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Where
E, = areal efficiency of the recovery pro-
cess or processes,
E, = vertifical efficiency of the recovery

process or processes,
E; = displacement efficiency of the recovery
process or processes, (STB displaced)

(STB in place )

Er = E, E, E, which is the overall
recovery efficiency of a process or combi-
nation of processes.
N — original number of STB of oil in place
in the reservoir or the volume under consid-
eration,
N, = total number of STB of oil removed
or which would be removed from the reser-
voir or the volume under consideration by
some process in some specified length of
of time.

Subscripts:
p = the values resulting from the primary
Tecovery process
i — the values obtained as a result of some
injection process
j = the values in existence at the initiation
of an injection process
k = the values which exist at some time k
after initiation of the injection process.

The relations used to define secondary reserves re-
quire that the ultimate recovery and primary recovery
be known. When these two factors are known the de-
termination of the reserve value is obtained by sub-
tracting the cumulative production. Hence the follow-
ing discussion will be primarily devoted to the evalua-
tion of primary and ultimate recovery.

PRIMARY RECOVERY
The primary recovery can be directly determined by
three methods and indirectly by one.l* 2 The equation
for primary recovery was previously given as

Primary Recovery — [(EA) (FV) (F,[):I
..... 2)

The individual terms within the above equation
may be determined independently or as a group. The
value of each factor will depend on the evaluation
of the following physical characteristics of the oil re-
servoir and the natural producing mechanism in op-
eration—(1) Predominant Energy (Egq, Ey, Eg) ,
(2) Structure ( Ey, Ey, d) (3) Production Rates
and withdrawal locations (EA, Ey, Eg) (4)
Fluid Properties (density, shrinkage, gas in solution,
viscosity), and (5) Rock Properties (porosity, per-
meability, homogeneity, saturations).

The predominant energy in operation in a reser-
voir is the factor which is most important in de-
termining the value of the quantities in the primary
recovery equation. The other factors listed above modi-
fy or refine the values selected for the basic energy
process.

1 References given at end of paper.

Reservoirs are classified according to the major
energy process in operation as follows:

1. Solution-gas-drive without gravity segregation,’

2. Solution-gas-drive with gravity segregation,

3. Solution-gas-gas-cap drive without gravity segre-

gation,

4. Solution-gas-gas-cap drive with gravity segrega-

tion,

5. Partial water drive reservoir without gravity

segregation.

6. Partial water drive reservoir with gravity segre-

gation,

7. Complete water drive reservoir,

8. Partial water drive with gas-cap (combination),

and

9. Partial water drive with gas-cap with gravity

segregation.

The three methods for the direct calculations of
primary recovery are (1) volumetric (2) material
balance and (3) empirical relations based on produc-
tion data.

Volumetric Calculation

The volumeiric method is based on logging, core
and fluid analysxs data and special core studies. The
value of (£ d)p is determined by calculation using rela-
tive permeability data for energy processes Nos. 1
through 4 and by laboratory displacement or calcula-
tions for energy processes Nos. 5 through 9. The value
of N (oil originally in place) is determined from
logging and core analysis data. For a solution gas
drive reservoir with no gravity segregation, a value
of one is usually assigned to E4 and E£p . The num-
erical values of £y "and £4  for the other energy
processes are determined by the same procedure dis-
cussed in the secondary recovery portion of this pa-
per. The volumetric method of calculating primary re-
covery is most frequenily made on reservpirs with
energy types 1 and 7 where the value of ( Ed can
be more readily represented by a single value tor the
complete volume.

Material Balance Calculation

The material balance method of determining ulti-
mate primary recovery requires special core analysis
information, fluid analysis, production and pressure
data. The equations used are

j=1
.......................... (7)
B,
Weh = 4% |B+ & -R, s
G(B. - B_.)

- NB, - B )+ ¥, ——58I
n
(8)

37

2202 AeN £z uo 3senb Aq ypd-sw-gGz-eds/| 86+802/SN-852-3dS/33Z9-Iv/3329/4Pd-sBuipesdcid/SIIHIJS/B10-01edauoy/:dny woy pepeojumoq



k. B u
fg Co Po
RP = RS+ ko B o 5.61
g Fg
.......................................................................... (9)
N,
s R,dN
0 10
R, = (N ) (10)

The four equations above require additional in-
terpretation to evaluate the volumetric contact of the
various displacing phases in order to obtain a com-
plete solution. The material balance procedure does
not determine independent values of (Eg )y, (E})
and ( Ed)p . The ultimate primary recovery is de-
termined by a sequential solution of the material
balance equations incorporating the contact volume
of the various displacement processes in operation.
The general expression for primary recovery must
be subdivided to account for the recovery efficiencies
of the various natural energy processes in operation.
The total primary recovery efficiency might be ex-
pressed as

+FE [EAEVEd:I g — (11)

where F is the fraction of the original oil in place in
a volume where one form of energy is dominant.

Subscripts w refers to water encroachment, g refers
to gas encroachment from a gas cap or gravity segre-
gation, and E refers to fluid expansion. More detailed
discussion of the mechanical application of the ma-
terial balance procedure may be found in several good
Petroleum Engineering books.3456

Empirical Method Using Production Data

Two methods are available for estimating primary
recovery by means of plotting field production data.
These methods are primarily applicable to solution-
gas drive reservoirs with a very minor degree of gravi-
ty segregation. One empirical procedure is to plot
cumulative gas production against cumulative oil pro-
duction on logarithm paper. The resulting plot is ex-
trapolated to some estimated ultimate gas production,
and the value of ultimate primary recovery read
from the plot. The second method is to plot the
logarithm of cumulative gas production against cumu-
lative oil production. A straight line extrapolation is
made to some predetermined “cut point” to obtain
the ultimate primary recovery. The “cut point” is
determined by an independent procedure and usu-
ally has a numerical value equal to between 70 and
110 per cent of the initial gas in place in the reser-
voir.

These two empirical methods require the least
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amount of special information but require a great
deal more production history than the volumetric or
material balance methods of determining primary re-
covery.

Decline Curves

The primary reserves of a reservoir can be de-
termined by means of decline curves under specific
conditions. The primary recovery is obtained by ad-
ding cumulative production to the primary reserve
value. Decline curves can be applied to individual
wells or reservoirs when they are operating at a maxi-
mum rate of depletion or when the volume is being
flooded out by encroaching water of gas. The normal
curves used are explained below.

1. Constant percentage decline— (a) logarithm of
rate against time and (b) production rate against
cumulative production. ,

2. Hyperbolic decline—(a) logarithm of production
rate plus an arbitrary constant against the logarithm
of cumulative production.

3. Harmonic decline—(a) the reciprocal of produc-
tion rate against time and, (b) the logarithm of pro-
duction rate against cumulative production.

4. Gas-oil ratio curve.

5. Water-oil cut curve—(a) logarithm of fraction
of oil in total fluid produced against cumulative oil
production.

Regardless of the method used to evaluate primary
recovery there exist only one value for a given reser-
voir at any given time. If the competitive and/or regu-
latory conditions change, the primary recovery value
may also be altered.

SECONDARY RESERVES

Secondary reserves are created out of the oil in
place by application of one of several recovery stimu-
lation processes available o the operators of a field.
The availability of a process is determined at any
time by the prevailing economic and technological
situation. A recovery process initiated prior to the
depletion of the natural reservoir energy is usually de-
fined as “pressure maintenance” while one initiated
after the natural reservoir energy is substantially de-
pleted is defined as “secondary recovery”.

Secondary reserves are defined as the oil in excess
of primary reserves which is yet to be economically
reduced to possession by the use of some extraneous
energy. Each method of recovery stimulation has a
value of secondary reserves. Secondary reserves are
thus multivalued, being a function of the stimulation
process and of the time of initiation of a process.
Furthermore, both “pressure maintenance” and “sec-
ondary recovery” create secondary reserves.

In equation form,

Secondary reserve—
[ Ealyy vy Eay

—(Eq)y (Ey)p (Ed)p] O (3)
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where E 4 = fractional areal coverage of a process
E y = fractional vertical coverage of a process

E; = fractional pore displacement efficiency
of a process

p = subscript indicating primary

¢ = subscript indicating the process

J = subscript indicating the time of initia-

tion of the process
Eq. 3 cited above may be simplified by introduc-
ing the following definition

Ep = Ey Ey E,

where E R

Therefore,

is the recovery efficiency.

Secondary reserve at time j =

(%%[N(%%]+D%%““MJN

An examination of Eq. 3 discloses that the term,

(E R) (N-N ) is the reserve at the time of
1n1t1at10n of a process while the term
[mR —mm]

, 1s the unrecovered primary reserve. This
second term is always negative and approaches zero
as the oil production at the time of initiation of a pro-
cess approaches the primary reserve. It is conceivable
that a recovery stimulation process inappropriately
applied may result in a Egatlve secondary reserve
even though the term, P)p s
posttive.

Factors Affecting Recovery Efficiency

The recovery efficiency Ep attained by a process
is a function of many variables. To study the influ-
ence of the variables, it is convenient to examine Eq.
3 term by term.

E 4 , Areal Sweep Efficiency

The areal sweep efficiency expresses the fraction
of area out of the whole which is contacted by a desig-
nated front (surface of constant saturation) of a dis-
placing medium. Flow of displacing and displaced
fluids is conceived to be parallel to bedding thus the
front moves perpendicular to bedding. Numerous pa-
pers concerning areal sweep efficiency have been pre-
sented in the literature. These studies have disclosed
that the areal sweep efficieny is a function of the
following variables.

1. Well array® 9 10 (arrangement of wells in relation one
to another)

Well arrangement!! (with respect to the physical boun-
daries of the system)

Formation dipl2

Operating methods!2, 13, 14

Mobility ratiol5, 16, 17, 18, 19

Volume of injected fluid® 10

Depleted zone20

Fracturing and fracture orientation2l, 22

Permeability orientation23

OGN

All of the above factors must be considered in de-

termining the areal sweep efficiency to be applied
in evaluating a process for a particular property. The
dependence of the areal sweep efficiency on the vol-
ume of injected fluid requires that the sweep effici-
ency be calculated in conjunction with the other meas-
ures of recovery efficiency as the volume injected
is a function of the economic limit.

The relative effects of the nine variables listed above
are illustrated by the following tables and figures.
1. Well Array

The efficiencies listed above for the various well
arrays apply to the area enclosed by the array at
breakithrough (first appearance of injected fluid in
the producing wells) and do not represent ultimate
efficiencies. However, the data are indicative of the
effect of the type of well array. A comparison of the
data for the two direct line drive arrays indicates that
efficiency is a function of spacing ratio, the greater
spacing ratio resulting in greater sweep efficiency.
2. Well Arrangement

In many small fields, appreciable functions of the
reservoir volume lie beyond the developed well ar-
ray. The efficiencies quoted in Table I do not apply to
the field as a whole but rather only to the interior
elements of the developed array of wells. Caudle, Erick-
son and Slobod!! presented an approximate procedure
for estimating the area sweep when substantial pro-
tions of the volume lie beyond the well limits. In the
example given in their paper, 55.5 per cent of the
total area was beyond the well limits. The well array
was a five-spot. At breakthrough Caudle, et al, re-
ported a sweep efficiency of 0.528 based on the
total area. Had only the developed area been consid-
ered the calculated efficiency would have been 0.321
(i. e., 445 x .723). Thus the area beyond the well
limits is partially swept by injection fluids from
the edge wells. In this case about 37.8 per cent of
the outlying area was swept.
3. Dip

Formation dip and orientation of the well array
with respect to dip has been shown by Prats, Strickler
and Maithews!? to have an effect on areal sweep ef-
ficiency. Furthermore, they pointed out that the op-
erational procedure effected the sweep efficiencies
even though production and injection rates were bal-
anced. If the injection wells are maintained at a
constant injection “head” and the producing wells at
a constant producing “head”, the dip has no effect
and the horizontal data apply. However, if the produc-
ing wells are maintained at a constant sand face pres-
sure, sweep efficieny is reduced and approaches zero
under very unfavorable conditions.
4. Operating Methods

Operating methods have an effect on the break-
through sweep efficiency, even in horizontal systems.

TABLE 1—AREAL SWEEP EFFICIENCIES AT
BREAKTHROUGH OF INFINITE WELL ARRAYS
(Homogeneous, Isctropic, Uniform Thickness, Horizontal

Formations;
Unit Mobility Ratio; Equal Preductien and Injection Rates)

Type Array- Breakthrough Efficiency, Fraction
Direct Line - Drive, d/a == 1.0 0.570
Direct Line - Drive, d/a = 1.5 0.706
Five-spot 0.723
Seven-spot 0.740
Staggered Line-Drive, d/2 = 1.5 0.800
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The most common example cited in the literature is
that of the inverted nine-spot in which the ratio of
producing rates of the corner wells to the producing
rates of the side wells is critical. Fig. 1 illustrates
this effect of relative producing ratios on sweep effici-
ency in nine-spot arrays. Unbalanced injection rates
in five-spot arrays have been shown by Crawford to
vary the breakthrough sweep efficiency from 45 to
72 per cent.
5. Mobility Ratio

Mobility ratio, (k/u) displacing/(k/p) displaced,
has a significant effect on the breakthrough sweep
efficiency. The data reported in the literature has been
summarized in Fig. 2. The open circles are from po-
tentiometric model data, the remainder of the data
points are from mathematical analysis or fluid flow
model siudies. If the potentiometric data are disre-
garded, a linear relationship appears to exist such
that

(E y)gT = 0.715 = 275 log M-rvvrvvvernss (12)

It is the authors opinion that the relationship is valid
in the range M=0.2 to 20.
6. Volume Injected and Mobility Ratio

Following breakthrough, the areal sweep efficiency
is increased by continued injection of the displacing
fluid. The sweep efficiency following breakthrough
may be expressed in terms of the cumulative injection
in displaceable pore volumes. Typical curves are
shown in Fig. 3. For unit mobility ratio, the areal
sweep efficiency following breakthrough may be ex-
pressed for five-spot patterns as

E =1.0-21285¢ —2.8238 Dy

where D |y is cumulative injection in dispace-
able pore volumes.

and for direct line drive, d/a=1.75
E 4 =1.0-2.30800 ¢ —2-95219 Dy,.... (14)

The fraction of the displaced fluid in the produc-
tion decreases as the area sweep -increases following
breakthrough. This fraction is the derivative of the
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sweep efficiency with respect to the cumulative in-
jection in pore volumes.
Differentiation of the five-spot equation results in

f,=6.0105¢ 28238 Dy ... (15)
and for the direct line drive, d/a=1.75

f;=6.81365 ¢ —2:95219Dpy (16)

100

\\ (Ep) pr=0.715-275 LOG M
10 B—n <
N
AN
]
’-
g
e & o} O
r AN
J N
o
o T
=
z \
10 m\*
X
AN
AN
N
N

N
=

[X] 0 \

30 40 50 60 ° 70 80 30 100

(E z)gr» AREAL SWEEP EFFICIENCY, FRACTION

Fig. 2—Effect of mobility ratio on the areal sweep
efficiency at breakthrough for the five-spot pattern.

1.0 I |
WITH DEPLETED /
ZONE

0.8
3 {F NO DEPLETE ZONE
=
Q
<
[+ 4
06
>
(&)
2z
w
(&)
@ 04
b
5 OlL BANK FRACTION =0.48
o
& o2 OlL BANK TO DEPLETED ZONE
T o.

M=0.0l
WATER SWEPT REGION TO OIL BANK
M=
0 |
) 0.4 0.8 12 16 20

CUMULATIVE INJECTION, DISPLACEABLE PORE VOLUMES

Fig. 3—Effect of depleted zone on areal sweep of
water front.?¢

2202 AeN £z uo 3senb Aq ypd-sw-gGz-eds/| 86+802/SN-852-3dS/33Z9-Iv/3329/4Pd-sBuipesdcid/SIIHIJS/B10-01edauoy/:dny woy pepeojumoq



Craig, Geffen and Morse!® presenied a relationship
for the areal sweep after breakthrough which may be
used together with Fig. 2 to estimate the sweep effici-
encies for systems having other than unit mobility
ratio. Wooddy and Moore expressed the relationship

as D
V
E,-(E +0.643 log e oo (17)
4= (Eq)pT & Dyiar

In the above equations prior to breakthrough E 4 =
Dyand (Eg)gr = (Dy)BT
7. Depleted Zone

Dyes, et al, have shown that the presence of a de-
pleted zone modifies the areal sweep efficiency at-
tained. Thus a system which is partially depleted must
be viewed as having three regions of differing mobili-
ties, the uninvaded depleted zone in which substantial
gas is flowing, an oil bank, and the displacing fluid.
The favorable mobility of the gas displacement by oil
results in improved sweep efficiency over that ob-
tained if only oil and the displacing fluid were pres-
ent. This effect is shown in Fig. 3.
8. Fractures

Several studies of the effect of fractures on areal
sweep efficiencies have been reported. Dyes, Caudle
and Kemp?? reported on studies of fractured five-
spots. They found the effect of vertical fractures to
be a function of fracture length and orientation. Fig.
4 is taken from their paper and presents data for
systems having unfavorable fracture orientation (di-
rected from the injection well toward a producer).
Dyes, et al, concluded that fractures up to about one-
half the distance between wells had little practical
effect on the areal sweep efficiency as values of the
order of 90 to 98 per cent sweep could be achieved by
operating to 90 per cent cut of injected fluid. In many
installations the additional volume requirement of in-
jected fluid to achieve 90 per cent cut is offset by the
improved injectivity from fracturing and results in a
shorter project life.
9. Permeability Orientation

The effect of directional permeability and orienta-
tion of the pattern on sweep efficiency is illustrated in
Fig. 5. The data apply only to the orientations shown.
The orientations illustrated are favorable for the direct
line drive and unfavorable for the five-spot. A 45°
rotation of the patterns could result in approximately
100 per cent sweep for the five-spot and approximately
zero sweep for the direct line drive. The general con-
clusion to be drawn from these results is that the pro-
ducing wells should be arrayed parallel to the frac-
ture orientation or maximum permeability axis and
the fluid should be forced to migrate through the
volume with the lower value of fluid transmissibility.

Source of E 4.

Values of areal sweep efficiency may be derived
from mathematical analysis or model studies. The
mathematical analysis include analytic solutions for
systems of regular geometry and unit mobility ratio
as well as numerical soluiions carried out on high
speed digital computers for systems of complex geome-
try and mobility ratios other than unity. Model tech-

SWEEP EFFICIENCY

niques include a variety of electrical analogies and
scaled fluid-flow models. The principal electrical model
used is the potentiometric model which is particularly
effective in the study of systems of irregular geometry
containing fluids of unit mobility ratio. Appropriate
modifications in model operating techniques may be
introduced for the study of systems having mobility
ratios other than unity. The modifications required
greatly reduce the ease of analysis and the potentio-
metric model rapidly loses its effectiveness. Fluid flow
models, either transparent or utilizing x-ray shadow-
graph techniques, are widely used to study systems
having mobility ratios different from unity. Problems
in model construction have restricted the use of fluid-
flow models largely to systems of regular geometry.

The various restrictions involved in modeling tech-
niques together with the increased availability of
high speed digital computers suggesi that areal sweep
efficiences will in the future be largely determined by
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numerical analysis.
Ey, Vertical Sweep Efficiency

The vertical sweep efficiency is the ratio of the
pore volume invaded by a displacing fluid to the pore
volume enclosed by the vertical projection of the most
advanced displacing fluid front in the system.

Vertical sweep efficiency must be considered as
encompassing two concepts. The first of these is that
the advance of a fluid front in a bed of uniform physi-
cal properties may become irregular as a result of the
relative magnitude of viscous, capillary and gravi-
tational forces. The “Dietz”?® theory is an example
of this first concept. The second concept is that of
unequal penetration of the displacing fluid in discrete
layers of a system having significant physical property
variations. An example of this is so called permeabili-
ty stratification.

In the following discussion, (E ), will be used
to represent the vertical sweep efficiency in a bed
‘of uniform physical properties and (E ) will be
used to denote the vertical sweep efficiency applicable
to a formation as a whole as a result of variable
physical properties with that formation.

(Ep)p:

The value of (E ) ; is determined by the follow-
ing factors—formation dip, fluid densities, mobility
ratio, well penetration, volume of fluid injected and
rate of fluid injection. The inter-relationships be-
tween these variables is complex but their effects are
indicated in the following discussions.

For high values of (E ) the following condi-
tions are desirable.

1. Low Mobility Ratio.

2. Injection Continued to High Displacing Fluid
Cuts.

3. In Horizontal Formations—(a) litile or no den-
sity contrast, (b) full well penetration and (c) high
injection rates.

4. In dipping Formations with Flow Updip and
the Displacing Fluid More Dense—(a) high density
contrast, (b) partial well penetration (complete high)
and (c) low injection rates.

5. In dipping Formations with Flow Downdip and
the Displacing Fluid More Dense—(a) little density
contrast, (b) substantially full well penetration and (c)
high injection rates.

6. Dipping Formations with Flow Downdip and
the Displacing Fluid Less Dense—(a) high density
contrast, (b) partial well penetration (complete low)
and (c¢) low injection rates.

(Ey)p may be calculated by the Dietz theory
where applicable. Analyses similar to those used by
Elkins® in his study of the Fosterton field may also
be used. In many instances the assumption that
(E ), =1.0 may be made without serious effect
on overall estimates.

(E V) S+ .

The value of (E )  in a formation of uniform
properties is equal to (E /) . In a formation having
variations in physical properties (E /) may not be
defined independently of the displacement efficiency
E j except in the case in which the permeability varies
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but the product, A LPL S,1 (Ed)L , has a constant
value.

The factors affecting (E V) s are

(1) formation stratification (subdivision of the

formation by distinct correlative impervious
layers,

(2) permeability stratification,

(3) porosity stratification,

(4) fluid stratification,

(5) mobility ratio, and

(6) volume of fluid injected.

Of the above listed factors, the first four give rise
to non-uniform advance of injected fluids while the
mobility ratio and volume of fluid injected modify
the effect of other existing conditions.

The basic approach to the evaluation of systems
having variations in physical properties is to sub-
divide the system into layers and to evaluate the per-
formance of the layers. The generalized recovery and
reserve equations previously cited represent the per-
formance of a homogeneous bed. Therefore, these
equations are applicable to the layers chosen to repre-
sent a non-uniform system. As an example of the neces-
sary modification, the secondary recovery (Eq. 3)
for a system of layers may be expressed as

Secondary Recovery—

[Lzl (EA)L(EV)L(Ed)L] . [N—(Np)p].]

~ _ N SOSS— 18
[(ER)pN (Np)p]] (18}

where L is the index on the layers.

Formation Stratification
Uniform advance of the injected fluid in multilayer
formations may be achieved only if

by b1 (AS, +AS )y hy by (AS, +AS, )y
il h i2
_ kg By (85, + AS g
12
3

Thus natural subdivision of the formation into dis-
tinet units by impervious layers leads to non-uniform
advance of the displacing fluid only if physical varia-
tions exist between the units. These physical varia-
tions may be either natural or man-made. The natural
physical variations may include that of permeability,
porosity and fluid saturations. The man-made varia-
tions may include selection of intervals open to the
wellbore, inducing fractures in some units without
treating others, and similar problems arising from well
completion practices.

Three dimensional diagrams are particularly useful
in studying complex formations and defining the ex-
tent and continuity of formational units. Man-made
variations generally may be remedied provided ade-
quate studies of geologic conditions and completion
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practices are made prior to initiation of the project.
Thus such variations may be omitted from considera-
tion in reserve estimates provided workover costs do
not adversely effect the economics of the project.

Natural variations in physical properties between
units in general must be taken into account in re-
serve estimates, although selective perforating, frac-
turing or acidizing may be beneficial in many in-
stances and should be included in the analysis.

Within each correlative unit variations in proper-
ties may occur in such a manner as to require consid-
eration of those variations on the performance of the
unit. The influence of these variations are taken into
consideration by the procedures indicated in the dis-
cussions which follow.

Permeability Stratification
The general requirement for the uniform advance
of injected fluids was stated in Eq. 19. If the forma-

LAYER
NO. )

Fig. 6—Exploded view of five-layer system.?8

tion under consideration is comprised of layers of diff-
erent permeabilities and contains fluids having unit
mobility ratio, the injection rates i, are proportional
to the Lk product. Thus the requirement for the uni-
form advance of displacing fluids in such systems is

$1 (AS, + AS, )| _ g (AS,+ AS, )y
ky kg
g (AS, + AS,)g

In general this requirement is not satisfied as the
variation of the permeability is greater than the varia-
tions of porosity and fluid saturations. Therefore, un-
equal penetration of the layers by the injected fluid
occurs such as shown schematically in Fig. 6.

A variety of procedures for calculating the effects
of permeability stratification in displacement pro-
cesses. These include the Hurst and van Everdingen,®
Miller and Lents,> Dykstra and Parsons,?® Stiles,2¢
Prats®® and Doepel and Sibley?® procedures. The pro-
cedures include applications to gas cycling, water
flooding, and miscible displacement. An adaptation of
Hurst’s method for predicting five-spot waterflood per-
formance is particularly convenient in many applica-
tions. In Fig. 7 are presented data calculated using
this procedure. The porosity, fluid saturation and dis-
placement efficiency, (E ;), was assumed to be uni-
from in this system which was comprised of 10 layers
of equal thickness with permeabilities ranging from 60
to 701 md. The data are reported in displaceable pore
volumes. Curve I is for 10 years, five-spot pattern with
unit mobility ratio. Curve II is for 10 layers, linear
system (100 per cent areal sweep efficiency) with unit
mobility ratie. Curve III results from treating the
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Fig. 7—Effect of permeability stratification on volume contacted by displacing fluid.
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system as uniform (i. e., £y =1.0) and five-spot pat-
tern with unit mobility ratio. The influence of both
permeability stratification and areal sweep efficency
are apparent.

While significant differences exist between the vari-
ous methods of calculation presented in the literature
of much greater significance in the authors’ opinion
are the different methods of determining the permeabi-
lity profile to be used in the calculations. The authors
recommend the method described by Miller and Lents
for establishing a permeability profile. Methods based
on continuous ranking of permeability values from
highest to lowest are unduly pessimistic and in the
authors’ opinion should be used with caution if at
all. Continuous rankings may be used with the basic
Stiles?® procedure which assumes piston displacement,
a linear system, and unit mobility in that such a
permeability profile compensates for the effect of
other variables neglected in the basic wmalysis. How-
ever, over-compensation may occur.

Fluid Stratification

The stratification of fluids within a reservoir are
determined by the relative magnitudes of the viscous,
capillary and gravitational forces exerted on the fluids.
If the fluids are not in motion then the capillary and

gravitational forces are in equilibrium and the fluid

distribution is determined by the density contrasts and
capillary pressure characteristics of the formation. For
that portion of the reservoir above the water-oil tran-
sition zone, the water saturation is substantially a func-
tion only of the permeability. Thus low permeability
rocks in general have higher water saturations and
higher total liquid (S,,+ S,) saturation than do
higher permeability rocks. Therefore, the displaceable
saturation { AS_+ AS_) is in general lower in low
permeability rocks thart in high permeability rocks.
This trend is in general favorable and tends to coun-
teract the unfavorable effect of non-uniform perme-
ability. However, segregation of gas and oil resulting
in development of layers of high gas saturation along
the top of the formation adversely affects displace-
ment processes. The layers of high gas saturation pro-
vide highly conductive paths for water flow. Evidence
from field testing indicates that earliest entry of water
into the producing wells of water flood occurs, in
many instances, in the upper portion of the well. This
is attributed- to fluid segregation. The effect of such
premature development of water-production is to re-
duce recovery.

Fluid distribution should be included in the ana-
lysis as it modifies the effects of permeability stratifi-
cation.

Porosity Stratification

In most formations, porosity exhibits a general re-
lationship to permeability. Lower values of porosity
generally are associated with low permeabilities and
higher values with high permeabilities. As indicated
in Eq. 20 the porosity of a layer enters into the de-
termination of the tendency of the injected fluid to
penetrate unequally the various layers. It may be noted
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TABLE 2—AVERAGE VALUES IN FOUR-LAYER SYSTEM

Layer Thickness Permeability Porosity Displaceable Oil
( (Md)

Fi) (Fraction) Sat. (Fraction)
1 17 48.5 .168 .33
2 28 179.4 197 44
3 29 607.9 .225 .54
4 5 1903.2 .251 .64

that even if the permeability and fluid saturations were
uniform, a variation in porosity would result in un-
equal penetration of the layers by the injected fluids.

Although variation of only the porosity may be
rare, in some formations groupings by porosity in-
tervals may be an important consideration in defining
layers for stratification calculations. Furthermore, in
view of the modifying influence frequently observed,
the porosity and fluid saturation should be taken into
account in calculations based on permeability stratifi-
cation.

For example in a system of four layers, the average
values were obtained as shown in Table 2.

The ratio of water entry per foot of sand in the
highest permeability layer to that in the lowest is 39.
However, the penetration ratio is

168 (.33)

This represents a significant effect on the calculated
breakthrough relations. Obviously use of the same
value of average porosity and displaceable oil satura-
tion for all layers would result in a pessimistic esti-
mate.

Mobility Ratio and Volume of Injected Fluid

As previously mentioned, the mobility ratio directly
affects the value of (E,); . However, in a system of
layers the mobility ratio modifies the effect of other
existing conditions. In systems having permeability
stratification, a mobility ratio greater than one tends
to increase the effect of the permeability variation and
to decrease the vertical sweep efficiency. In the same
type systems, a mobility ratio less than one tends to
decrease the effect of the permeability variation and
to increase the vertical sweep efficiency. Also in sys-
tems having formation or fluid stratification, mobility
ratios may differ between the layers and contribute to
the unequal penetration of injected fluids. Mobility
ratio has no effect on systems having only porosity
variations.

Dykstra and Parsons®® presented a procedure for
evaluating the effect of permeability stratification con-
sidering the influence of mobility ratio.

Equations similar to those presented by Dyksira and
Parsons® may be derived which account for varia-
tions of porosity, fluid saturation, relative perme:
ability characteristics, and permeability between the
layers. Consider a linear system comprised of layers,
each having different permeability, porosity, thickness,
displaceable oil saturation and relative permeability
characteristics but each having an immobile initial gas
saturation and the same constant pressure drop be-
tween the inflow and outflow faces. The following defi-
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nitions may be introduced:

(Dy;) Vi
PLT e 6L (85, o

where (Dy; ) is the cumulative injection into a

layer expressed in displaceable pore volumes, (V;);,
is the volume injected, (V' g ) [, is the rock bulk volume
~ of the layer, ¢ ], is the porosity fraction of the layer,
(A S, ) is the displaceable oil saturation.

M|, —=mobility ratio in a layer

Ad[ =mobility of the displacidg fluid in a layer

Ag —mobility of the oil in the layer.
Further consider that first breakthrough of injected
fluid will occur in layer (in general the most perme-
able layer) then the following equations are applica-
ble.

At first breakthrough of Layer 1, (Dy; )1 = 1, and

Dyir1
y 1 (1—(ML>1—1)
T RL>1 ML>1
1
(My + 1) (Ap)151 ($AS) )2 :
Y AS ML>1 -1
41 (0S5
............... (22)

which yields the value of displaceable volumes injected
into any layer which has not yet experienced break-
through when layer L is just flooded out.

If layer L and other layers have experienced break-
through, the following equations apply

For layers in which breakthrough has occurred

(AJL, 1 (6 AS)
Pyili>1 = )1 (@85 1

1
[(DVi)l t g (M - 1)]

1
-3 Mpsy =1
........................ (23)
For layers in which breakthrough has not oc-
curred:
Dyii>1
M -1
L>1
= ML>1 1- 1—2(————)

Mpsq
1
[(DVi)l vy (h - U]

i}

(g 1 (385} )

M -1
NN L>1

...... (24)

The above equations are for a linear system and
assume piston-like displacement of the oil by the
displacing fluid. Adaption to a system in which areal
sweep efficiency is to be considered, may be accom-
plished most readily by assuming that Eq. 24 applies
to first breakthrough of the pattern front in a layer
and that Eq. 23 holds thereafter.

The continued injection of displacing fluid follow-
ing first breakthrough of injected fluid increases the
vertical sweep efficiency in all cases.

Egz, Unit Displacement Efficiency

The unit displacement efficiency is usually ex-
pressed for a given process as the ratio of the STB of
oil produced/STB-in-place in the reservoir at the
time of initiation of the process. It is possible to have
many values of Ej for a given reservoir. In fact
there are many values of E; for a single process in
any given reservoir. The unit displacement efficiency
is used to express the quantity of oil displaced from
a volume of rock with which the displacing fluid
has been in contact.

The definition of E; immediately implies that it
is a function of the oil in place at the time the
process is initiated. The numerical value of £y is also
dependent on many other physical factors. Some of
the more important factors are 1) pore size and pore
size distribution, 2) wettability of the rock surface
for the fluids involved, 3) viscosity of the fluids,
4) miscibility of the fluids, and 5) initial fluid satura-
tions.

Investigators have reported on the effect of each
of the factors mentioned above singly or as a group.
To mention the results of these investigations would
require more space than is warranted, hence the effect
of the various factors on the unit displacement effici-
ency will only be summarized.

Pore Size Distribution

These two factors probably have more effect on the
value of the unit displacement efficiency than any
other factor. If it were not for the variations in pore
size some of the other factors would not effect the dis-
placement efficiency.

The size of the pores within the rock is the major
factor determining the permeability of the rock. Also
the size of the pores determines the surface area per
unit storage volume and, hence, has a great effect on
the magnitude of the adhesive force and the capillary
pressure.

The pore size distribution is a measure of the homo-
geneity of the rock. The pore size distribution con-
trols the magnitude of the permeability and capillary
pressure measured in the laboratory for a given rock
sample as well as the fluid distribution in a multi-
fluid system. The values measured in the laboratory
represent averages for the pore size distribution in
that particular sample.

Unfortunately the pore size and pore size distribu-
tion cannot be measured direcily. Approximations
have been obtained by means of capillary pressure dis-
placement or injection tests and by thin section studies.
These approximations have been used to calculate rela-

tive permeability curves to be used in determining a
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value for the unit displacement efficiency. As no pro-
cedure has been devised for directly measuring the
pore size and pore size distribution there are no cor-
. relations showing its effect on the displacement ef-
ficiency. But generally it may be said that the more
uniform the pore size the greater will be the displace-
ment efficiency and the lesser the effect of the other
factors.

Wettability of the Rock Surface

The wettability of the rock surface determines which
fluid coats the surface and which fluid eccupies the
smaller interstices. Once again this is a factor which
is extremely difficult to measure. The wettability of a
rock may be altered by injected fluids and oxidation.
Hence only general statements can be made with re-
spect to wettability. If a system is water-wet it is
probable that water as a displacing fluid will yield
satisfactory displacement efficiencies.

If a system is oil-wet, correctly applied gas and
miscible fluid injection will usually yield favorable
displacement efficiency values. It must be realized that
these are only general statements such that an adverse
combination with some of the other factors could re-
sult in a very poor displacement efficiency.

Viscosity of the Fluids

The effect of fluid viscosities on the displacement
efficiency is largely dependent on the pore size dis-
tribution and the wettability of the rock surface. For
a given pore size distribution and a water wet rock
surface it has been shown many times that the effect
of fluid viscosities on the displacement efficiency is
in part controlled by the volume through put of
the displacing phase. If the volume through put is
considered to be infinite, then the fluid viscosities
showed little or no effect. For a fixed pore distribu-
tion Croes and Schwarz®! presented data showing the
effect of viscosity ratio on the displacement of oil by
water. Their data have been replotted and are shown
in Fig. 8. The displacement efficiency used for prac-
tical application can be approximated by using the
residual oil saturation from cores cut using water
base muds and calculating a value of (E g ) maximum.
Then for the viscosity ratio of the process values of
the displacement efficiency (Eg) as a function of
pore volumes injected (D J) can be estimated by use
of Fig. 8 and the following relations:

(g)
) (Ed)BT - (Ed)max
Dy
wheremT =1
@ E,
Ed - (Ed)max
Dy

at

Dy =TE Jgr BT
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Miscibility of Fluids
When fluids are immiscible the displacement effici-
ency is controlled by the pore size and pore size dis-
tribtion, wettability, viscosity of the fluids and initial
fluid saturations. When the displacing and displaced
tluids are miscible any effect of wettability on the
displacement efficiency is greatly reduced as both
fluids should exhibit the same wettability. Because the
effect of wettability is reduced the overall effect of
pore size disiribution is generally also reduced. The
capillary force between the displaced and displacing
fluid nearly vanishes and hence the viscous force be-
comes the major controlling factor in the flow of
the fluids. The viscous force controls the rates of flow
in the various size pores and the degree of mixing of
the displaced and displacing fluids. It is generally
conceded that the fluid saturation at breakthrough
is a function of the viscosity ratio of the displaced
to displacing fluids. The displacement efficiency at
breakthrough (E ;) BT is essentially the same for
both miscible and immiscible fluid displacement. The
period after breakthrough for miscible displacement is
generally quite different from that of an immiscible
system. A transition zone (mixing zone or zone of two
phase flow) exists between the oil and the displacing
fluid. The length of the transition zone will be  de-

pendent on the fluid viscosity ratio and the pore size.

distribution of the reservoir rock (fluid-flow rate is
omitted here because the magnitude of flow rates oc-
curring in the reservoir is so small that the effect of
rate is of little consequence). In rocks of uniform
pore size distribution (most laboratory sand packs)
the displacement efficiency is 1 by the time 1% pv
of fluid have been injected. For every favorable vis-
cosity ratios the displacement efficiency will obtain

2202 ke £z uo 1senb Aq ypd-sw-gGz-eds/| 861802/SN-852-IdS/3T29-IIvV/33Z9/Pd-sBuipeedoid/s3IHIJS/B10 0nedauo//:dny woy pepeojumoq



a value of one for just in excess of 1 pv injected. For
a rock with a wide range of pore size distribution the
displacement efficiency will approach a value of .9 for
1% to 3 pv injected depending on the viscosity ratio.

Initial Fluid Distribution

The initial fluid distribution may or may not have
a direct effect on the displacement efficiency of a
given process but does have a major effect on the

~ displacement efficiency at some given volume of in-
jected fluid.

A high initial gas saturation would decrease the
economic displacement efficiency of any process which
involved a low viscosity displacing fluid (gas, miscible,
etc.). It could, and when created by depletion usually
does, reduce the displacement efficiency, E j of any
fluid injection process. The creation of an initial free
gas phase in a reservoir by natural depletion causes
the oil viscosity to increase, alters the relative perme-
ability ratio function of the oil and any displacing
fluid and causes the oil to have a lower formation
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Fig. 9—Effect of initial free gas saturation on water
displacement efficiency. Core No. 6.

volume factor. From data reported in the literature
it would appear that for water displacement small
changes in gas saturation alters the water-oil relative
permeability ratio relations to the advantage of the
displacement process.

An example of the effect an initial gas saturation
created by fluid expansion has on the value of the
displacement efficiency of a single rock sample is
shown in Fig. 9.

SUMMARY

General Solution Procedure

From the foregoing discussion ,it is seen that the
reduction of the process of determining secondary re-
serves to a single simple equation is impossible. In
fact, before any secondary reserve values can be as-
signed to a reservoir, it is necessary that the engi-
neer analyze the reservoir in a broad general sense
to determine what types of injection processes may
be applicable to the reservoir. The limiting initial
reservoir conditions for some of the various better
known injection processes are shown in Table 3.

The engineer can use four factors to reduce the
number of available injection processes to study. The
first four factors and their appropriate sequencé of
investigation are (1) crude gravity, (2) reservoir
depth, (3) present reservoir pressure and (4) avail-
ability of the required injection fluids. For example,
a reservoir with 30° API oil at a depth of 6000 ft
with a pressure of 1000 psi would reduce the possibili-
ties to water, gas or slug process. An investigation of
available supplies might reduce the possibilities to
only water or to either gas or slug process.

Once the types of processes which can be used
have been determined it is necessary to investigate
the effect of viscosity and initial fluid saturations on
the displacement efficiencies and the effect of perme-
ability on the economics of operation. A general pro-
cedure for the evaluation might be (1) determine
the primary performance of the reservoir, (2) de-
termine the types of injection patterns that are feasi-
ble utilizing existing wells and requiring minimum
remedial operations and new drilling, (3) determine

TABLE 3—LIMITING INITIAL RESERVOIR CONDITIONS FOR VARIOUS INJECTION PROCESS

Source Initial Oil Crude
Type of Reservoir Fluid Viscosity Reservoir (Ft) Gravity cAPI
Process Material Perm, Satur. upper limit Pressure Depth lower limit
IMMISCIBLE
Water underground no absolute Sw<.50 60 no no no limit
or surface minimum S5>.25 minimum limit
Gas produced or no minimum S, <.15 5-10 no no 30
{Dispersed) pipeline S§ >.25 minimum limit
Gas produced or no minimum So>.25 5-10 no no 25
(Crestal) pipeline minimum limit
MISCIBLE
Lean Gas produced or Sg= o 5-10 3000 6000’ 40
pipeline crude undersaturated
Rich Gas produced and £-10 1500 3000” 35
gasoline plant Sg <.05
Slug gasoline S,.>.25 5-60* 1000 2000’ 30
plant o
Fire Flood air high S o>-40 no firm low 1500’ 10-15

*Depends on type of fluid used to follow slug.

limit
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the values of displacement efficiencies for the various
processes as a function of time of initiation of in-
jection, (4) calculate the areal efficiency (E ) for
the various processes as a function of time of initia-
tion and for the various possible well pattern arrange-
ments, (5) calculate the vertical efficiency (Ey/) of
the various processes as a function of time of initia-
tion and possible well patiern arrangements, (6) cal-
culate the secondary recovery and ultimate recovery
for the various pressures and stipulate the precent-
age of error or degree of certainty for each process,
and (8) select the best process. The selection of the
best process should be based on an economic com-
parison for the calculated performance as well as for
the upper and lower degrees of certainty.

An example of the possible performance of a solu-
tion gas drive reservoir with secondary recovery by
water injection is shown in Table 4. Secondary re-
coveries are shown for volumetric efficiencies (£ A E V)
of 1.0, 0.9 and 0.8. For these volmetric efficiencies
to be obtained throughout the entire pressure range
it is necessary that the increase in E 4 because of
“fillup” be offset by the decrease in E 4 because of
increasing viscosity ratio.

SOURCES OF INFORMATION

The primary source of information is the reservoir.
The data obtained from production records, well logs,
completion records, well tests and pressure surveys
will essentially determine the primary reservoirs, stra-
tification, average effective oil permeabilities, field
boundaries, structure, structural fluid distribution and
volume of oil in the reservoir.

The second source of information is laboratory
analysis of reservoir core and fluid samples. The
porosity, porosity variation, permeability, permeabili-
ty variation, water saturation and its variation, ca-
pillary pressure, relative permeability of oil, gas and
water are usually obtained from standard laboratory
analysis. Special laboratory investigations can be used
to determine effect of gas saturation and viscosity
ratio on the displacement efficiency (an example of
one such study is shown in Fig. 9. Other studies can

determine composition of injected fluid required for
miscible displacement and the displacement efficiency
of such a fluid. Areal efficiency can be studied in the
laboratory for the various fluid injection processes
and available well paiterns. Of course, all of the labora-
tory studies mentioned above are warranted only when
the economic interest of the investigator are of suffici-
ent magnitude such that the cost of the laboratory ana-
lysis represents about 5 per cent of the potential net
gain to result from such studies.

To determine whether or not the detailed investi-
gation of secondary reserves and its accompanying
time and cost are warranted, it is necessary to make
some initial calculations without the use of all the
detailed laboratory data. In this preliminary study,
it is necessary that the engineer use curves and tabu-
lar information from whatever source is available;
therefore, in the list of references, those papers hav-
ing generalized work charts are designated “general-
ized” and those presenting detailed calculational pro-
cedures are marked “detailed”.
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TABLE 4—VARIATION OF ULTIMATE RECOVERY AND SECONDARY RECOVERY WITH TIME OF INITIATION AND PATTERN
COVERAGE FOR 400 API CRUDE

P;essure (EyEghy =1
LAt (Eg); (Eg)ij (Ep)y Sec.
ec.
3000 0 72.0 72.0
2500 7.60 67.3 69.8
2000 17.2 62.0 68.5 39.3
1500 23.3 56.6 66.7
10G0 26.8 50.5 63.8
500 29.2 43.2 59.8

@ Expressed as per cent of stock tank oil in place at 3000 psi

(ERly

(EyE )y = -9 (EyEg)y, = -8
* *k TF T o %%

(Ep) Sec. (Ep) Sec.

RU Rec. RU Rec.
64.8 35.6 57.6 28.4
63.6 34.4 57.4 28.2
63,4 34.2 58.2 29.0
62.3 32.1 58.0 28.8
60.1 29.9 56.4 27.2
56.7 26.5 53.7 24.5

(E4E Ey)pi N+ (N —Ny) [EdEVEA] ij

N

(ERly = (Eglpj + [ = (Edlp; ] (EaEVE )i
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