2:1.
Figure 135B illustrates the inverted seven-spot pattern
with an injector/producer ratio of 1:2. Notice that the
geometry of the pattern is similar to that of the four-
spot pattern. Figure 136 represents sweep efficiencies
for a normal seven-spot pattern at breakthrough. Two
sets of data are presented. Craig (1971) recommends
using the data represented by the solid line because
of the reliability of the method of testing. Figure 137
shows data for the inverted seven-spot pattern. Craig
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Figure 131. Areal sweep efficiencies for a direct line-drive
pattern (1) and a staggered line-drive pattern (2, 3) with vary-
ing d/a ratios. Mobility ratio = 1.0. (Craig, ©1971; reprinted by
permission of Society of Petroleum Engineers.)
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(1971) also recommends the solid curve, which was
generated from a study by Guckert (1961). Table 11 lists
data, references, and sweep efficiencies for the normal
seven-spot pattern, and Table 12 lists the same infor-
mation for the inverted seven-spot pattern.
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Figure 132. (A) Normal five-spot pattern. (B) Inverted five-
spot pattern. Shaded area represents patterns.
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Nine-Spot Pattern

Figure 138A illustrates a normal nine-spot pattern.
The injector/producer ratio for this pattern is 3:1. The
pattern has the flexibility of change, owing to the large
number of wells. This pattern could easily convert to a
line-drive pattern or a normal or inverted five-spot pat-
tern, depending on response characteristics. Figure
138B illustrates the inverted pattern with an injector/
producer ratio of 1:3. Figures 139-141 represent three
different areal sweep efficiencies at water/oil produc-
ing-rate ratios of 0.50, 1.0, and 5.0, respectively. The
variable Vj is used similarly as defined in the skewed
four-spot pattern of Figure 126. Tables 13 and 14 give
references and data for a normal nine-spot and an in-
verted nine-spot pattern.

It should be mentioned at this point that the pat-
terns described, with their associated areal sweep-effi-
ciency data, were determined from experiment models
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Figure 133. Areal sweep efficiencies at breakthrough for a
developed five-spot pattern. (Craig, ©1971; reprinted by per-
mission of Society of Petroleum Engineers.)
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Figure 135. (A) Normal seven-spot pattern. (B) Inverted
seven-spot pattern. Shaded area represents patterns.

with no gas saturation. The effects of gas saturation or
of areal sweep efficiencies after breakthrough will not
be dealt with further in this publication. The only in-
tent is to provide a cursory means for determining E,
for preliminary review of a waterflood prospect. How-
ever, Craig (1971) states that the injected water ad-
vances radially and continues until either (1) the lead-
ing edge of the oil bank contacts an oil bank formed
about an adjacent injector, or (2) the oil bank encoun-
ters a producing well. At this point the flood front be-

CHAPTER 7: Aeral Sweep Efficiency

TABLE 9. — Areal-Sweep Efficiency Studies—
Developed Five-Spot?®

Mobility

Date Author(s) Method ratio

1933 Wyckoff, Botset  Electrolytic 1.0
and Muskat model

1934  Muskat and Electrolytic 1.0
Wyckoff model

1951  Fay and Prats Numerical 4.0

1952 Slobod and X-ray shadowgraph 0.1-10.0
Caudle using miscible fluids

1953  Hurst Numerical 1.0

1954  Dyes, Caudle, X-ray shadowgraph 0.06-10
and Erickson using miscible fluids

1955  Craig, Geffen, X-ray shadowgraph 0.16-5.0
and Morse using miscible fluids

1955 Cheek and Fluid mapper 0.04-10.0
Menzie

1956  Aronofsky and Potentiometric 0.1-10.0
Ramey model

1958 Nobles and Resistance network 0.1-6.0
Janzen

1960 Habermann Fluid-flow model 0.037-130

using dyed fluids
1961  Bradley, Heller, Potentiometric 0.25-4

and Odeh model using

conductive cloth

*Modified from Craig (©1971). Reprinted by permission of
Society of Petroleum Engineers.

i‘"\~~ L _
\?

1.0 10
MOBILITY RATIO

Figure 136. Areal sweep efficiencies for a developed normal
seven-spot pattern. (Craig, ©1971; reprinted by permission of
Society of Petroleum Engineers.)
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gins to cusp toward the nearest producer. Craig (1971)
also states: “If at this time the flood front should also be
radial in the initially liquid-saturated reservoir, the
areal sweep at water breakthrough with initial gas pres-
ent would be the same as that with no gas. The perfor-
mance at and after breakthrough would be the same.”
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TABLE 10. — Areal-Sweep Efficiency Studies—
Normal and Inverted Five-Spot Pilot®

Areal-sweep
efficiency at
Mobility breakthrough
Date Author(s) Method Type ratio (%)
1958  Paulsell Fluid mapper Inverted 0.319 117.0
1.0 105.0
2.01 99.0
1959 Moss, White, Potentiometric Inverted oo 92.0
and McNiel
1960  Caudle and X-ray shadowgraph Normal  0.1-10.0 *
Loncaric
1962 Neilson and Rock flow model Inverted 0.423 110.0

Flock

Note: Base area = D? where D is the distance between adjacent producing wells.
*Modified from Craig (©1971). Reprinted by permission of Society of Petroleum

Engineers.

*Depends on ratio of injection rate to producing rate.

TABLE 11. — Areal-Sweep Efficiency Studies—
Developed Normal Seven-Spot Pattern®

Areal-sweep
efficiency
Mobility  at break-
Date Author(s) Method ratio through (%)
1933  Wyckoff, Botset, Electrolytic 1.0 82.0
and Muskat model
1934 Muskat and Electrolytic 1.0 74.0
Wyckoff model
1956 Burtonand Gelatin 0.33 80.5
Crawford model 0.85 77.0
2.0 74.5
1961 Guckert X-ray shadow- 0.25 88.1-88.2
graph using 0.33 88.4-88.6
miscible fluids 0.5 80.3-80.5
1.0 72.8-73.6

2.0 68.1-69.5
3.0 66.0-67.3
4.0 64.0-64.6

*Modified from Craig (©1971). Reprinted by permission of
Society of Petroleum Engineers.

The produced oil, however, would be less by an amount
equal to the volume of the gas saturation.

Another point to consider is the effects of fractures
and directional permeabilities. These features can have
disastrous effects on a waterflood project if the injector

TABLE 12. — Areal-Sweep Efficiency Studies—
Developed Inverted (Single Injection Well)
Seven-Spot Pattern®

Areal-sweep
efficiency
Mobility at break-
Date Author(s) Method ratio through (%)
1933  Wyckoff, Botset, Electrolytic 1.0 82.2
and Muskat model
1956 Burton and Gelatin model 0.5 77.0
Crawford 13 76.0
2.5 75.0
1961 Guckert X-ray shadow- 0.25 87.7-89.0
graph using 0.33 84.0-84.7
miscible fluids  0.50 79.0-80.5

1.0 72.8-73.7
2.0 68.8-69.0
3.0 66.3-67.2
4.0 63.0-63.6

aModified from Craig (©1971). Reprinted by permission of
Society of Petroleum Engineers.

and producer are parallel to the direction of high per-
meability or fractures. Such a situation should be
called to the attention of the engineering department
when setting up final plans for an injector-producer
pattern.
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TABLE 13. — Areal-Sweep Efficiency Studies—
Developed Normal Nine-Spot Pattern?®

Mobility
Date Author Method ratio
1939 Krutter Electrolytic model 1.0
1961 Guckert X-ray shadowgraph 1.0 and
using miscible fluids 2.0 A
*Modified from Craig (©1971). Reprinted by permission of O gf O g O
Society of Petroleum Engineers. ( |
| i
| |
# Al 7R i 2
| f
1 i
TABLE 14. — Areal-Sweep Efficiency Studies— 1 1
Inverted (Single Injection Well) Nine-Spot Pattern? O Z‘ 72 0, /zﬁ O
Mobility ! ;
Date Author(s) Method ratio ' Va 14 A
1964  Kimbler, Caudle, X-rayshadowgraph 0.1-10.0 g‘ IR 4 % - - ‘g‘ - ﬁ
| |

and Cooper using miscible fluids

| |
1964  Watson, Silber- Fluid-flow model 0.1-10.0 | I

berg, and Caudle using dyed miscible
fluids o g O \¢ o
*Modified from Craig (©1971). Reprinted by permission of Injector / Producer ratio 3:1
Society of Petroleum Engineers.
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Figure 137. Areal sweep efficiencies for a developed inverted '
seven-spot pattern. (Craig, ©1971; reprinted by permission of Figure 138. (A) Normal nine-spot pattern. (B) Inverted nine-
Society of Petroleum Engineers.) spot pattern. Shaded area represents patterns.
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Figure 139. Areal sweep efficiencies for a normal nine-spot
pattern at various Vy volumes. Producing-rate ratio = 0.50.
(Kimber and others, ©1971; reprinted by permission of Soci-
ety of Petroleum Engineers.)
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Figure 141. Areal sweep efficiencies for a nine-spot pattern at
various corner-well producing cuts. Producing-rate ratio = 5.0.
(Kimber and others, ©1971; reprinted by permission of Soci-
ety of Petroleum Engineers.)
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Vertical Sweep Efficiency

INTRODUCTION

The discussion in Chapter 6 of displacement effi-
ciency assumed that areal and vertical sweep efficien-
cies were not a factor and that the reservoir acts in a
completely homogeneous manner in both areal and
vertical directions. This discussion also treated the
plane from injector to producer as a single layer. In the
“real” world, this is not the situation. Reservoirs are
commonly composed of layers of strata whose rock
properties vary widely. Layers with higher permeabil-
ities will get swept faster than those with lower perme-
abilities. The question is, how do we quantify the vari-
ous permeable layers into a number that can be used in
equation 5.1 of Figure 55 to represent the effect of ver-
tical reservoir heterogeneity on the amount of oil dis-
placed by waterflooding?

Craig (1971) defines vertical sweep efficiency as the
cross-sectional area contacted by the injected fluid di-
vided by the cross-sectional area enclosed in all layers
behind the injected fluid front. This chapter gives a
brief overview of the facets involved with permeability
variations. A method will be offered to quantify vertical
sweep efficiency (E,) for use in a preliminary reserve
evaluation of a potential waterflood prospect.

PERMEABILITY VARIATION

Sediments deposited in various depositional envi-
ronments have characteristics unique to those envi-
ronments, Energies involved with sediment transport,
facies distribution, cementation, compaction, struc-
tural effects, and diagenesis affect porosity and per-
meability in both the areal and vertical directions. To
compound the problem, deposition of multilayers of
uniquely diverse sediments within a reservoir can cause
the injected water to behave in a myriad of ways, each
representative of the characteristics of that particular
layer and each layer acting almost as an individual res-
ervoir. A single layered, homogeneous porous system is
not often found in reservoirs today. Reservoir heteroge-
neity probably has as much or more effect on a water-
flood performance as any other parameter. A main
problem with permeability variation is the difficulty in
predicting its presence. Geologists’ greatest contribu-
tion to the success of a waterflood project is their un-
derstanding of depositional environments and the rec-
ognition of potential porosity and permeability fluctua-
tions. Such variations can also be on a reservoir-scale
basis, such as faulting and fracturing, which were dis-

cussed briefly in the first waterflood workshop (Rott-
mann and others, 1998, p. 123-142). Recognition of
permeability variations is difficult, but facies recog-
nition from electric logs, cores, and samples, plus drill-
stem testing and production results, is also a necessary
tool for interpretation. Smith and Cobb (1987) suggest
that areal permeability variations are probably less se-
vere than vertical permeability variations, except for
fracturing and high-permeability trends.

Vertical permeability variations are commonly a re-
sult of stratification. Typically, stratified layers of dis-
tinctly different ranges of permeabilities offer greater
velocity throughput than those of lower permeabilities.
Breakthrough can occur from layers of high permeabil-
ity while significant quantities of oil may still be ap-
proaching the wellbore from the less permeable layers.
If the engineer is made aware of this possibility through
a detailed geological evaluation, steps can be taken to
alter or modify this outcome during planning and in-
stallation of the waterflood unit. Therefore, geological
interpretation is critical in this respect.

A challenge for geologists and engineers is in esti-
mating a permeability value for a similar-sized reser-
voir that would act as the defining permeability of a
homogeneous reservoir and yet be representative of
the heterogeneous reservoir as well. Figure 142A repre-
sents a common mathematical approach to finding
weighted-average permeabilities for a reservoir. Each
value of K, H,, represents the weighted average for each

A Weighted average
k1H1+k2H2+ P ann
kave =
H1+H2+....+Hn
(eq 8.1)
WHERE:
k = Permeabilities fo the individual layers
H =Thicknesses of the individual layers
B

Geometric mean

Kavg = (k1 x ko x kg x....x k,,)1/"
(eq 8.2)

Figure 142. (A) Weighted-average method for determining
average permeability. (B) Geometric-mean method for deter-
mining average permeability.
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layer. Smith and Cobb (1987) suggest that this result
may be optimistic and does not recommend its use.

A second method suggested in Smith and Cobb (1987,
p. 5-27) is to obtain the geometric mean for the perme-
abilities, as shown in equation 8.2 of Figure 142B. This
technique was obtained from model studies using sim-
ulated flow patterns in media of varying permeabilities.
Each permeable interval should be of equal thickness
so that the outcome is equally weighted.

DYKSTRA-PARSONS COEFFICIENT

In 1944, Law (reported by Smith and Cobb, p. 5-27)
demonstrated that rock permeabilities have a log-nor-
mal distribution. This implies that plotting the number
of permeability samples against the log permeability
will yield the familiar bell-shaped curve. In 1950, Dyk-
stra and Parsons contributed a paper of monumental
proportions that used a statistical approach for analyz-
ing Law’s log-normal permeability distribution and
coined the term coefficient of permeability variation.
Equation 8.3 of Figure 143 represents the definition for
this coefficient, where k is the mean permeability, or
50.0%, and ko is the permeability at 84.1% of the cu-
mulative sample. Figure 143B illustrates the statistical
equivalent of equation 8.3. This coefficient is now called
the Dykstra-Parsons coefficient. To determine the coef-
ficient, the following steps are taken:

1. Permeabilities are divided into equal-thickness
layers.

2. Permeabilities are arranged in decreasing order.

3. Calculate for each sample the percentage of the
sample that has a permeability greater than, and ex-
press this number as percentage greater than.

4. Plot the data on log probability paper with the
percentage-greater-than values on the x-axis, and the
permeabilities on the y-axis.

A _
v=Kkt
Kk (eq 8.3)
WHERE:

k = Mean permeability = Permeability value with
50% probability

k, = Permeability at 84.1% of the cumulative sample

B
V= k50— k84.1

kso (eq 8.4)
WHERE:

V = Coefficient of permeability variation
kso = lIs the permeability at the 50%-greater-than point

kgs 1 = Is the permeability at the 84.1%-greater-than point

Figure 143. (A) Equation for coefficient of permeability varia-
tion (Dykstra-Parsons coefficient). (B) Statistical equivalent to
equation 8.3.
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TABLE 15. — Determination of Dykstra-Parsons

Coefficient

Permeability Percentage

Layers ordering greater than
1 51.0 0.00
2 49.0 4.76
3 46.0 9.52
4 36.0 14.29
5 20.0 19.05
6 18.0 28.57
7 17.9 38.10
8 10.0 42.86
9 9.1 47.62
10 6.9 52.38
11 5.6 61.90
12 0.9 66.67
13 0.5 76.19
14 0.2 85.71
15 0.1 90.48

5. Derive a best-fit curve for the plot of values.

6. Determine the permeability at the 50%-greater-
than percentage and at the 84.1%-greater-than per-
centage and place into equation 8.4.

The values that result from equation 8.4 will vary
from 0.0 to 1.0, with 0.0 representing a completely
homogeneous reservoir and 1.0 representing a com-
pletely heterogeneous reservoir. Smith and Cobb
(1987) point out that limestone reservoirs usually range
from 0.90 to 0.95 and that sandstone reservoirs usually
range from 0.60 to 0.95.

As an example for determining the Dykstra-Parsons
coefficient, Table 15 represents a set of permeability
data from a core of a reservoir in central Oklahoma that
was divided into equal 1-ft layers and listed in decreas-
ing order of permeability. The third column represents
the percentage-greater-than values for the example.
Figure 144 is a log probability plot of the percentage-
greater-than values plotted versus the permeabilities
from Table 15. The straight line is the best-fit curve for
the points. The permeability at the 50%-greater-than
point is 8 md, and the permeability at the 84.1%-
greater-than point is 2.2 md. Substituting these values
into equation 8.4 yields a value of 0.72, which is the
coefficient of permeability variation. The next section
will describe how this coefficient can be used to deter-
mine vertical sweep efficiencies.

ESTABLISHING VERTICAL SWEEP EFFICIENCY

The use of the Dykstra-Parsons coefficient is quite
simple. Dykstra and Parsons correlated their value of
permeability variations with various waterflood perfor-
mances and derived the charts of Figures 145-148. To
illustrate how these charts are to be used, we will exam-
ine Figure 145, which is a chart whose parameters in-
clude the Dykstra-Parsons coefficient on the y-axis,
and the mobility ratio as a set of predetermined curves
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Figure 144. Plot of percentage-greater-than data from Table 15 on log probability paper. Value of permeability at 50% is 8.0 md,
and value of permeability at 84.1% is 2.2 md. Substituting these permeabilities into equation 8.4 (Fig. 143B) yields a Dykstra-
Parsons coefficient of 0.72.
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for a producing water/oil ratio (WOR) of 1. The x-axis
plots the vertical-sweep-efficiency value (E,) when the
values of the Dykstra-Parsons coefficient and the mo-
bility ratio are plotted. To illustrate an example of de-
termining E,, begin by plotting the mobility ratio for a
reservoir, which has a value equal to 2, and the Dykstra-
Parsons coefficient of 0.72, which was derived from the
example of Table 15 and Figure 144 to Figure 145. The
E, value is approximately equal to 0.27. This is the value
used for E, in equation 5.1 of Figure 55 for a producing
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Figure 145. Vertical sweep efficiency for various mobility ratios

at a WOR equal to 1.0. (Dykstra and Parsons, ©1950; reprinted
courtesy of the American Petroleum Institute.)
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Figure 146. Vertical sweep efficiency for various mobility ra-
tios at a WOR equal to 5.0. (From Smith and Cobb, 1987.)
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Figure 147. Vertical sweep efficiency for various mobility ratios
at a WOR equal to 25. (Dykstra and Parsons, ©1950; reprinted
courtesy of the American Petroleum Institute.)
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Figure 148. Vertical sweep efficiency for various mobility ra-
tios at a WOR equal to 100. (From Smith and Cobb, 1987.)

WOR of 1. Figures 146-148 are similar charts for deter-
mining E, for WORs of 5, 25, and 100, respectively.
WORs of 100:1 are probably close to the economic limit
of a waterflood project.

Because the value of E, is established from Figures
145-148, it is a simple matter to use these values for E,
in equation 5.1 (Fig. 55). Various other techniques for
determination and evaluation of reservoir heterogene-
ity are examined in more detail from the papers used as
references for this chapter.
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APPENDIX 1
Abbreviations and Symbols Used in This Volume

A floodable area Gr volume of free gas
a distance between adjacent wells GOR gas/oil ratio
in arow
Gp produced gas
API American Petroleum Institute .
Gpe gas production from gas cap
BBL barrel(s) . .
Gps solution-gas production
Bg gas formation volume factor
GR gamma ray
B.. o .
o ;géttl(?i gas formation volume average height of floodable area
BO barrels of oil k absolute permeability
B, oil formation volume factor length that a given water
saturation travels
B il at bubble-point
0B oi ubble-point pressure M mobility of water
By; initial oil formation volume - .
factor MMBO million barrels of oil
BOPD barrels of oil per day N original oil in place
BOPM barrels of oil per month NEU POR  neutron porosity
BW barrels of water N, cumulative oil production
CAL caliper OIP oilin place
CDP conductivity-derived porosity 001pP original oil in place
C, oil compressibility OwWC oil-water contact
COND conductivity Pgp bubble-point pressure
cp centipoise (a standard unit of p; initial pressure
viscosity) psi pounds per square inch
Cu water compressibility psia pounds per square inch, absolute
d distance bgtween g@jacgnt rows PVT pressure, volume, temperature
of producing and injection wells
E istivit
DEN density RES resistivity
lati duced gas/oil
DEN POR  density porosity Ry ;;:trircl)u ative produced gas/ol
DEN ¢ density porosity R current gas/oil ratio
Ea areal sweep efficiency Ry original gas/oil ratio
Eq displacement efficiency SCF standard cubic feet (of gas)
Ey vertical sweep efficiency Saf water saturation at flood front
F Fahrenheit Sai initial saturation of displacing
FVF formation volume factor fluid
Jw fractional flow of water Sg gas saturation
G original gas in reservoir So oil saturation
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Ser mobile-oil saturation Vp pore volume

Sp spontaneous potential w average width of floodable area
STB stock-tank barrels We water entry

Sw water saturation W; cumulative injected water

Subt water saturation at breakthrough WOR water/oil ratio

Swe formation-water saturation Wy produced water

Vi displaceable volume zZ gas deviation factor

Ve volume of gas Ap change in pressure

Vo volume of oil AV change in pore volume

Vi initial volume of oil ) porosity
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APPENDIX 2

Glossary of Terms
(as used in this volume)

Definitions modified from Anderson (1987), Craft and Hawkins (1959), Craig (1971), Frick and Taylor {1962),
Jackson (1997), Sheriff (1984), Slider (1983), and Smith and Cobb (1987).

absolute permeability—The ability of a rock to conduct a
fluid; e.g., gas, at 100% saturation with that fluid.

acre-foot—The volume of liquid or solid required to
cover 1 acre to a depth of 1 foot, or 43,560 cubic feet. It is
commonly used in measuring volumes of water, reservoir
storage space, or reservoir rock.

API gravity—A standard adopted by the American Petro-
leum Institute for expressing the specific weight of oils.
API gravity = (141.5/specific gravity at 60°F) — 131.5. This
arbitrary scale simplifies the construction of hydrometers
because it enables the stems to be calibrated linearly. The
lower the specific gravity, the higher the API gravity.

area—As used in this publication, a two-dimensional
surface, usually measured from an isopach map.

areal sweep efficiency—That fraction of a waterflood
pattern that has been contacted by water at a given time
during a flood.

bubble point—A state of fluids characterized by the co-
existence of a liquid phase with an infinitesimal quantity
of gas phase in equilibrium.

bubble-point pressure—The liquid pressure in a system
at its bubble point.

bulk volume—A distinct mass of a rock or reservoir exclu-
sive of porosity.

capillary pressure—The difference in pressure across the
interface between two immiscible fluid phases jointly oc-
cupying the interstices of a rock. It is due to the tension of
the interfacial surface, and its value depends on the cur-
vature of that surface.

centipoise (cp)—A unit of viscosity equal to 10-*kg/s.m.
The viscosity of water at 20°C is 1.005 cp.

compressibility—The change of volume and density un-
der hydrostatic pressure.

compressibility factor—A multiplying factor introduced
into the Ideal Gas Law to account for the departure of true
gases from ideal behavior. Syn.: gas-deviation factor;
supercompressibility factor.

darcy—A standard unit of permeability, equivalent to the
passage of 1 cubic centimeter of fluid of 1 centipoise vis-
cosity flowing in 1 second under a pressure differential of
1 atmosphere through a porous medium having an area
of cross section of 1 square centimeter and a length of 1
centimeter.

Darcy’s law—The velocity of a homogeneous fluid in a
porous medium, proportional to the pressure gradient
and inversely proportional to the fluid viscosity.

displacement efficiency—The volume of “wet” hydro-
carbons swept out of individual pores or small groups of
pores, divided by the volume of hydrocarbons in the
same pores at the start of cycling.

drag zone—The zone behind the displacing front of a
waterflood.

drainage process—A decrease in the wetting-fluid satura-
tion of a porous medium.

Dykstra-Parsons coefficient—A statistical approach for
predicting the effects of variable permeability on water-
flood performance. The method assumes that the reser-
voir is composed of a number of layers with varying per-
meabilities and no cross-flow.

effective permeability—The ability of a rock to conduct
one fluid, e.g., gas, in the presence of other fluids, e.g., oil
or water.

effective-permeability ratio—The effective permeability
of one fluid (usually water) divided by the effective per-
meability of a second fluid (usually oil} in a two-phase
system.

effective porosity—The percentage of the total volume of
a given mass of soil or rock that consists of interconnect-
ing voids.

floodable area—That portion of a reservoir under water-
flood operation that is or will be contacted by the displac-
ing fluid.

formation volume factor—The factor applied to convert
a barrel of gas-free oil in a stock tank at the surface into an
equivalent amount of oil in the reservoir. It generally
ranges between 1.14 and 1.60. See also: shrinkage factor.

fractional flow—During production, that percentage ofa
fluid’s contribution to the total fluid production.

fractional-flow equation—A method used to derive the
fractional flow of a fluid (usually water) for any given satu-
ration of the fluid in the reservoir.

fracture—(a) A crack, joint, fault, or other break in rocks.
(b) Deformation owing to a momentary loss of cohesion or
of resistance to differential stress and a release of stored
elastic energy.

frontal-advance theory—The theory of the way in which
water displaces oil from a reservoir of complex perme-
ability and porosity.

gas cap—Free gas occurring above oil in a reservoir, and
present whenever more gas is available than will dissolve
in the associated oil under existing pressure and tempera-
ture.
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gas-cap drive—Energy within an oil pool, supplied by ex-
pansion of an overlying volume of compressed free gas as
well as by expansion of gas dissolved in the oil.

gas deviation factor—See: compressibility factor.

gas/oil ratio—(a) The quantity of gas produced with the
oil from an oil well, usually expressed as the number of
cubic feet of gas per barrel of oil. Abbr.: GOR. (b) reservoir
gas/oil ratio.

height—The vertical distance above a datum, usually the
Earth’s surface. May refer to vertical thickness, usually of
strata.

hydrocarbon pore volume—The volume of a rock or res-
ervoir that contains hydrocarbons.

hydrostatic pressure—The pressure exerted by the water
at any given point in a body of water at rest.

Ideal Gas Law—As used in this publication, the pressure—
volume-temperature (PVT) relationship of an ideal gas at
a given state, equal to the PVT relationship of the gasat a
different state.

imbibition—The tendency of granular rock or any porous
medium to absorb a fluid, usually water, under the force
of capillary attraction, and in the absence of any pressure.

imbibition process—An increase in the saturation of the
wetting fluid in a porous medium.

immiscible—Said of two or more phases that, at mutual
equilibrium, cannot dissolve completely in one another.

impermeable—Said of a rock, sediment, or soil that is in-
capable of transmitting fluids under pressure.

initial production—The volume or quantity of gas or oil
initially produced by a well in a certain interval of time,
usually 24 hours.

injector—A well used to introduce fluids into a reservoir,
either for disposal or as a displacing fluid or agent.

irreducible (residual) oil saturation—That portion of an
oil saturation that remains in a reservoir regardless of the
amount of displacing fluid with which it comes in contact
and which passes through the reservoir.

irreducible (residual) water saturation—That portion of
awater saturation that remains in a reservoir regardless of
the amount of displacing fluid with which it comes in
contact and which passes through the reservoir.

isopach—A line drawn on a map through points of equal
true thickness of a designated stratigraphic unit or group
of stratigraphic units.

material-balance method—A method of calculating oil in
place by the accounting or balancing of fluids and their
properties that remain in the reservoir, with the fluids and
properties that have been produced.
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millidarcy (md)—The customary unit of measurement of
fluid permeability, equivalent to 0.001 darcy.

mixed wettability—Pertains to a reservoir that is not
homogeneous in its wettability. Commonly, the larger
pores may be oil-wet, and the smaller pores water-wet.

mobile-oil saturation—That portion of the total oil satu-
ration that is mobile in response to a displacing agent or
other factor such as gravity.

mobile-water saturation—That portion of the total water
saturation that is mobile in response to a displacing agent
or other factor such as gravity.

mobility—The ratio of the permeability to the viscosity of
a fluid.

mobility ratio—The ratio of the mobility of the displacing
fluid to that of the displaced fluid.

natural water drive—Energy within an oil or gas pool, re-
sulting from hydrostatic or hydrodynamic pressure trans-
mitted from the surrounding aquifer.

oil bank—The mass of increased oil saturation moving in
areservoir in front of, and displaced by, an injected fluid.

oil compressibility—The change in volume of oil with a
change in reservoir pressure.

oil saturation—That portion of the total fluid saturation
of arock or reservoir that consists of oil.

oil-water contact—The boundary surface between an
accumulation of oil and the underlying “bottom water.”
Syn.: oil-water interface.

oil-wet reservoir—A reservoir whose preferential wetting
agent is oil in the presence of other immiscible fluids.

permeability—The capacity of a porous rock, sediment,
or soil for transmitting a fluid; it is a measure of the rela-
tive ease of fluid flow under unequal pressure. The cus-
tomary unit of measure is the millidarcy. Cf: absolute
permeability; effective permeability; relative permeability.
Adj.: permeable.

pore volume—That portion of bulk volume that consists
of voids.

porosity—The ratio of the aggregate volume of interstices
in arock or soil to its total volume. It is usually stated as a
percentage. Cf: effective porosity. Syn.: total porosity.

pressure sink—An area of low reservoir pressure gener-
ally created by a producing well.

relative permeability—The ratio between the effective
permeabilityto a given fluid at a partial saturation and the
permeability at 100% saturation (the absolute perme-
ability). It ranges from zero at a low saturation to 1.0 at a
saturation of 100%.

relative-permeability ratio—The relative permeability of
one fluid (usually water) divided by the relative perme-
ability of a second fluid (usually oil) in a two-phase
system.
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residual 0il—Oil that is left in the reservoir rock after the
pool has been depleted.

residual-oil saturation—See: irreducible oil saturation.

residual-water saturation—See: irreducible water satura-
tion.

rock compressibility—The change in volume of rock in
response to external pressure,

salt-water saturation—That portion of the total fluid sat-
uration of a porous medium that consists of salt water.

saturated reservoir—The inability of an oil reservoir to
dissolve additional gas in response to increased pressure.

shrinkage factor—The factor that is applied to convert a
barrel of oil in the reservoir into an equivalent amount of
gas-free oil in a stock tank at the surface. It generally
ranges between 0.68 and 0.88. See also: formation volume
factor.

solids volume—The amount of remaining reservoir vol-
ume after the pore volume is subtracted from the bulk
volume.

solution-gas drive—Energy within an oil accumulation
supplied by expansion of gas dissolved in the oil.

stream line—A theoretical path of fluid, usually from an
injector to a producing well and always perpendicular to
isopotential lines.

supercompressibility factor—See: compressibility factor.

swept area—That portion of a reservoir that has been
contacted by an injected displacing fluid.

unitization—Consolidation of the management of an
entire oil or gas pool, regardless of property lines and
lease boundaries, in the interest of efficient operation and
maximuim recovery.
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vertical sweep efficiency—The cross-sectional area con-
tacted by the injected fluid divided by the cross-sectional
area enclosed in all layers behind the injected-fluid front.

viscosity—The property of a substance to offer internal
resistance to flow; its internal friction.

volumetric method—A method for calculating oil in
place, using the volumetric properties of a reservoir.

water bank—The mass of increased water saturation
moving in a reservoir behind the displaced front.

water breakthrough—The increase of water production
in a producing well as a result of the injected fluid having
reached the wellbore.

water compressibility—The change in volume of water in
response to external pressure.

water drive—Energy within an oil or gas pool that results
from hydrostatic or hydrodynamic pressure transmitted
from the surrounding aquifer. Cf: solution-gas drive; gas-
cap drive.

waterflooding—A secondary-recovery operation in
which water is injected into a petroleum reservoir to force
additional oil out of the reservoir rock and into producing
wells.

water leg—A water-saturated zone that extends below an
oil- or gas-saturated zone.

water-wet reservoir—A reservoir whose preferential wet-
ting agent is water in the presence of other immiscible
fluids.

wettability—The tendency of one fluid to spread on or
adhere to a solid surface in the presence of other immis-
cible fluids.



