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ABSTRACT

A series of scaled flow model experiments has been
undertaken to investigate the validity of conventional
scaling theories. Three geometrically similar models are
used and the arrangement of the wells in the scaled models
depicts staggered line pattern. Injection rates are deter-
mined from the criterion thatvthe dimensionless group
6¢L/vtp)be equal in the models. The construction and oper-
ation of the flow models are described. Dyed fluid is
used exclusively as the displacing phase so that the front
movement and sweep patterns could be observed.

Results of the investigation indicate that the per-
formances of the three models tested are nearly identical,
with respect to oil recovery, water-oil ratio and sweep
efficiency as functions of pore volume throughput. It is
also found that for rectangular homogeneous models the
dimensionless group (L/h) and small variations in initial
fluid saturation can be neglected in the design of scaled
models. This indicates possible relaxation of scaling
restrictions in the application of scaled models.

Based on the results of this investigation, it is‘
found that ultimate oil recovery is independent of density

difference.
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Chapter I

INTRODUCTION

Laboratory displacement experiments have been exten-
sively used in the study of two-phase flow in porous media
influenced by capillary, viscous and gravitational forces.
Results of such experiments, if carried'out.in properly
scaled models, are considered reasonable simulation of
fluid flow in petroieum reservoirs.

The design of dimensionally-scaled models demands a
complete understanding of the reservoir flow process and
geometry, and an ability to select variables pertinent to
the process which must be scaled. Two conventional methods,
dimensional analysis and inspectional analysis, are usually
employed to determine dimensionless scaling groups.

The validity of the scaling laws have been experimen-
tally demonstrated for the five-spot and direct line drive
patterns, using relatively small models. The internal
dimensions of the largest model reported in the literature
were 32x16x2 in. (1). The well arrangement allowed the sur-
face area of the model to be varied while the thickness was
constant.

The objective of this thesis is to investigate experi-

mentally the validity of the scaling laws for staggered
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line drive pattern using large scaled three-dimensional flow
models. For this purpose, three geometrically similar
physical models are fabricated and used in the experiments.
Immiscible displacement runs are conducted using injection
rates ranging from 21.5 cc/min in the smallest model to 360
cc/min in the largest. Dyed salt water is used as the dis-
placing fluid in all runs. Displaced phases used include
n-hexane, kerosene, soltrol and a‘50-501percent mixture of
glycerine and water. All experimental measurements are

made at room temperature.
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Chapter II

LITERATURE REVIEW

In the literature the theories of dimensional analysis,
inspectional analysis and their combination have been
applied in the design of dimensionally-scaled models. For
convenience, the literature review is discussed under these
theories. The author has taken the liberty of changing the
various notations in the original studies to the forﬁ used

in this thesis.

DIMENSIONAL ANALYSIS

The application of dimensional analysis in the design
of scaled model experiments to study petroleum reservoir
problems is first proposed by Leverett, Lewis and True (2).
The relationship between length and time is fixed in the
analysis since acceleration due to gravity is necessarily
the same in the model and prototype. Furthermore, because
the density difference for practical modeling fluids is
about the same as the density difference for fluids occur-
ring in petroleum reservoirs the mass ratio is fixed for
all practical purposes. The important conclusion is that
the ratios between all corresponding parameters in the

model and prototype are completely determined by the choice
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of either a time or length scale ratio.

Leverett et al have studied waterflooding in linear

and radial systems. The scaling criteria proposed are:

L

2)

3)

4)

5)

6)

The initial and boundary conditions must be the

same for geometrically similar model and prototype.

The relative permeability to the wetting phase must

be the same function of saturation in both model

and prototype.

The relative permeability to the nonwetting phase

must be the same function of saturation in both

model and prototype.

The capillary pressure function, dimensionless,
3(S) = & /KT§ C (D)

must be the same in model and prototype.

The porosity, ¢ must be the same in model and pro-

totype.

The viscosity ratio, “o/“w must be the same in

model and prototype.

Engelberts and Klinkenberg (3) have studied viscous

fingering using linear scaled models. Six independent

dimensionless groups,

i
UO/UW’ L/h, a, L/K}é, %{%&K and éﬁgl‘_lgi.

o cos 6
W c

have evolved from the dimensional analysis of the problem.

The results of their experiments show that ultimate recovery
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is invariably between 80 and 907%, independent of the varia-
tions in the dimensionless groups. The breakthrough re-
coveries on the other hand are degendent on most of the
dimensionless groups except %E%%%fg. In addition, their
results show that the viscosity ratio, uo/uw is a very im-
portant variable when waterflooding at high injection rates.

The scaled model displacement experiments carried out
by Croes and Schwarz (4) have utilized the dimensionless
groups proposed by Engelberts and Klinkenberg. Their in-
vestigation has extended the range of the viscosity ratio
and their results have confirmed those obtained by the
previous authors.

Greenkorn (5) reviewed the theory of models and demon-
strated the derivation of scaling laws for the flow of two
miscible fluids flowing in a porous medium. He has also

derived a complete set of dimensionless groups of all the

important variables for flow in porous media.

INSPECTIONAL ANALYSIS

The scaling criteria obtained from dimensional analysis
of o0il displacement from porous media are impossible to
achieve in practice. Rapoport and Leas (6), recognizing the
limitations of dimensional analysis, have used the inspec-

tional analysis approach. They have evaluated the capillary
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pressure effects in horizontal linear systems and derived
differential equations permitting explicit evaluation of
the effects. On the basis of theory and experiments, the
product, Lvu , 1s proposed as a "scaling coefficient."
Furthermore, by including the oil-water interfacial tension,
o and the contact angle, 6, Rapoport and Leas have proposed

LA

a ""generalized scaling coefficient," o cos,e/Lvuw.

A more detailed development of scaling laws for use
in design and operation of water-oil flow models has been
reported by Rapoport (7). He has derived a differential
equation which‘accounts explicitly for the viscous, gravi-
tational and capillary forces in the simultaneous flow of
two immiscible and incompressible fluids through a three-
dimensional, homogeneous porous medium. Rapoport has pro-
posed the following requirements for proper modelling of
water-oil flow processes:

1) The prototype geometry (boundaries, well distribu-
tion, well penetration) must be reproduced in the
model.

2) The initial fluid distribution, the succession and
distribution of operations (water injections and
0il withdrawals) must be the same for model and
prototype.

3) The relative permeability functions and the
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viscosity ratio, uo/uw must be the same for model
and prototype.

4) The capillary pressure as a function of saturation
must be proportional or linearly related in the
model and prototype.

5) 1If there is direct proportionality between model
and prototype capillary pressure functions, the
pore size distributions are similar and the con-
tact angle are the same for model and prototype.
The design and operation of the model must satisfy

the following '"'basic'" scaling laws:

[quy, = [auy,

_LZKAp model LLZKAp prototype . (2)

[duy, = [y

|T7RP | model |L?RP_| PTototype - ()
c - c

[KP_. = [KP_2

| §0 7 model _¢oz prototype N 1Y)

6) If the pore size distributions are not similar, the
design and operation of the model must be conducted

in accordance with the following expressions:

qu,, = [an,
L?KAp| model L?KAp| prototype .. . (5
[quw/LKggg] model = @uw/LKggg] prototype . . (6)
[K/¢(o cos 8)2/' %§71model =

0 c

[K/¢(G cos 6)2{'%§?J prototype. . . (7)
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Equations (5) through (7) constitute Rapoport's ''generalized"
scaling laws. It should be noted that the generalized
scaling laws have not found popular application.

Nielson and Tek (8) have evaluated the basic scaling
laws of Rapoport with the use of computers. They have
assumed a hypothetical reservoir and assigned typical pro-
perties to it. They also assumed a hypothetical model made
of glass beads to which relative permeability and capillary
pressure functions are assigned. Simplified equations
describing two-dimensional systems were programmed for
computation. The scaling laws are evaluated by comparing
the results of the computations for the field situation
with that of the model. One computation is made by assuming
that the relative permeability and capillary pressure
functions are identical in the model and prototype. The
model predicts the saturation distribution in the hypothet-
ical reservoir quite well. However, poor results are
obtained when different relative permeability and capillary
pressure functions are used.

Rapoport, Carpenter and Leas have applied the theory
derived by Rapoport to study the performance of five-spot
waterfloods. By neglecting gravity segregation, they have
determined that the displacement of oil by water in a two-

dimensional flow system is governed by the dimensionless



T-2190 9

qu
group, 57%3’ designated as the capillary pressure co-

efficient. This statement implies that for a given value

of the capillary pressure coefficient, all porous flow
systems of a given geometry, operated under similar boundary
conditions, and characterized by the same oil-to-water
viscosity ratio and the same dimensionless flux, saturation
and J-functions, will yield the same flooding behavior.

Rapoport et al have used models packed with 120-micron
graded glass beads models, rendered preferentially oil-wet
by dri-film treatment. All the flooding experiments are
performed in the absence of connate water. The same rela-
tion between o0il production and cumulative water injection
was obtained for the model and prototype. In addition, they
have reported that for a given porous medium there exists
a critical value of the capillary pressure coefficient,
above which waterfloods achieve stabilized displacement.
The critical value of the scaling factor required to reach
stabilized displacement behavior appears to decrease with
increasing oil-water viscosity ratios.

Carpenter, Bail and Bobek (9) have verified Rapoport's
basic scaling laws in heterogeneous communicating flow
models. Two four-layer models, representing quadrants of
five-spots are used in their studies. The models are geo-

metrically similar and have the same glass-bead packing.
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The investigators have concluded that the model can simu-
late the prototype performance very well. The highest oil
recovery per unit of water injected was obtained at the
lowest water injection rate where capillary forces are
most important relative to gravitational and viscous forces.
The theory of inspectional analysis have been applied
in the study of various reservoir engineering problems.
Perkins (10) has investigated the role of capillary forces
in laboratory waterfloods. Tests are carried out in lucite
columns packed with unconsolidated sand. The value of the
ratio of viscous to capillary forces, quoL//K$f(6)J(S), is
the same for model and prototype. It is found that the
influence of capillary pressure gradients on the macro-
scopic flow of 0il and water is minimized by using longer
columns and/or higher injection rates. Also, the results of
the experiments show that the residual o0il saturation is
independent of rate or column length. It can be inferred
from this that the microscopic fluid distribution is con-
trolled by capillary forces and is not rate sensitive.
Richardson and Perkins (11) have studied the effect of
rate on oil recovery by waterflooding. The authors have
used linear models packed with uniform sand. The models
are designed and operated based on the following dimension-

less parameters:
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qUoL , Khpg, Ey

VEoE(0)J(S) T Ho

Richardson and Perkins have concluded that ''decreasing the
rate at which water is injected into a thick homogeneous
reservoir sand increases the tendency of the water to
underrun the o0il." It is also found that oil recovery is
independent of rate of water advance with or without gas.
present and independent of the pressure level of the water-
flood.

Craig, Geffen and Morse (12) have experimentally invesﬁ-
igated 0il recovery performance of models, using gas or water
as displacing phase. The flow is essentially ﬁorizontal
in the models made of consolidated sandstones and gravity
was neglected. Because the primary interest in the study
was the determination of flooding patterns, a time scaling

factor is unnecessary. The models are operated so that

[qi“ol‘ = [QiMol
o cos 6] model - |o cos 6| prototype . . . (8)

where qiis the unit injection rate and L is the distance
between producing and injection wells.

The scaiing laws discussed thus far indicate that the
relative permeability and capillary pressure relations must
be the same functions of saturation in the model and proto-
type. Perkins and Collins (13) have attempted to remove

this restriction by using a normalized saturation,
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g = Sw Sew NC)
I_Sro-scw

where Sw is the water saturation, SCW is the connate water

saturation, and Sro is the residual oil saturation, and

: R
KD N 5 K] o . (10)
KWI'O ocw

where K% and Ké are the normalized relative permeabilities

to water and oil respectively. Kw and Ko are the effective
permeabilities to water and oil respectively, and Kwro is
the permeability to water at residual oil saturatibn, and
Kch is the permeability to oil at the connate water satura-
tion.

The scaling criteria derived from this theory follow:

1) Dimensionless initial and boundary conditions must
be the same in model and prototype.

2) Ké, K%, and J(S') must be the same functions of
dimensionless saturation S' in the model and proto-
type. J(S') is the dimensionless capillary pres-
sure. |

3) The following scaling groups must have the same

values in model and prototypé:

oK ApgL
Wro % Kwro
Mo/ Hys T (¢/K)* and qu,, .

The application of this theory in the design and operation

of scaled models is not found in the literature.
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Inspectional analysis has been used also in the design
and operation of models to study displacement of oil from
porous media by miscible liquids. Offeringa and Van der Poel
(14) have deduced scaling rules and checked their correctness
by carrying out experiments in tubes of various sizes. These
authors have studied the effect of oil-solvent viscosity
ratio on the efficiency of the displacement process. The
viscosity ratio studied ranged from 1.5 to 5,000. The re-
sults obtained suggest that model experiments on the displace-
ment of o0il by miscible liquid may not be carried out on
too small a scale. Results with tubes of 1.60 and 3.00cm
length are in good agreement, whereas those with a 1.03¢m
tube show appreciable deviation. The o0il recovery decreases
with increase in viscosity ratio. Furthermore, breakthrough
recoveries obtained when flooding oils of different viscos-
ities with kerosene as a solvent in unconsolidated sands
are equal to those obtained in waterflooding.

Several factors influencing the efficiency of miscible
displacement have been experimentally investigated by
Blackwell, Rayne, and Terry (15). These factors include
rate, mobility ratio, dimensions and gravity segregation
effects on recovery.

It is found that the mixing between solvent and oil

results principaliy from molecular diffusion which is the
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dominant dispersion mechanism for reservoir conditions of
rate, length and pore sizes. In horizontal reservoirs,
recovery at breakthrough decreased as mobility ratio in-
creased and the volume of solvent required for complete re-
covery of the oil increases as the mobility ratio increases.
In addition, the study shows that the formation of channels
is due to viscous fingering, gravity segregation and varia-
tions in permeability. Channeling and bypassing of oil will
occur in horizontal reservoirs, even in“homogeneous sands.

Blackwell (16) has studied microscopic dispersion
phenomena in miscible displacement. Mixing both in the
direction of and perpendicular to the direction of mean flow
was measured in sand-packed columns. Both longitudinal and
lateral mixing are governed by molecular diffusion at low
rates and by convection at high rates. The transverse
mixing should be scaled in the direction of the thickness of
the reservoir.

Pozzi and Blackwell (17) have evaluated the relative
importance of various mechanisms affecting miscible dis-
placement. The authors have attemptedkgo ascertain whether
the essential features of the displacemént process can be
simulated even though some scaling groups are not satisfied.
These studies are performed with completely miscible systems

in linear, horizontal models packed with unconsolidated
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media. However, for a two-dimensional system, where longi-
tudinal mixing is unimportant, the relaxed criteria are as
follows:

1) The ratio L/h, need not be scaled so long as
vuoL
K;KEEH < Cu ... (1D

2) The viscous-gravity ratio must be identical in

model and prdtotype when
vu L
o <C
K _Apgh L

X

(12)

the viscous-gravity ratio need not be scaled when
vuoL
CL < K;KEEH < Cu

where C; and Cu are lower and upper limits of
viscous-gravity ratio. They must be determined
experimentally.

3) Boundary and initial conditions must be the same in
model and prototype.

4) Dimensionless fluid properties must be congruent

functions of concentration in model and prototype.

5) The transverse mixing group (KtL/vahz) must be

identical in model and prototype. K, - effective
transverse dispersion coefficient and
v, = v/(l-SWC)¢. ... (13

Good agreement of dimensionless solvent penetration and

effluent composition shows that equivalent model performance
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is obtained even though vuoL/KxApgh is unscaled. The re-

sults are for viscosity ratio of 1.85, 7.4 and 16.3.

DIMENSIONAL-INSPECTIONAL ANALYSIS

Geertsma, Croes and Schwarz (18) have proposed a method
which combines the theories of both dimensional and inspec-
tional analyses. The derivation of the dimensionless groups
by this method is carried out by means of the basic equations
(inspectional analysis). The resulting set of groups are
subsequently completed by means of dimensional analysis.
Geertsma et al have derived dimensionless groups for three
types of displacements, viz, cold water drive, hot water
drive and solvent injection.

The scaling criteria proposed by the authors for water-

floods are listed below:

1) The model and prototype are geometrically similar
and have similar initial and boundary conditions.

2) The model and prototype have the same relative
permeability and capillary pressure saturation
functions.

3) The values of the following groups must be the same
in model and prototype.

K%
pgK, o cos 6/K¢ and PV
WV uva u

u

Ho, A
w H w

This set of scaling criteria developed by Geertsma et
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al is termed inspectional-dimensional analysis in this
thesis. The dimensionless groups consist of the same vari-
ables as those derived from the application of dimensional
or inspectional analysis. Although the validity of this
theory has not been experimentally tested, it could be in-
ferred that a model designed and operated according to these
scaling criteria will simulate the prototype performance
with about the same accuracy as those criteria developed by

means of dimensional or inspectional analysis.

COMPARISON OF SCALING THEORIES

A great many scaling theories have been presented. It
is the purpose of this section to reduce the theories pre-
sented in this chapter to a common presentation so that they
can be compared.

Table 1 presents a summary of dimensionless groups pro-
posed by various investigators based on dimensional analysis.
The groups derived by Leverett et al and Engelbert and
Klinkenberg for immiscible systems are essentially the same
except for the combination of the variables which constitute
these groups. The diffusion coefficient in miscible dis-
placement replaces capillary pressure in immiscible displace-
ment process. The theory of dimensional analysis requires

that dimensionless parameters common to model and prototype



T-2190 18

must be the same. Thus the porosities of the model and pro-

totype material must be identical.

TABLE 1 Scaling Groups from Dimensional Analysis

Investigators Dimensionless Groups
Leverett, Lewis and Eg, *Ap qt, Pc, L
Truce (1942) u Ap" E{ ?Z il
Engelbert and Klinkenberg EQ, L, L, ApgkK, AngK;2
(1951) u h Kz vu o cos B
Greenkorn (1964) EQ, L, Eg, Eg, pgk, Do, tv, KP
My d pg Dg v dv d udv

*The variables characterizing the model is primed.

The dimensionless groups developed by several authors using
inspectioﬁal analysis are summarized in Table 2. Most of the
groups are stated in terms of the ratios of the significant
forces in the model and prototype. These ratios are essen-
tially the same despite the approaches used in their deriva-
tion. Differences are obtained if the initial and boundary
conditions of the particular problem under study are incor-
porated into the generalldifferential equation.

The scaling criteria for similitude can be stated with
reference to the variables in Table 2:

1) The geometry of model and prototype must be the same.
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TABLE 2 Scaling Groups from Inspectional Analysis

Investigators Dimensionless Groups
Rapoport and Leas (1953) L/h, uo/uw, Lvuw, %vﬁgé_ﬁ
o oaqu, aw,  KP2
Rapoport (1955) L/h, uo/uw, T°Rip’ TZRP.’ 302
c
R C L/h / 7—7”‘“’
apoport, Carpenter, , u./u .,
and Leas (1958) o’ "w’ o(K¢
) My QML
w L
Richardson and Perkins L/h Yo T,
(1957) T 9)J(S
Craig, Geffen and Mo q;u L
Morse (1955) U—’ S co5 B
\"
Perkin and Collins L/h Mo OKwro (¢)% KwroAng
My q“wH K quWH
*Geertsma, Croes, and u 0 VK%
Schwarz (1956) L/h, o, Ap%K’ g 338 6 /K¢, w
, UW UW UW Uw
Offeringa and u 0 o gKd? D
L (8] o, (o) » gq o
Van der Poel (1954) V= ? =
d Mg P ¥ Dod Ds
Blackwell, Rayne, and u . 2
. ’ L o, KAApsino, L
Terry (1959) P = " ==
h Hg o qu Kt
K - effective dispersion coeffi-
cient

*Inspectional-Dimensional Analysis
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2) 1Initial and boundary conditions must be similar in
model and prototype.

3) The viscosity ratio, uo/uw, must be the same in
model and prototype.

4) The permeability-saturation functions must be iden-
tical in model and prototype. Different authors
have defined scaled permeability and saturation
diffe:ently. Capillary pressure-saturation
functions also must be the same.

5) The ratio of the pertinent forces must be the same
in model and prototype.

The comparison of the scaling theories has shown that

very little difference exist among the theories derived,

whether applying dimensional and/or inspectional analysis.

The number of dimensionless groups and their combinations

depend on the particular conditions studied by the various

authors. The selection of the dimensionless groups is impor-
tant from the standpoint of being able to satisfy the simili-

tude requirements in practical applications.
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Chapter III

THEORETICAL ANALYSIS

DIMENSIONAL ANALYSIS

A detail discussion of the theory of dimensional analy-
sis has been presented by Langhaar (19). The first step in
the dimensional analysis of a problem is to ascertain which
variables are relevant to the prbblem. The variables are
then combined into several dimensionless groups or mw-terms
by the application of Buckingham 's pi-theorem. The pi?
theorem states that the minimum number of dimensionless
groups in a complete set is equal to the total number of
variables minus the number of fundamental dimensions, e.g.
mass, length and time.

From an inspection of Darcy's law and the continuity
equation it is assumed that the displacement of oil by water
from porous media is controlled by the following wvariables:

1) Geometrical dimensions

a) distance between injection and production
wells, L [L]
b) sand thickness, h [L]
c) angle of dip of the formation, o [dimensionless]
2) Rock properties

a) specific permeability, K [L2]
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b) porosity, ¢ [dimensionless]
3) Dynamic flow characteristic

a) velocity of fluid movement, v [L/T]
4) Fluid properties

a) viscosities of o0il and water, Hys Wy [M/LT]

b) density difference between the oil and water

phase, Apg [M/L2T?]

c) interfacial characteristics, o cos 6 [M/T?]

The functional relationship between these variables is

expressed by

F(L, h, o, K, ¢, v, u,, u,, (4p)g, o cos 8) =0 . . . (14)

Applying the principle of dimensional homogeneity and using

the mass, length, time system of fundamental dimensions:

M°L°TOd LalhazKa3va“uWa5uoa6(Apg)a7(o cos 0)3849%,°. . . (15)

where a,, a,, ..... ag are constants.
Substituting the fundamental dimensions into equation
(15) |
MOLOTO d (L)al(L)az(Lz)a3(LT-1)a“(ML-IT-I)aS
*(ML'lT‘l)a%(ML'zT'Z)a7(MT'2)aa (16)

as+as+a7+as La1+a2+2a3+au-as-a6-287

MOLOTO M

*T-au-as-ae-2a7-2ae .o (A7)

[a®
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Equate the exponents of M, L and T
M: as+as+ar+as = 0
L: ait+az2t+2as+auv-as-as-2a7-= 0 . (18)
T: -av-as5-as6-2a7-2a8 = 0

Solving equation (18) simultaneously gives

al = -az2-2as3+2av
as = -a6-a7-a8 . (19)
a4+ = =-g7-g8

Substitution of equation (19) into equation (15) yields
MOLOTO d L(-az-28.3+2.a7)hazKagv(;'a7-a‘8)

*uw(_ae_a7-a8)uoa6(Apg)a’(o cos 8)%¢%°. . . (20)
MPLOT®d (hL™1) %2 (KL™2) 3 (u u,, ") 38 (L2v 7y "1 a0g) @7
(v-luw_lo cos 9)28¢0q0 N ¢A )

The dimensionless scaling groups from equation (21) are:

7, = h/L L. (22)
m, = K/L? N OX)
Ty o= ug/uy N O
m, = %i—iﬁﬁ L. (25)

_ogcosH_o (26)

(waterwet systems 6 = 0)

Viy Viy
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INSPECTIONAL ANALYSIS
Ruark (20) has introduced inspectional analysis to
supplement dimensional analysis. In inspectional analysis,
all equations describing the process of interest are combined
to form a single differential equation. The coefficients of
this equation or their combinations constitute the dimen-
sionless scaling groups. In this section, the differential
equation for incompressible flow of two immiscible fluids in
porous media is derived and the following assumptions are
made:
1) Darcy's law is wvalid.
2) The displaced and the displacing fluids are
immiscible and incompressible.
3) The physical properties of the fluids and medium
are constant with time and space.
4) The medium is homogeneous and isotropic.
The generalized form of Darcy's equation for multi-

phase flow can be expressed as:

K_.
v, = -K Ef'l' Aoy ..@n
where
i = subscript denoting wetting or nonwetting phase
v, = velocity vector, cm/sec
Kri = relative permeability

K = absolute permeability, darcies
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My o= viscosity, cp

¢, = Pi+pigz = potential

Py = density, gm/cc

Pi = pressure, atm

g = gravitational constant, cm/sec?
Z = height above datum, cm.

Writing equation (27) for the nonwetting and wetting phases

KK

v = - —ro V(P +o g2z) ... (28)
o Ho
KK

v = - —xw V(P _+o_g2z) . 9)
w Mg

It is convenient to eliminate the pressure gradients for each
phase in favor of the capillary pressure gradient. Also it
is expedite to eliminate the velocity of each phase and re-

place them by their combined total velocity.

VP = - Voto - V(pogz) . (30)
o KKro
V__U
Up = - WV - V(pwgz) . (31)
w KKrW

The capiilary pressure gradient is expressed by

VPC = VPO - VPW . . . (32

and the substitution of equation (30) and (31) into equation

(32) yields
u

= v
c KKrw

K. u
(v. -v_ =29 + V[(p.-p)gzl. . . (33)
w o Krouw w "0

\23

From the assumption of incompressible fluids
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V=V, + v, ... (38

Letting Ap = fwPo and substituting equation (34), equation

(33) may be rearranged so that

K_uT' KK 1 K_u 17!
v, =V [1 T + rw[V(Apgz)-VPc [1+Krw 0] . . . (35)
rolw Wy J roVw
For convenience, let
K u-}_l
Y = [1 + Krwug . (36)
rorw|
A= K v N YA

¢y and ) are functions of the relative permeabilities of the
wetting and nonwetting phase only when the viscosities are
specified.

The substitution of equations (36) and (37) into (35)
yields

v_ = v + S2[y(apgz) - VP ] (38)
o W 0g c AN

The models used in this study are considered three-dimen-

sional and writing equation (38) for the three axes, x, vy,

and z gives the following:

- _ K

Vox = Vx ¥ o A VPC . (39)
_ K

Voy = Vy v - -L'l—v-’v)\ VPC .. (40)
— K N

Vo, =V, ¥ + UW.A [V(Apgz) - VPc] ... (4D

The continuity equation for incompressible fluid is ex-

pressed by
LAY v v 3S..
V. = oX , _OoV 4 °Z=_¢_"l . (42)
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where t-time.

The expansion of the terms of equation (39) gives

X X 93X H, 9% HSW X
dS dP_, 23S
=y wdy _ K 3 c_Ww
Vx 3% dSW By, OX (A dS_ ox ) (43)
Similarly,
Vv 5S dP 38
oy _ wdy K 3 c ""w
3y Yy 3y a%; Hey ay ds dy ) (44)
avoz _ asw d K 3 ch aSw KApg 3A
5z 'z 3z - o sz (Aas ) + 3z
W Heg 3z W 9z ey A
(45)
. 3V v ov
X _ v _ zZ _ ,
when S 5y Y 0. . . . (46)

Upon substitution of equations (43) through (45) into (42)
the differential equation describing the system can be

written thus:

3S 3S 3S 3S dP_ 3S
\ 4 \ wy dp K 3 c \
¢ 3T + (Vx X + Vy oy + Vz 3z ) Sw U 90X (XES X )
dp_ oS dP_ 23S w v
SR e Wy K 3 e Wy 4 Kipg 83X _ (47)
My, 0¥ dSw oy e 9z dSW 9z Hy, 32 t

Equation (47) expresses the relationship between the rate of
accumulation of water in a volume element and the effects

of wviscous, cepillary and gravitational forces on flow of
two phases at the point and time interval of interest. This
equation cannot be solved by known methods. However, it is

useful in the development of scaling criteria by inspectional
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analysis, because the coefficients of this equation can be
combined to form the similarity groups.

The normalized total velocities along the three princi-
pal axes are obtained by dividing each by the total velocity,

VtZ

v
v =2 v =-Land v = (48)
. X Vt y Vt

Similarly the normalized distance variables are obtained by

dividing each by its corresponding characteristic length:

= _ X = _ - _ 2
X=% y=fandz=¢ L (49)

where %, and w are length and width of the model respectively.

Leverett defined the capillary pressure function as:

P, = Gchs/— J(8,) . . . (50)

For water-wet systems, cos 6 =1 and equation (50) be-

comes:
P, = o ($/K)% J(S) ... (5D)
dP
and a—— =g (cb/K)2 J(S ) .. . (52
Multiplying equation (47) through by %— and substituting
t
equations (48), (49) and (52) results in:
© 3S v, 95 \Y S v_ 9S
¢L ""w X W oY z _"wy dy
voae Tty 5 TR 350 d S
vtuw' 2 93X dSw X w 3y ""dS 9y 7 'h 23z dSW az
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From the theory of inspectional analysis, the parameters of
the foregoing equation correspond to the w-terms developed
in the section on dimensional analysis. Thus the similarity

groups are:

Lo
I. =9 _
Vtt
Ll . . LI LI LI
II. ¢ i.e. 3,2, F
1
Kg) 2
III. %’(
Vtqu
Iv. 5’3" L
t“w
H
V. 2
uW

where L* - some characteristic length.

Other similarity groups can be obtained by either multiply-
ing or dividing one group by the other. For example, the
division of the third group by the fourth yields the ratio of
capillary to gravity forces.

The scaling criteria for the system under study, there-

fore, may be summarized as follows:

1) The geometry of model and prototype must be the
same: The length to width ratio, ﬁ/w, and length
to thickness ratio, L?h, must have the same numeri-
cal value in model and prototype.

2) 1Initial and boundary conditions must be similar in

model and prototype.
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3) The ratio of capillary to viscous forces must be
similar in model and prototype.

4) The ratio of gravity to viscous forces must be
similar in model and prototype.

5) The ratio of gravity to capillary forces in model
and prototype must be equal.

6) The viscosity ratio must be the same in model and
prototype.

7) The relation between times for the same fraction of
pores volumes to be injected or produced must be
the same for model and prototype.

The models employed in this study were operated according to
condition (7) above and for each liquid model I and III
satisfy the foregoing scaling criteria.

A comparison of the dimensionless groups developed by
means of dimensional and inspectional analysis shows that
both analyses yield the same scaling criteria. For example,
the multiplication of equation (23) by equation (25) gives
%%EK - corresponding to condition (4) above. It may be
reZognized that the other conditions listed under inspec-
tional analysis could be obtained by some combinations of
the various w-terms under dimensional analysis. However,

the physical meaning of the dimensionless groups, as derived

by inspectional analysis, is generally more apparent than
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that of the groups derived by dimensional analysis.
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Chapter IV

EXPERIMENTAL WORK

The experimental work performed in this thesis is de-
scribed under the headings: Apparatus, Materials and

Procedure.

APPARATUS
Three rectangular physical models were constructed with
1 inch thick plexiglass (lucite). The internal dimensions

of the models are shown in Table 3.

TABLE 3 Internal Dimensions of the Models

Length, Ft. Width, Ft. Thickness, Ft.

Model I 2.0 1.5 0.25
Model II 4.0 3.0 0.25
Model III 4.0 3.0 0.50

The sides of the models, except the top were screwed and
glued together with catalyzed cement PS-30. The top was
held down with 1/2 inch screws spaced 2 inches apart. A

quarter of 3/8 inch bores at the corners of the boxes served
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either as producing or injection wells. The models were
bfaced with 1 inch by 2 inches rectangular tubing beams,
spaced 6 inches apart, to prevent buckling of its sides when
pressurized. A maximum pressure of 50psi was used in the
selection of the size of the beams and their spacing. Gen-
erally, experiments were carried out with pressures less
than 20psig.

An A-frame and a block and tackle arrangement was em-
ployed to maneuver the models into a vertical position
during compaction and saturation of the sand pack with
liquids lighter than water.

A Wallace and Tiernan double simplex pump, Series 150A,
supplied the constant liquid flow through the sand packs.

A Nupro 60-micron in-line filter screened out all solid
particles from the liquids prior to entering the sand packs.
A Celesco electrical differential pressure (DP) transducer
Model KP15 with a carrier-demodulator Model CD10 measured
the differential pressure between the injection and pro-
ducing wells. The electrical output from the Celesco car-
rier-demodulator was recorded on a Honeywell Electronik 194
recorder. In addition to this electrical arrangement, four
4 inch 0-50psig Master-gauge pressure gauges were connected
to each well as a check of the Celesco arrangement. All

pressure gauges were calibrated with a mercury manometer
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before any run was performed in each model.

The fractions of the displacing and displaced fluids
produced during the miscible runs were determined by means
of a two-electrode specific conductance measurement system.
This system comprised of two electrodes of copper screen,
soldered at two points across a short tube connected to the
producing wells, a Triplett Electrical Company specific con-
ductance meter and the Honeywell Electronik 194 recorder.
The conductance meter measured the conductivity of the
liquid flowing through the tube and its output was recorded
on the recorder. The linearity between conductivity and
salinity was established. (figure 1)

The setup of the equipment is illustrated by Figure 2.

MATERTIALS

The models were packed with 60-100 mesh sand. The sand
was treated with 0.1 hydrogen equivalent chromic acid to
ensure that it was water-wet before each run.

The displacing fluid used in all runs was salt water
with a salinity of 10,000 ppm NaCl. The salt water was
colored with Du;kgg‘ggé\food dye manufactured by Smith
Corona Machines. The red coloration facilitated the tracing
of the displacement fronts until breakthrough.

In the miscible runs, fresh water and a 50-50 percent
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mixture of glycerine and fresh water represented the oil.
The oil was simulated by three liquids--kerosene, soltrol

220, and n-hexane, in the displacement runs.

PROCEDURE
The experimental procedure is divided into three
groups. The groups are as follows:
1) Physical properties of the fluids and sand
2) Calibration runs

3) Displacement runs.

1. ©PHYSICAL PROPERTIES OF THE FLUIDS AND SAND

The physical properties of the fluids, such as density,
dynamic viscosity and surface tension, were measured at room
temperature of 78°F, using standard procedures. Table 4
shows the results of these measurements.

The porosity of each sand pack was measured by volu-
metric method. The models were maneuvered into a vertical
position, tapped and rocked in order to obtain uniform com-
paction. An average porosity of 0.31 was obtained. The
maximum variation in the value of the porosities in the
models was less than 0.64%. The pore volume of Model I was
one-fourth and one-eighth of the pore volume of Model II and

Model III respectively.
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TABLE 4  Fluids and Sand Properties

Oil-Water Density Surface
Viscosity Viscosity Density Difference Tension
(cps) Ratio (gm/cc) (gm/cc) (dyne/cm?)
Hexane 0.302 0.34 0.67 0.33 24.46
Kerosene 1.55 1.76 0.81 0.19 31.90
Soltrol 3.90 4.43 0.80 0.20 33.90
Glycerine-
Water 6.98 7.93 " 1.15 -0.15 74.33
Water 0.88 1.0 1.0 - 82.10
Sieve Analysis:
80 100 120 140 160
mesh mesh mesh mesh mesh
Percent :
larger than 82.75 8.59 4.6 2.47 1.59

Absolute permeability to water determined from linear cell =
11.375 darcies.

The absolute permeability of the sand to water was
measured in a linear cylindrical tube packed to the same
compaction as the models. The tube was 1 ft. long with a

diameter of 2 in. An absolute permeability of 11.375 darcies
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was obtained. This value of absolute permeability was adop-
ted since the values obtained from direct measurements in

the models and the application of Muskat's equation (21)

were obviously wrong; absolute permeability calculated from
Muskat's equation are 2.0, 2.15 and 0.936 darcies for Model I,

Model II and Model III respectively.

2. CALIBRATION RUNS
Two injection rates were used in these runs. The rates

were selected based on the scaling criterion:

vtt vtt

and the magnitude of injection rates encountered in oil

[QL—:}model =‘[¢L ] prototype . . . (54)

fields waterflood operations. The criterion, expressed by
equation (54) and derived earlier, stipulates that the time
(t) equivalent to pore volume throughput be equal in model
and prototype. Since the velocity of the front could not be
determined until a particular run has been accomplished, the
time required to inject one pore volume of water was con-
sidered fixed and the corresponding injection rate calcu-
lated. For example, injecting at 21.5 cc/min, the water

fronts in the models should move with the same velocity if:

[PV. ] Model I = [%YlModel 11 = [—gi] Model III . . . (55)

2 3

Using equation (55), the injection rates in Model II and
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Model III were determined. The values thus obtained and

their field equivalents are presented in Table 5.

TABLE 5 Water Injection Rates

Low Rate High Rate

Lab Field Equiv. Lab Field Equiv.
(ce/min) (B/D/ft./well) (cc/min) (B/D/ft./well)

Model I 21.5 3.117 45.0 6.523
Model II 86.0 12.467 180.0 26.093
Model III 172.0 24.933 360.0 52.186

Subsequent runs justified the above assumption that the
water fronts moved with the same velocity.

Before each calibration run the sand packs were evacu-
ated of air by several hours of continuous vacuuming. If
any air was left after vacuuming, it was in solution with
water during the run. The sand packs were 100 percent sat-
urated with the oil phase and then flushed with colored
(dyed) salt water at a preset injection rate. The position
of the water front was traced at fixed time intervals. The

conductance measurement of the effluent liquid enabled the
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rates of production of the displacing and displaced fluids
to be determined.

While water was used as the o0il phase in the first cali-
bration run, a 50-50 percent mixture of glycerine and water
represented the o0il phase in the second calibration run.
The glycerine-water mixture could only be displaced at the
low injection rates because at high rates the pressures
in the model were very high and the model started leaking.
The results obtained from the runs are presented in the
Appendix.

These runs were carried out for calibration purposes
and to provide some. basis of comparison with the results

from the displacement runs.

3. DISPLACEMENT RUNS

After the calibration runs were accomplished the sand-
packs were cleansed of coloration and saturated with a liquid
representing the oil phase.

Percent o0il in place in each model was determined by
means of volumetric balance. The tanks holding the liquids
were calibrated by filling them with known volumes and
measuring the height of the liquid. The tanks had large
cross-sectional areas. For example, a height of 1 in. in

the water tank corresponded to 4.29 litres. Thus variations
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in the volume measurements were inevitable. The variations
were larger still, since a 100 mL, represented 1.9%, 0.47%
and 0.247 of the pore volume of Model I, Model II and Model
IITI respectively. Table 6 shows the variations in initial

water saturations.

TABLE 6 Initial Water Saturations

Hexane Kerosene Soltrol

Model I:

High Rate 0.24 0.17 0.20

Low Rate 0.30 0.25 0.22
Model II:

High Rate 0.27 0.25 0.18

Low Rate 0.27 0.25 0.20
Model III:

High Rate 0.26 0.20 0.20

Low Rate 0.20 0.20 0.20
Average S_. 0.26 0.215 0.20
Standard Deviation 0.031 0.0283 0.0186
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Since the scaling theories require that the same initial
conditions exist in the model and prototype, an attempt was
made to reduce the variations in initial saturations to
their minima.

However, after three days of continuous saturation of
Model I with hexane, water was still being produced. Because
of the number of runs, the sizes of the models and time con-
straints, irreducible water saturation before each displace-
ment run was not attained.

After saturating the sand pack, the oil phaée was dis-
placed with colored salt water at the high injection rate.
The run was continued until two pore volumes of water had
been injected or no oil was produced, whichever came first.
The sand pack was cleansed of coloration and resaturated for
another run with the low injection rate. The sand-pack was
left to sit for 24 hours after each saturation with the oil
phase. This was an attempt to allow the o0il and water phases
to attain equilibrium.

It was difficult to completely cleanse the sand-packs
of the liquids representing the oil phase especially in the
bigger models. To avert this difficulty the models were re-
packed with new sand for subsequent runs with other liquids.

In all the displacement runs the rates of production of

the o0il and water phase were recorded and the movement of
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the fronts were traced.

the Appendix.

42

The data obtained are enclosed in
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Chapter V
EXPERIMENTAL RESULTS AND DISCUSSIONS
A total of twenty-five runs were performed in three
models. Nineteen of these runs were data runs while the

remaining were calibration runs. Table 7 is a summary of

these runs.

TABLE 7 Summary of Runs

Model I Model II Model III

Water

Displacing High Low High Low High Low
Rate Rate Rate Rate Rate Rate

Hexane 1 1 1 1 1 1
Kerosene 1 1 1 1 1 1
Soltrol 1 2 1 1 1 1
*Glycerine-
Water 0 1 0 1 0 1
*Fresh Water 1 0 1 0 1 0

*Calibration runs.

The raw data obtained from the experiments are inclu-

ded in the Appendix. These data were analysed and plots of
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0il recovery and water-oil ratio as functions of pore volume
throughput are presented. O0il recoveries as percent of
initial oil in place at water breakthrough, 1 PV, 1.5 PV

and 2.0 PV throughput are presented in Table 8. Table 7

and 8 are included as quick references for determining the
number of runs made in each model and the corresponding oil

recoveries at the various volumes of water throughput.

REPRODUCIBILITY OF RESULTS

Two runs were made using soltrol and water in Model I
to test reproducibility of the data. Figure 3 compares the
results of these runs. The data points coincided until
water breakthrough, thereafter, the difference in o0il recovery
(HCPV) gradually increased to a maximum of 5% at two pore
volumes of water throughput. The initial oil saturations

were 0.22 and 0.20 in the first and repeated runs respectively.

EFFECT OF MODEL DIMENSIONS

The theoretical analysis developed in Chapter III sti-
pulates that the geometry of the model and prototype must
be the same. That is, the diagonal length to length ratio,
the diagonal length to width ratio and the diagonal length
to thickness ratio must be the same in model and prototype.

The diagonal length to length ratios are the same in
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TABLE 8

0il Recovery, 70IP, from the Respective Models

and Liquids

45

Model I Model II Model III
High  Low High  Low High Low
Rate Rate Rate Rate Rate Rate
Hexane:
Breakthrough 66.50 66.68 66.33 65.33 67.49 67.50
1.0pV 68.67 75.60 69.0 75.0 69.0 75.0
Kerosene:
Breakthrough 70.0 70.0 69.90 70.00 70.00 70.12
1.0pV 77.0 80.99 78.0 80.67 77.50 78.83
1.5PV 78.0 82.33 78.33 81.33 78.33 80.35
2.0PV 78.32 82.46 78.39 81.61 78.78 80.93
Soltrol: »
Breakthrough 60.0 *63.40 60.83 64.12 60.00 58.32
1.0pV 7L.70 73.32 68.17 71.67 70.00 69.30
1.5PV 74.00 76.67 72.00 76.00 74.05 74.00
2.0PV 75.33 76.70 74.58 76.67 75.00 74.32
Glycerine-Water:
Breakthrough 41.7 **%21.00 - 43.34
1.0pv - 63.0 - 45.00 - 63.00
1.5PV 64.33 - 45.67 - 63.33
Fresh Water:
Breakthrough 72.99 - 73.34 - 73.35 -
1.0PV 83.00 - 84.17 - 85.50 -
1.5PV 91.67 - 93.70 - 95.33 -
2.0pPV 93.33 - 97.67 - 95.40 -
*Soltrol Test 1, see Table 9 for Test 2.
*%*Bad run, probably had leakage between top of cell and sand

pack because of observed overrun.
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all three models and their values equal lﬂ67. The same\is
true for the ratios of the diagonal length to width whose
values equal 1.25. However, the ratios of the diagonal
length to thickness are different. Model I and Model IIIL
have the same value of 10.0 while for Model II the value of
the ratio equals 20.0. Thus Model I may be considered a

model of Model III.

TABLE 9

Test 2. O0il Recovery, 7%O0IP

Breakthrough 1.0PV 1.5PV 2.0PV

Model I
(Soltrol) 60.0 69.38 71.56 72.63

Figures 4 and 5 show the relation between oil recovery
at breakthrough and the dimensionless group, L/h. Figures 6
and 7 illustrate the same relation at one pore volume of water
throughput. These figures show that the ratio of the diago-
nal length to the thickness of the models has no effect on

recovery. This group appears first in the second term of
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equation (53). This term is the derivative of the velocity
component in the vertical direction. When this component is
neglected the group, L/h disappears. This group also appears

in combination in the groups,

%ﬁ&il_ L and %AE& %.
tHw tHw

If L/h in these groups is neglected, a two-dimensional system
where there is no gravity effects is obtained. Since this
is different from the system under study, L?h cannot be
neglected. These groups were not investigated in this work.
It is implied therefore that flow in the models were
essentially in the horizontal directions. If transverse flow
can be neglected, the same model can be used to scale several
prototypes with differing L?h ratios. This result indicates
a greater flexibility in the application of scaled models

than had previously been assumed.

EFFECTS OF VISCOUS FORCES

It is difficult, if not impossible, to consider the ef-
fects of viscous forces individually because of the inter-
relationships between several forces exhibiting themselves
during two-phase flow in porous media. Rapoport and Leas
evaluated viscous forces by introducing the "scaling coef-
"

ficient," o cos 6 /Lvuw. Other investigators used the ratio

of capillary forces to gravity forces and/or the ratio of
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gravity forces to imposed forces as derived from theory.

In this work, the effects of viscous resistance are
evaluated in each model by injecting the displacing fluid
at two rates. At each rate of water injection, the gravity
and capillary forces are assumed constant. The ratio of
the high to the low injection rate is approximately 2.0
in each model.

0il recoveries and water-o0il ratios as functions of
pore volume of water throughput at the two injection rates
are illustrated by Figures 8 through 13 with hexane as the
0il phase, by Figures 14 through 19 with kerosene as the oil
phase, and by Figures 20 through 25 with soltrol as the oil
phase. At water breakthrough slightly higher recoveries are
obtained for the low rate of water injection. After break-
through the recoveries at the low rate remain higher. The
average maximum differences in recoveries after breakthrough
for all liquids are 3.39% for Model I, 3.56% for Model II
and 1.677% for Model III.

The water-o0il ratio and pore volume throughput relation-
ship show identical trends. The water-o0il ratios are slightly
higher at the same pore volume throughput for the high rate
of water injection. This is a confirmation of the results
already obtained from the plots of o0il recovery versus pore

volume throughput.
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The rate effect is explained by considering the shape
and location of the flood fronts and the interaction between
imposed gravitational and capillary pressure gradients at
these fronts. In the region near the injection well the
shape of the fronts is controlled by high viscous pressure
gradiénts for both the high and low rates and radial fronts
are observed. As the fronts progress away from the injection
well bores, the velocity of the front declines (that is, the
viscous pressure gradient declines and gravitational forces
begin to influence the shape of the flood fronts). Near
the producing wells, the velocity of the fronts increase
again, developing cusps towards the producing wells. At
high rates these '"cusps' are more pronounced (overlay of
fronts obtained from low and high rate). Thus at high rate
viscous pressure gradient dominated the flow behavior re-
sulting in lower recovery due to early cusping of the fronts.

After water breakthrough, the resulting pressure distri-
bution causes the water injected to move faster than the oil
and the rate of o0il production declines rapidly because there
is very little additional growth in the swept area.

At this point the results of the comparison of a pre-
vious run with the repeated run should be recalled. In the
comparison, the maximum deviation in recovery after break-

through was found to be 5.0% which is higher than the maximum
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deviation obtained in the experiments. One may conclude
from these experiments that rate appeared to have an effect
on ultimate recovery, but based on the one reproducibility
test, it would require further work to prove. The choice
of an optimum injection rate might be determined by econo-
mic factors and formation injectivity.

Viscous resistance is inversely proportional to
effective permeability and proportional to viscosity. The
relation between o0il recoveries and viscosity ratio, uO/uw
is presented graphically in Figures 26 through 29. The
results show that oil recoveries increase as the viscosity
ratio decreased toward a value of 1 and subsequently decreased
as the viscosity ratio decreased below 1. In the range of
viscosity ratios used in this study only one liquid has
uo/uw less than unity. The flooding behavior when viscosity
ratio is less than one should be studied further by using
appropriate liquids.

These results indicate that viscosity ratio is a cor-
relatable parameter with oil recovery at any value of pore

volume of water throughput.

EFFECTS OF GRAVITY FORCES
In waterfloods where there exists a difference between

the oil-phase density and the water-phase density, gravity
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effects need to be considered. The dimensionless group,
KApg/vtuW, which is the ratio of gravity to imposed forces
is generally used for this purpose. However, it is unneces-
sary to determine the magnitude of this group in this study,
since the difference in densities of each pair of liquids
used and the absolute permeability of the sand pack to these
liquids are the same in all models.

Figures 30 and 31 show the overlays of the frontal
position at the top and bottom of Model I at the same pore
volume of water throughput, at high and at low rate of water
injection respectively. The sweep efficiencies for hexane-
water at the bottom of the model are slightly greater than
those at the top. The maximum deviation in these sweep ef-
ficiencies is less than 1%. Furthermore, only minimal amounts
of 0il were produced after water breakthrough as may be seen
from the relationships between o0il recoveries and pore vol-
umes of injected water. Thus the waterfronts were primarily
sharp and vertical. These results show that the injection
rates used did not allow gravity effects to predominate and
that oil recoveries are independent of difference in the
density range investigated.

In the calibration runs with the 50-50 percent glycer-
ine-water, the density of the mixture is greater than the

density of water. The injected water overrode the glycerine-
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water mixture and very little waterfront movement was ob-

served at the bottom of the models. 1In one case, Model II,

it could have been separation of the top of the model and

the sand pack. In the case of Models I and III, further

study is suggested.

VALIDITY OF SCALED MODELS

From the theory presented in Chapter III and the analy-

sis thus far, the following conclusions could be made for

each liquid used:

1))

2)

3)

4)

5)

The geometry and boundary conditions of the model
(Model I) and prototype (Model III) are the same.
The relative permeabilities to the oil and water
phase and the viscosity ratio are the same in model
and prototype.

The ratio of gravitational forces to imposed

forces is identical in model and prototype.

The initial conditions are approximately the same
in model and prototype.

For a particular injection rate, the ratio of capil-
lary forces to imposed forces is the same in model

and prototype.

Thus the experiments were dimensionally scaled and the

performance of the model should be identical to that of the
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prototype. To verify this statement, the performances of
the three models are compared in Figures 32 through 47. The
performance of the models before water breakthrough are iden-
tical, the data points coincide. After water breakthrough
slight deviations are observed. The deviations are larger
for low injection rate. The maximum deviation in all runs
is about 5.6% with soltrol. For hexane, and kerosene the
deviations are very small. The run in Model II with glycer-
ine-water répresenting the oil phase cannot be compared with
the results from Model I and Model III because of possible
sand movement and channeling which resulted in low recovery.
This was the first run with the mixture of glycerine and
water and consequently the unreliability of the results was
not suspected at that time. However, after the runs in
Model I and Model II with glycerine-water as oil phase it
became obvious that the run in Model II was not representative.

In addition, the plots of water-oil ratio as a function
of pore volume injected show the same trend--identical per-
formance of model and prototype. As expected the maximum
deviation obtained was with soltrol as the oil’phase.

A comparison of the results obtained injecting water at
low and high rates, indicates that the model simulated the
prototype better at high injection rate. This could imply

that a critical point exists for each system above which the
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model exactly predicts the behavior of the prototype. The
critical point(s) would have critical value for each dimen-
sionless group, whose magnitude must be determined experi-
mentally for a particular system.

The degree of applicability of scaled models in the
solution of field problems would depend on the ability to
obtain equality of the dimensionless groups in model and
prototype. While the viscosity ratio, the geometry, and
viscous forces may be scaled without difficulty, the same is
not true for the gravity, imposed and capillary forces.

The application of the scaling laws requires considera-
tions of porous media possessing identical relative perme-
ability functions and similarly shaped capillary pressure
curves. In practice such a situation is not likely to occur
and in most cases, it may be impossible to find a suitable
material for the construction of a model permitting quanti-
tative scaling of a flow process occurring in the reservoir.
However, valid information of great practical utility can be
obtained by means of model studies scaled and interpreted on

the basis of a ''synthetic'" approach.

AREAL COVERAGE
An attempt was made to study sweep efficiency in stag-

gered line pattern since very little information is avail-
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able in the literature. Visual observation of the fronts
was made possible by the food dye which gave a red shade to
the area invaded by the injected fluid. The fronts were
traced at fixed pore volumes throughput.

Figures 48 through 55 show the .area swept at different
throughputs. The numbers at each front are the values of
sweep efficiency and pore volumes of water injected. The
sweep efficiency are found by dividing the area enclosed by
a particular front by the total area of the face of the
model, where the fronts are observed, and multiplying by
100. The areas were determined by means‘of a planimeter.
Tracing of the fronts was terminated at water-breakthrough.

The water invaded zone is found to be radial during the
initial stages of flooding. This stage lasted until an
average 0.18PV throughput. During the latter stages the
invaded zone gradually develops a cusp toward the producing
well and finally breaks through. The fronts are not sym-
metrical about the diagonal connecting the injection and
production wells because the widths of the models are three-
quarters of the lengths. The average ratio of the distance
travelled by the fronts along the width of the models to the
distance travelled along the lengths was 0.72.

The results show that with increasing oil-water viscos-

ity ratio the cusps became more pronounced and began to form
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at an earlier flooding stage, resulting in an overall de-
crease of areal sweep at water breakthrough. Figure 54
where glycerine-water was the oil phase clearly illustrates
this point. In the runs with hexane, kerosene and soltrol
as the oil phase,slightly elongated cusps were observed at
the high rate of water injection. However, there was little
or no difference between the areal sweeps obtained at break-

through for the two rates employed.
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i)

2)

3)

4)

5)

6)

7)

Chapter VI

CONCLUSIONS AND RECOMMENDATIONS

In the laboratory, the results obtained from a model
matched the performance of its prototype very closely.
The model predicted the performance of the prototype
very well even though an average standard deviation of
2.6% or less in initial water saturation existed.

The ratio of the diagonal length of the model to its
thickness has no effect on the performance of the proto-
type in the range of L?h used in the experiments.

Points (2) and (3) above indicate a greater flexibility
in the application of scaled model experiments than had
previously been assumed.

A study should be undertaken to investigate how adequate-
ly the dimensionless group, L7/h is accounted for by the
ratios of capillary to viscous forces, and gravity to
viscous forces.

Each dimensionless group seems to have a critical value
above which the model predicts the performance of its
prototype. Further research in this area is recommended.

Injection rates have little or no effect on ultimate re-

_covery for the conditions of this study and the water-

fronts were primarily sharp and vertical.
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8) 0il recoveries at water breakthrough are independent of

the density difference.
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NOMENCLATURE

a constant

CL lower limit of viscous-gravity ratio

Cu upper limit of viscous-gravity ratio

d diameter of linear, cylindrical model

DO diffusion coefficient of oil into solvent

DS diffusion coefficient of solvent into oil

EA areal sweep efficiency

£ function

g acceleration due to gravity

h thickness of the model

J(S) Leverett capillary pressure function

J(s") normalized Leverett capillary pressure function

K specific permeability

KO effective permeability to oil

KOCW relativg permeability to oil at connate water
saturation

Ko relative permeability to oil

K relative permeability to water

KW effective permeability to water

Ko oro relativg permeability to water at residual oil
saturation

K, horizontal effective permeabiltiy

K! normalized relative permeability to oil



T-2190

K% normalized relative permeability to water
Kt effective transverse dispersion coefficient
2 length of model

L principal dimension, size of pattern

L' diagonal length of model

L* characteristic length of model

M fundamental unit of mass

P pressure

Pc capillary pressure

Pé capillary pressure in model

PV pore volume

PVinj pore volume injected

q flow rate

94 total flow rate

qé total flow rate in model

S saturation

S' normalized saturation

SW water saturation

S aw connate water saturation

Sro residual oil saturation

t time

T fundamental unit of time

v total velocity in one direction

v average total velocity in one direction
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Vi average total velocity in x, y, and z axes

Ve total velocity along the x-axis

vy total velocity along the y-axis

v, total velocity along the z-axis

Gx dimensionless total velocity along the x-axis
Gy dimensionless total velocity along the y-axis
Gz dimensionless total velocity along the z-axis
W width of model

p 4 x-coordinate

X dimensionless x-coordinate

y y-coordinate

y dimensionless y-coordinate

z z-coordinate

z dimensionless z-coordinate

Y divergence operator

Greek letters

o angle of formation dip

A difference operator

G contact angle

A Krww

g viscosity of oil

Ué viscosity of o0il in model
Mg viscosity of solvent

u viscosity of water

61
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u% viscosity of water in model
T dimensionless group

Po density of oil

pé density of o0il in model
P density of water

p% density of water in model
o interfacial tension

) porosity

o potential

Subscript

a average

c capillary

cw connate water

i subscript

L lower

o oil

r relative

] solvent

t total or transverse

u upper

w water

p:4 x - direction

y y - direction

z z - direction
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SALINITY, PPM OF NACL

0.1 1.0 10,0 700.0

SPECIFIC CONDUCTIVITY, mmho/cm?2

FIGURE 1 CALIBRATION OF CONDUCTIVITY METER




69

T-2190

5%

vr

20041 l&\

JiAgadx 7 g 2y

N

£/

-

/

3

I9pUTT4) pejenpwag or

oqny, 9poJa3o08T8-oM]

dung umnowmy

19313 89uUB3ONpPUO) o J]oedg
J8paoosy [1emAeuoy
JO3BINpoOWag JafJaa8)
d90NpsuBa] Jq

T3poK

eAT®)

9383 aanssouay

J33TTH

I90NpPIr SuNES AT,

Jd9Uadwsy UOF38E[Nng

dumd xorduts-arqnog
IT0AJd863Y pInid

anN3g37
"

4/
£/

3

BTN IOONGY D



T-2190 70

i

L

% OIP.

|-

/—d—%—'
- ,.r""’”"{———«—-ﬁ

l

69

TS

49
i
\

1

+ TEST 1
= TEST 2.

L

20
L

|

It

cum. PORE VOL. OIL PROD.

(9@

22 = @.se = 1.8 = 1.58 @ 200 2ca&
CuM. PORE VOL. WATER INJ. HCPV

FIGURE 3 REPRODUCIBILITY




T-2190 71

0

Xaﬁ
5
2 y ~h——
% —0 e —
—
X 50
o
[as]
}—.
<L
&Q
K 40
o
& HIGH RATE
= & KEROSENE
S o HEXANE
“ 20 @ SOLTROL

0

S /0 /5 20

DIMENSIONLESS GROUP (t/h)

FIGURE 4 OIL RECOVERY AT WATER BREAKTHROUGH AT HIGH

RATE VERSUS LENGTH-THICKNESS RATIO (L?h)




T-2190 72

L0
50 J
r
[&s}
3 A A
< —0
c & IS,
é 60 |
o
f-—
<
a
< 0
=
o LOW RATE
S A KEROSENE
& O HEXANE
20 @ SOLTROL
0 LA T ng v
& /0 /5 20

DIMENSIONLESS GROUP (L7h)

FIGURE 5 OIL RECOVERY AT WATER BREAKTHROUGH AT LOW

RATE VERSUS LENGTH-THICKNESS RATIO (L7h)




T-2190 73

B0
80 |
8 2
[FE] —E . a
[e 4
2
w's €0
= Qo
©5
]
T
& |
SE w)
~_J
> O
o >
L HIGH RATE
3 & KEROSENE
e © HEXANE
20| @ SOLTROL
0 T L8 AJ v
5 /0 /5 Zo0 25

DIMENSIONLESS GROUP (L7h)

FIGURE 6 OIL RECOVERY AT ONE PORE VOLUME THROUGHPUT

AT HIGH RATE VERSUS LENGTH-THICKNESS

RATIO (L7/h)




74

T-2190
100
§0 ] A A
A
o o
& -
tdd
o
EF—éQ
wi>D
= Q.
(@ Jn s
(€]
— 0
< S
o
a =
RE w]
>0
-~
=2
w -LOW RATE
3 a KEROSENE
e © HEXANE
20 @ SOLTROL
0 e — . — -
%) /0 15 20

¢ DIMENSIONLESS GROUP (L/h)

FIGURE 7 OIL RECOVERY AT ONE PORE VOLUME THROUGHPUT .

AT LOW RATE VERSUS LENGTH-THICKNESS

RATIO (L7/h)




T-2190 75

KN
[\y]
A
CL‘ -
=
OQ
®
BQ J r/x-——ﬁ—“—-—r
. Y
o
% /
R ,//
—’ e
=
O
Q
_.JT
O —4
MODEL I
= x LOW RATE
W X 4 HIGH RATE
vl /
ONT
a
.
D —
U -
© T T T T 1 | S
2 00 @ ©.42 = ©.80 @ 1.20 2.0

CuUM. PORE VOL. WATER INJ HCDV

FIGURE 8 EFFECT OF RATE ON OIL RECOVERY

(MODEL 1, HEXANE)




T-2190

76

[\

)

N

®.<

0
O
—
}__-—.
<R
mv—
_J—
—
O

! x
vs /
L
l___-u
< ] MODEL I
= x LOW RATE

- x 2 HIGH RATE

© / |

3

- /

T ll“"é'g/‘(lllﬁﬁxlllxx

0 90 9 40 Q.80 2.

. 60
CuM. PORE VOL. NATER INJ. HCPV

FIGURE 9 EFFECT OF RATE ON WATER-OIL RATIO

(MODEL I, HEXANE)

%1%



T-2190 77

(W]
S
o .
=
“%
. et
Qa
8.&
03
-
_
T
O _
n 7
4
gg MODEL 11
7 x LOW RATE
] a HIGH RATE
v /
O
@
P
3—4
-
®T T 1 TTTT rrlr rTIf
2.9 G 4@ 8 1S1%) 1. 2.0

CUM PORE VOL. HATER INT. HCPV

FIGURE10 EFFECT OF RATE ON OIL RECOVERY

(MODEL II, HEXANE)




T-2190

78

-
<
0
O 4
i
}_ —
<
Gﬁe—
_1
-
O _
|
HE:
}___ -
<< | MODEL I1I
= x LOW RATE
— 4 HIGH RATE
Q
T
]
o¥ T T '/ T T* T T
8 @G 0 40 8 80 1 60 2.

CUM. PORE VOL. NATER INJ. HCPV

FIGURE 11 EFFECT OF RATE ON WATER-OIL RATIO

(MODEL II, HEXANE)

R



T-2190 79

(W]

®

Q-

=

o®

@

) — =X

. Lt A ——A 5

Q

8 —

ARy

s

= -

O

.? y

_

O A "

> ] // MODEL 111

L | X LOW RATE

] }/A 4 HIGH RATE

OR

a

&

D —

O

S l T T T T 1
0.0 '0.40 0.8 = 1.20 1.6 2.

FIGURE 12

CUM PORE VOL. WATER INJ. HCPV

EFFECT OF RATE ON OIL RECOVERY

(MODEL III, HEXANE)

o



T-2190 80

[\M]
[\
N
-
®—4
0
o
i
}_ o
< R
Y «~
1
= -
O
|
s
}_ —
<€ | MODEL III
= x LOW RATE
- 4 HIGH RATE
[\N)
T
o ¥ T T T 1 T T 1
0 08 0 4@ @ B@ 1 68 2.0

CuUM. PORE VOL. LJATER INJ. HCRPV

FIGURE 13 EFFECT OF RATE ON WATER-OIL RATIO

(MODEL III, HEXANE)




T-2190 81
[\V]
§E
Q-
—
O® K b6 X
ve) N N 5 2
R —
o
&) F
o /
a3 /
. /
oo
o | /
o /
_JV‘
o..a
> MODEL 1
L] X LOW RATE
& ] 4 HIGH RATE
O
Q]
o
D-«
@)
[\ T T 1T 1 T 1T 11 T T T7 1T T 7 T 1 T T
0.0 Q.50 1.00 - 1.50 2.00 2.5

CuM. PORE VOL. WATER INJ. HCPV

FIGURE 14 EFFECT OF RATE ON OIL RECOVERY

(MODEL I, KEROSENE)



T-2190

82
Q
Q
N
3 3
. x,
O
—
—
<q
K- 7
-
=
O
I
958
< It
4 MODEL I
= x LOW RATE
7] 4 HIGH RATE
?- ‘ £
] //*
Q—# T 1 | ¥ 1 1 BRI | 1 1 T T T 1 1 I 1{
Q.00 .50 1.00 1.50 2.00 2.

CUM. PORE VOL. WATER INJ. HCPV

FIGURE 15 EFFECT OF RATE ON WATER-OIL RATIO

(MODEL I, KEROSENE)

Sa



T-2190

83
[\
(\M)
G—-—J
| e B
O& Y e e
m v -2 4 Y & LY
R
A
g_
Qo
_ /
=
ol /
S\
——lv
o_‘ .
> MODEL 11 |
) x LOW RATE
%g 4 HIGH RATE
O
]
LI
P
:]—-1
Q
() T T T T 1T 7T 1 T T 1 T T 7 7T T T
0. 00 0.50 1.00 1.50 2.00 2.

CUM. PORE VOL. WATER INJ. HCPV

FIGURE 16 EFFECT OF RATE ON OIL RECOVERY

(MODEL II, KEROSENE)

5



T-2190

200

84

120

WATER-OIL RATIO

[\
@
. MODEL II
] x LOW RATE
a
S HIGH RATE
< T
]
_L A—/
Q l i T T
Q. '0.50 1.00 "1.50 2.

CUN PORE VOL. WATER INJ HCPV

FIGURE 17 EFFECT OF RATE ON WATER-OIL RATIO

(MODEL II, KEROSENE)

Y%



85

T-2190
&
(\N}
.
=
O
8 o .
R p—
A
8 —
a9
_J - /
H —
1/
W)
—JT
o -
> , MODEL 111
L x LOW RATE
v 4 HIGH RATE
O -
a
pu
|
U 1 I T 1 1 r f T T
.00 = @50 @ 100 = 1.0 2.0 2.5@

CUM PORE VOL. WATER INJ. HCD\/

FIGURE 18 EFFECT OF RATE ON OIL RECOVERY

(MODEL III, KEROSENE)




86

T-2190
N
Q
X /
g //
9
O 4
: ) x
<&
mt_
|
8 n x
| 7 /
58 >
I_, -
§§ 4 MODEL III
x LOW RATE
7 A HIGH RATE
S A
]
¥ T f T T T
0 G@ G 50 1 90 1 50 ' 2 @O 2.5

CUM. PORE VOL. WATER INT. HCPV

FIGURE 19 EFFECT OF RATE ON WATER-OIL RATIO

(MODEL III, KEROSENE)




T-2190

87

Q
Q
.
Q-
—_
OG)
R NSRS SV S
- /x/("":.‘r = bl hd
a
O A
(0%
a3
N /
= A
o | /
\N)
A .
O -
> MODEL I
bl A x LOW RATE
4 4 HIGH RATE
O
& ——
LR
5 ]
O .
QIIII' T 17 T T 71 r rr—ub1t 1t 7T T 1
Q. 00 2.50 1.00 1.50Q 2.00

CuUM. PORE VOL. WATER INJ. HCRPV

FIGURE 20 EFFECT OF RATE ON OIL RECOVERY

(MODEL I, SOLTROL)

2.5



T-2190 88

[\
Q
N
o
0
O 4
—
I,__ -
<Q s
Y —
_
H —
O x
I
HE
|___ -
< - MODEL 1
B x LOW RATE
4 HIGH RATE4
) ,
$
- 2
o ¥ T T T T T T T T 7T T T 1 T T 1
Q.00 Q.50 - 1.00 1.50 2.00 2.5

CUM. PORE VOL. WATER INJ. HCP

FIGURE 21 EFFECT OF RATE ON WATER-OIL RATiO

(MODEL I, SOLTROL)




T-2190

89

100
1

1

1

80
1

!

60
L1

OIL PROD. # OIP.

l

8
_JV
O —
= - MODEL 11
W x LOW RATE
% 4 HIGH RATE
OR
a

(ZLJF1.

0. 0@

I

0 50

1 @0

I I 150 Il2
CuUM. PORE VOL. WATER INJT. HCDV

FIGURE 22 EFFECT OF RATE ON OIL RECOVERY

(MODEL II, SOLTROL)

2. 5@



T-2190

90

1

|

120

1

NAT%@—OIL RATIO

_ MODEL II
x LOW RATE
-1 A HIGH RATE
(\N]
T ///k
- /A/‘
o ¥ T —rx rr T T T
@ @0 Q 50 1 50 2.00

CUM. PORE VOL WATER INJ. HCPV

FIGURE 23 EFFECT OF RATE ON WATER-OIL RATIO

(MODEL II, SOLTROL)

"2 5@



T-2190 91

Q
Q

G.: -

—

©s

R - WU Ve U SV

Q\ —

8 -

Qe

——! —

s B

O _
'3

5 4

> MODEL III

Ll x LOW RATE

v | 4 HIGH RATE

O .

\& ]

zf .

D —4

U 1 T r T
e.00 '2.00 2.5

CUF’] PORE VOI_ LJATER INJ HCPV

FIGURE 24

'EFFECT OF RATE ON OIL RECOVERY

(MODEL III,

SOLTROL)




T-2190 92

[\M)
[\
N
—
Q
0
O 4
H -
l__
<
mv—
e
=
< v
¥s .
L
= ///
< MODEL III
< x LOW RATE
} : 4 HIGH RATE
Q .. -
v | /
.*._r_r_.r_‘__' —f—iﬂé'M - . —T 1
2 20 .50  1.08 = 1.50 = 2.00 2.5

CUM. PORE VOL. WATER INJ. HCPV

FIGURE 25 EFFECT OF RATE ON WATER-OIL RATIO

(MODEL ITI, SOLTROL)




T-2190 93

400
80

x

g +

(=]

g

< éo.

[a 4

[sa]

—

<

al

o

S

>

o

= HIGH RATE

S & KEROSENE

=~} © HEXANE
20 @ SOLTROL

+ WATER(MISCIBLE)

0 L) RS Ll T Y T T T

/' 2 3 4 & 6 7 & & /o
VISCOSITY RATIO, Mo/,

FIGURE 26 OIL RECOVERY AT WATER BREAKTHROUGH AT HIGH:

RATE VERSUS VISCOSITY RATIO (npo/uw)



T-2190 94

o
80,
p oy
(]
s )
(o]
[a'4
I
; o/\
< 6]
o
e 0]
—
<
of
R ) x
S
o
= LOW RATE
3 4 KEROSENE
=~ - o HEXANE
20| @ SOLTROL
x GLY-WATER(MISCIBLE)
0 T T L K} [

/0

~N A
INE
<0 A

3 4 S 6 2 3
VISCOSITY RATIO, fo/Hw

FIGURE 27 OIL RECOVERY AT WATER BREAKTHROUGH AT LOW

RATE VERSUS VISCOSITY RATIO (uo/uw)




T-2190 95

100
gof - *
) /b\ﬂ
[a'4
o
& b0
w D
= Q.
o
[}
=
< O
o
L+ §
o~
RE
D
-2
> O
o >
5 “HIGH RATE
= & KEROSENE
e o HEXANE
20l @ SOLTROL
+ WATER(MISCIBLE)
Y T T T T =T T !

o 1 2z 3 4 5 6 7 & 9
VISCOSITY RATIO, Ho/Hw

FIGURE 28 OIL RECOVERY AT ONE PORE VOLUME THROUGHPUT

AT HIGH RATE VERSUS VISCOSITY RATIO (uo/uw)



T-2190

£00-

96

N
'0
Rt

j

(WE]
o
2
w5
= a
o
]
=S
<< O
=<
-
a ~
RE 74
3
-~
=S
L 'LOW RATE
S & KEROSENE
o o HEXANE
20 B SOLTROL
xGLY-WATER(MISCIBLE)
’0 v M T A\l ' ¢ ¥ 14 14 x ]
/ 2 3 4 & 6 7 8 Q@ /0
VISCOSITY RATIO, Ho/Mw
FIGURE 29 OIL RECOVERY AT ONE PORE VOLUME THROUGHPUT

AT LOW RATE VERSUS VISCOSITY RATIO (po/uw)



T-2190 97

j
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Displaced Fluid

Initial Water Saturation & 2%

TABLE A-/

IMMISCIBLE DISPLACEMENT RUN

MODEL I

HEXANE

Injection Rate

124

%597%h

Time to Breakthrough 10! muns

Test Date ﬂyﬁzﬁ@

Cum.. Cum. Cum.
Flow.Tlme A? 0il Prod. |O0il Prod. |Water Inj. WOR

(min) (psid) (cc) (%HCPV) (HCPV)

3¢ /. 95 1275 25 44/ O, 254 -
2% 2.4 /254 2. 47 0.5067 -
7 4.68 9/3 £8.£€9 0. 7/98 0.1%
/20 J. 96 7¢ J0.2/ 9. 9/36 12.08
/(50 . % 2 J0.25 Y22 V4 S5, 74
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TABLE A-2
IMMISCIBLE DISPLACEMENT RUN

MODEL I

Displaced Fluid AZXANE Injection Rate 245 Ymu

Initial Water Saturation_&.3¢ Time to Breakthrough 278 mums.

Test Date /2//)78

Cum. Cum. Cum.
Flow Time AP 0il Prod. |[0il Prod. |[Water Inj. WOR

(min) (psid) (cc) (%HCPV) (HCPV)

Jo 12/ &lo L./1337 /3.37 -

éo /. 2/ ér8 0. 2692 Z. 92 -

20 /.2/ 600 &O.9007 Y0,07 -
/20 /28 SS90 0. 9300 I3.00 -
/50 Zez 502 0.64/2 67.6/ -
14 J. 33 28/ &.7302 70.47 0.45
2/ 3.33 /68 . 58220 73.85 /49
Z%0 3 33 52 0.9/ 30 75,65 4.0t
270 3. 33 4 /i 1043 75. 95 98,95
Joo 3.33 5 1.2057 75 95 £.63
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TABLE A-3

IMMISCIBLE DISPLACEMENT RUN

126

MODEL_7 _
Displaced Fluid #EX4VE Injection Rate /80 € Fmmn
Initial Water Saturation %27  Time:to Breakthrough 78mms
Test Date 7/30/76’
Cum. Cum. Cum.
Flow Time AP 0il Prod. [0il Prod. |[Water Inj. WOR
(min) (psid) (cc) (7.HCPV) (HCPV)
/o 2.40 reée £.69 20.0929 -
20 2.40 /670 12729 o, (858 -
Jo 2.4¢ w73 26.1% 0.2786 -
7 3 Zo /676 3958 .35 -
50 3.00 82 43.66 0. 46494 -
éo 3.00 /632 52,17 - O.5547 -
/0 3.00 V/4a34 bo.56 O.64%% -
50 3. 0 /53 6§, 57 O.73%2 O0.42
90 3.00 330 70,29 O. 944 749
100 _3.0c 50 70.55 0.89¢9 3/ 58
V7, 3.00 /7 70.64 l. 9866 74.67
/2o 3.00 2 76.276 /.0753 /57,83
/30 3. 00 ’ 70. 70 1.6378 oo b4 |
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TABLE A-#

IMMISCIBLE DISPLACEMENT RUN

Displaced Fluid

MODEL Z

HEXANE

Initial Water Saturation &-27

Injection Rate

127

$b “Snin

Time to Breakthrough /7 s

Test Date &%5293
Cum. Cum. Cum.
Flow Time AP 0il Prod. |O0il Prod. |Water Inj. WOR

(min) (psid) (cc) (%HCPV) (HCPV)

Je (20 2505 3,07 0 1307 -

70 /- 20 S8ty 39. 57 o, Y046 -
/20 (20 2999 352,55 &, 5387 -
/52 /20 23/9 6465 0. bEFY -

/80 1:2e V1% /3.0 &O. 7960 .52
4 /20 /02 749/ 0.928¢ 594
4 /.80 /5 75, 24 10625 39. 57
270 /.o / 75.25 /o/960 o hrgh
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TABLE A-5
IMMISCIBLE DISPLACEMENT RUN

MODEL 2/

Displaced Fluid #4XNE Injection Rate  J4€

Initial Water Saturation &.26 Time to Breakthrough B35 s

Test Date ﬂ%@b@

Cum. Cum. .Cum.

Flow Time AP 0il Prod. |[0il Prod. |Water Inj. WOR
(min) (psid) (cc) (7.HCPV) - (HCPV)

/0 /.99 J505 £.97 2. 0923 -

2o 199 3530 /775 ©. /85D -
Jo J. 30 Jss5o 22.02 0.2783 -
Yo J. &7 J54d Je.os O 3743 -
50 3.89 Js17 75,43 0. 464/ -
6o 3.8 3530 R4 0.5565 -
Vi 3.89 3503 6303 O.E488 -
&7 3.89 25800 69. 45 0.7%03 o 95
72, J.89 3578 70.98 0.8237 4.5/
/00 -89 29 /.05 0.9/085 | /23.0
1777 3.8 I V8 0,? / oo/¥ Joz. O
(20 3.89 / /2 [+ 052/ 52,0
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TABLE A-6
IMMISCIBLE DISPLACEMENT RUN

MODEL 4 -

HEXANE Injection Rate /72 i

Displaced Fluid

Initial Water Saturation_ﬁfo_ Time to BreakthrOugh_2£é__ﬂ'ﬂﬁs_‘__

Test Date ’0//0/757

Cum. Cum. Cum.

Flow Time AP 0il Prod. |0il Prod. |Water Inj. WOR
(min) (psid) (cec) (%.HCPV) (HCPV)
Jo /22 v a/4 /55 OMS7 —
éo 1,22 862 23,03 0.2309 -
70 Y74 vESY 34. 49 0. 35T -
/e 2.00 S0/ $6.30 O, YEYY -
YAY 2.3% 4507 57, 65 8.5785 « -
/80 F.é9 Y& 76 68.62 0.69/2 -
2re J.6% /£33 72,55 O, 7980 /%€
240 3.6y 576 7917 G. 506 s 7 8¢
270 3. 649 /62 74,855 1.0/42 27. 94
Joo | sé7 5 79.5¢ 1./230 oo hesh

|
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Displaced Fluid

Initial Water Saturation &./7

TABLE _{1;{

IMMISCIBLE DISPLACEMENT RUN

MODEL 7

KEROS ENE

Injection Rate

130

’5/5“/»/4

Time to Breakthrough J&77ms

Test Date /24079

Cum. Cum. Cum.

Flow Time | . AP | 0il Prod. |O0il Prod. [Water Inj. WOR
(min) (psid) (cec) (%.HCPV) (HCPV)
Jo 4.2 72208 22.14 O.22/4 -
60 y.25 195 yu13 0. 997 -
g0 4.25 774 85. 70 0,658/ -
/20 567 S85 76,08 . £8/3 1/5
/30 S.67 85 J2 64 l./303 /4. 94
/o 5.67 2 /8. ©r [ 37%€ 85,02
Zro 567 e 78, /¢ 6223 /6413
240 .67 4 7827 17,8703 224, 45~
270 | 8,67 3 78, 32 2. /783 795 .0/
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TABLE A-%
IMMISCIBLE DISPLACEMENT RUN

MODEL £

Displaced Fluid AK¢RoSENE Injection Rate 21,5 ESnii

Initial Water Saturation 0.25 Time to Breakthrough 203 mins

Test Date 72/9/78
Cum. Cum. Cum.
Flow Time AP 0il Prod. |Oil Prod. |Water Inj. WOR

(min) (psid) (cc) (7%.HCPV) (HCPV)

o /99 570 .52 O, 182 -

60 2. 34 Séo 22.8% ©.2283 -

90 2,55 S 70 JH3F 9.3735 -
(2o 2.58 365 75,77 O0.9577 -
/ST 2.55 550 3749 0.5799 -
/80 2.55 55¢ 468,70 O.6870 -
2/0 .24 265 74,06 0.7438 0.9
2%0 5 25 2/0 D O.86/8 7.3/
27 526 2 §0.62 0,938 2. %0
3o 5.25 J5 87 33 1.059p 72.52
J30 D25 /8 §.63 (/588 3. 93
Jéo 525 /5" .99 (. 2578 42,52
F%0 J.25 7 §2.08 /. 355D 88 43
720 3.2 5 &2,./2 /- 7520 237.00
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TABLE A-8 contl
IMMISCIBLE DISPLACEMENT RUN

MODEL -

KERCSENE Injection Rate 2.5 “on

Displaced Fluid

Initial Water Saturation &.25 Time to Breakthrough 203 mins

Test Date  22/7/78
Cum. Cum. Cum.
Flow Time AP 0il Prod. |Oil Prod. |Water Inj. WOR

(min) (psid) (cc) (%HCPV) (HCPV)

45D 525 2 £2.22 /1 8%60 e Agh
/90 5.25 2 82. 28 /. 6419 ho hgh
S/0 528 2 §2.34 /i 7476 ho hig)
370 528 / F2. 38 1. 8430 oo his)
6/0 .25 / §2.92 L3S o high
670 .25 / &£2.%¢ -2, 0579 oo Aé4
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Displaced Fluid

TABLE #A-9
IMMISCIBLE DISPLACEMENT RUN

MODEL Z

KEROSENE

Initial Water Saturation &.22

Injection Rate

133

/80 pn

Time to Breakthrough &%.5 mu

Test Date &/20/78
Cum. Cum. Cum.
Flow.Time AP 0il Prod. |0il Prod. |Water Inj. WOR

(min) (psid) (cc) (%HCPV) (HCPV)

30 2 60 5620 27.39 0.2773 -

éo 2.60 JYEY 53.92 0. 5968 -
90 3.00 4535 J5.99 0.798¢ o,/
t20 3 20 420 78.03 /, 6589 /73
/52 3.20 54 78.24 13214 124, 27
180 3. 20 /¢ 78 32 /.5807 323.72
2/0 3. 20 3 78. 35 /. 8403 §56%. 29
240 3- 20 b 78. 38 2.000/ §6s.0/
270 3.20 3 78, 39 2. 38y 2608.99
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TABLE A0

IMMISCIBLE DISPLACEMENT RUN

MODEL 4

Displaced Fluid K&ROSENE

Initial Water Saturation d&.25

Injection Rate

X 6 d;‘ in

134

Time to Breakthrough 245 mm

Test Date  8§/27/7¢
. ~Cum. Cum. Cum.
Fiow Time AP 0il Prod. }0il Prod. |Water Inj. WOR

(min) (psid) (cc) (%HCPV) (HCPV)

3o 2.0 2424 /2,26 o. 1279 -
60 2.60 2405 29.4/ 0.2546 -

J0 2.60 2405 J36.57 O.38/0 -
20 2.éo 2352 ¥8.62 O.506s -
/5D 2.éo 2329 60, 39 0.6284 | -
/180 2.é0 2700 70,00 . 297 -
2/0 J.o00 1970 7874 0.8605 0.6 ,/'
290 3.00 80 §0.57 0.9778 .82
270 200 /00 §7.07 1.097/ 23. 26
Jo00 3. 00 38 &7 26 1.2/82 £/, 68
330 S0 28 &40 /- 3363 83. 35
360 J oo /4 §£. 98 1. 4548 /9712
3?0 3. 00 /0 §.53 1.85739 23€. 6o

y20 J.o0 é 8. 56 /. 654/ 39/
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TABLE A0 contd
IMMISCIBLE DISPLACEMENT RUN

MODEL £
&6 QVQM

KEROSENE Injection Rate

Displaced Fluid
Time to Breakthrough 265 sy

Initial Water Saturation &.25
Test Date__ §27/7

Cum.' : Cum. Cum.
Flow_Tlme A? 0il Prod. |Oil Prod. |[Water Inj. WOR

(min) (psid) (cc) - (7%HCPV) (HCPV)

4450 3.0 4 &.58 /. 5089 8588

50 3.0 4 &/, 60 /. 9267 S84

370 3.0 2 §/-6/ 204995 W77
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TABLE A-/
IMMISCIBLE DISPLACEMENT RUN

MODEL Z

Displaced Fluid  KERENE Injection Rate  JéC C/nii

Initial Water Saturation 422 Time to Breakthrough__ 9/ msm

Test Date /c//78

Cum. Cum. Cum. :
Flow Time AP 0il Prod. |0il Prod. |Water Inj. | WOR
(min) (psid) (cc) (%.HCPV) (HCPV) f
Jo J. 40 2994 7.09 0.0733 -
b0 3. 40 Is5¢p /5.62 0.lko2 -
% 719 3588 24.03 0. 2425 -
/20 999 BAY-r4 32. 44 0. 3337 -
/50 9 #9 3620 4/.02 0.92/3 -
214 4.00 358 59, 54 0. 5283 -
200 .00 IS4 5%, 04 0. 59573 -
290 4.00 F563 66. 52 0.68/5 -
270 Hoo 3/26 73. 9/ 0. 799 6.43
300 _ 7-00 £S5 75.9% O0.8928 | 284
330 ) #.00 S0 77. 34 YA IEY: /20
Féo #.00 2,3 77. &84 108G 34. 24
390 #. 00 Vedz 78,17 /. 3655 SZ. 3¢
420 #.00 Jo 78 37 /. 5408 78, 5%




T-2190 137

TABLE A/ contd
IMMISCIBLE DISPLACEMENT RUN

MODEL

——n

Displaced Fluid KEROSENE Injection Rate Jéc Cc/n/n'

Initial Water Saturation £.20 Time to Breakthrough %/ m/

Test Date /4'7//‘//7,57

Cum. Cum. Cum.

Flow Time AP 0il Prod. |0il Prod. |Water Inj. WOR
(min) (psid) (cc) (%HCPV) (HCPV)
450 %0 éo 78,53 /- 7/5D 123.57
570 7.0 ad 78.73 2.0623 173. 20

SHo 4.0 2o 78.78 2.2359 . Zo
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TABLE A-/2
IMMISCIBLE DISPLACEMENT RUN

MODEL #Z

Displaced Fluid  KEROSENE Injection Rate  /7Z<Ymu

Initial Water Saturation .22 Time to Breakthrough 202 mu

Test Date /0f6/78

Cum. Cum. Cum.
Flow Time AP 0il Prod. |0il Prod. |Water Inj. WOR
(min) (psid) (cc) (%HCPV) (ICPV)
30 2.90 S0y Va4 &./23% -
éo 2.5 So/0 23.63 0.2%63 -
9o 2.9 S50 IS TS 0. 3700 -
(2¢ 2-%0 S033 97,93 0. 9929 -
18D 2.9¢ 5272 59. 26 0. 6/5D -
VE 74) 3.79 vé/3 70,74 o, 7303 | -
2/0 3.89 Zoce 74.86 08475 X7
240 3.6 /#4S 78.27 8. 7688 2.98
270 3.87 325 79.57 l.08F0 £ 69
300 3.89 208 79.99 /. 2/03 24.27
330 3-89 V/{7 §0.25 /3332 Y€, 27
360 J.&7 75 §0. 43 LYS/5 | g4 7R
390 3-89 6é 8§90, 59 /. 8739 25 70
420 3-89 50 Fo. 7/ 1.6578 G728
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TABLE A-/2 contd

IMMISCIBLE DISPLACEMENT RUN

MODEL

———rr

/72 Cc/mé

Displaced Fluid KEROSENE Injection Rate

Initial Water Saturation &£22 Time to Breakthrough_ 202 rmm

Test Date /0/24/7f

Cum. Cum. Cum.

Flow Time AP 0il Prod. |0il Prod. |Water Inj. WOR
(min) (psid) (cc) - (%HCPV) (HCPV)
450 3 £ Y0 FO. 80 /85126 /33.22
480 3.9 Jo §0.87 /. 9330 17/. 00
370 3. 89 26 59.%3 2.0532 /7533




T-2190

Displaced Fluid

Initial Water Saturation 2.2

TABLE A3

IMMISCIBLE DISPLACEMENT RUN

MODEL 7

SOLTROL,

Injection Rate

140

95" ‘e%li}

Time to Breakthrough Jd2 mm

Test Date /%AZA?
Cum. Cum. Cum.
Flow Time AP 0il Prod. |0il Prod. |Water Inj. WOR
(min) (psid) (cc) (7.HCPV) (HCPV)

3o 7.94 7239 23.857 0. 2974 -

80 Y hd 7239 4775 O, 9809 -

70 &5/ /09 £7.98 é, Zoty o. 24
/20 & 37 323 74./3 0, 5330 3 32
15D £ /5 éo 25,27 7. /68/ 5.55
/&0 £/8 2/ se7 [ Yoeg /9. 74
20 £/ 7 75, o e Z6. 44
240 £/5 S 75 o Lybzy 236, 00
270 K25 7896 2.0899 378,1¢
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Displaced Fluid

Initial Water Saturation &.22

TABLE A4

IMMISCIBLE DISPLACEMENT RUN

MODEL £

SeL7RoL

Injection Rate

141

208 s

Time to Breakthrough

Test Date /%qu?

/78 Meh

Cum. ‘ Cum. - Cum.
Flow Time AP 0il Prod. |0il Prod. |Water Inj. WOR
(min) (psid) (cc) (%HCPV) (HCPV)
S0 S5 54 /0,02 O./01% -
60 5.25 Ry 4 20.0Y &, 2062% —
70 525 S5 29, 88 . 302/ -
120 5.25 790 39. 3. 0. 3988 -
/852 52 495 9. 08 0. 9967 -
(g0 6-66 417 7.2/ &. 5828 -
2/0 737 330 63.65 O.tESZ 6.33
240 7:.37 /68 68,42 O.75%0 /67
270 7.37 /63 7Y 0. 85927 /78
300 737 /7€ 73.55 0. 5363 J./0
330 737 79 7%. 76 lioz79 7.9/
Jéo 7.37 58 MWLYo /a4 7.69
390 7.37 %3 %. 09 /ST 7. 70
420 7-37 9 J6. 24 /. 3033 42. 85




T-2190 142

TABLE A~/ contd
IMMISCIBLE DISPLACEMENT RUN

MODEL I

Injection Rate 248 ¢mim

Displaced Fluid  $¥/70!

Time to Breakthrough__ /73 ms

Initial Water Saturation Z.22

Test Date  /2/20/78

Cum. ] Cum. Cum.
Flow.Tlme Alf’ 0il Prod. |0il Prod. |Water Inj. WOR

(min) (psid) (cc) (%HCPV) | (HCPV)

430 7.37 3 7é. 30 /3955 152.67

480 7.37 7é.49 185797 95,95

370 2.37 /e 76.69 /o 7699 /. éo

S4o 7. 37 7 TE.89 19549 125, 3.3

570 7.37 4 77.00 2./932 76.99




T-2190 143

TABLE A/
IMMISCIBLE DISPLACEMENT RUN

MODEL I  (REPEATED RUN)

Displaced Fluid SOLTROL Injection Rate 2.5 <Sma

Initial Water Saturation 422  Time to Breakthrough /77 mu

Test Date 3//5/79

Cum. Cum. Cum.
Flow Time AP 0il Prod. |0il Prod. |Water Inj. WOR
(min) (psid) (cc) (7%HCPV) (HCPV)
Jo 5.8/ J80 /3.24 b./32§ -
éo0 5.8/ 700 26.77 O.287 -
0 5.8/ V24 70.29 0.4053 -
/20 .74 695" 53.49 O.5387
/5D 7-30 772 62.95 O.-6637
/80 7.09 /75 66./5 0,787/
2/0 7.09 /25 é8,52 0. 7/52
‘26’0 .09 73 99 l.ov40
270 .09 2 70,77 1.1759
300 7.09 3o /. 33 /. 308D
330 707 /5 7l 63 /- 435/
350 /.09 /3 7/. 87 /. 5828
390 7.09 /o 72,06 L liggro
72 709 /0 72,25 /. §261
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TABLE A7/5 contf

IMMISCIBLE DISPLACEMENT RUN

144

MODEL 1
Displaced Fluid _ S€L7R0L Injection Rate 2.5 <mw
Initial Water Saturation &20 Time to Breakthrough_ /7/ s
Test Date .?//6‘479‘

Cum. . Cum. Cum.
Flow_Tlme AP 0il Prod. |0il Prod. [Water Inj. WOR

(min) (psid) (cc) (%HCPV) (ACPV)

45D 7.09 /0 /2. 9Y 1.9973

y/50 7.09 /o 72.63 2.07%5
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Displaced Fluid

Initial Water Saturation &/&

TABLE A-/6

IMMISCIBLE DISPLACEMENT RUN

MODEL 7/

SesLrecl

Injection Rate

145

Time to Breakthrough &5 m

Test Date 7//?/‘79
Cum. : Cum. Cum.
Flow Time AP 0il Prod. | 0il Prod. |Water Inj. WOR

(min) (psid) (cc) (%HCPV) (HCPV)

/0 559 1724 7.7¢ 0.08/5 ~
20 5.89 1704 /5.98 D./617 -
J0 6. 99 A 23.00 9.2%0) -
S0 Selp 3286 37,84 0. 3948 -
6o J.00 /875 4. 95" 8. 469/ -
70 $100 /S77 J2.07 9.5%34 -
§0 J.00 /57E 59.06 &. 618 -
9p S 00 /070 63.89 0. 7039 o0:.77
V24 S.00 J73 66.57 8. 8728 5. 30
/40 .00 S04 65.85 lilo7g 9.3/
/5D 800 /63 é9.5% L1868 7.62
/80 S, 00 470 7,49 /225 /.67
20 .00 Jzo 72.88 /. 6607 (85.54
240 3. 0o 229 73.9/ [ 8977 2200
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TABLE A% cont!
IMMISCIBLE DISPLACEMENT RUN

MODEL 4

——n

Displaced Fluid §OL7ROY Injection Rate (80 s

Initial Water Saturation &20 Time to Breakthrough 43 /i

Test Date ?/’é’/?f

Cum. Cum. Cum.
Flow Time AP 0il Prod. |0Oil Prod. |Water Inj. WOR
(min) (psid) (cc) (7,HCPV) (HCPV)

270 5.00 197 7#.5% 2./3349 39./8
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Displaced Fluid

Initial Water Saturation o 20

TABLE A-/7

IMMISCIBLE DISPLACEMENT RUN

MODEL 4

SeLrReL

Injection Rate

147

E& - o

Time to Breakthrough /70 mm

Test Date 7/27/78

Cum. v Cum. Cum.
Flow.Time AP 0il Prod. |[Oil Prod. |[Water Inj. WOR

(min) (psid) (cc) (%HCPV) (HCPV)

30 3.9 2435 /1. 52 0./22¢ -
éo 3,69 2340 22,55 &, 2404 -
90 3.59 2388 33,52 0. 359Y -
/20 3.859 263/ 4. 92 O,.9767 -
YAYZ 3.59 77/ 35, 90 b, 59/ -
180 3.57 S20 é5. 30 0. 208/ 458
2/0 3.00 400 68,64 €. §395 2.6s
240 3.00 Jey 712 . 7600 3-9p
270 3. 00 243 73.0/ L6797 5. 33
Joo 3.0 /27 7Y 4S5 /. /580 7. 22
330 oo 70 Zs, 60 /.3/75 3. 39
déo 3.00 Y2 76.57 /. 935 Zo.r4
J90 3.00 3/ 77. 39 /. S553Y é/./0
¥20 3.00 33 75, .07 /o 6700 57 .30 |
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TABLE A-/7 contet
IMMISCIBLE DISPLACEMENT RUN

MODEL 4

SeLreol E6 mss

Displaced Fluid Injection Rate

Initial Water Saturation 4270 Time to Breakthrough /70 mm

Test Date Wééﬁ?
Cum.. Cum. Cum.
Flow.Tlme YA? 0il Prod. |Oil Prod. [ Water Inj. WOR

(min) (psid) (ce) (%HCPV) (HC?V)

750 3.00 33 78,47 [ 785/ 7840
450 3.00 33 79, 22 /. P08 73,52
570 3. 00 ) 79. 68 Z.ozs7 Ao /{é 4
570 3. 00 3o 50,09 2-1433 Ao higy
570 3. 00 3o §0. 45 Z. 2608 o il
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Displaced Fluid

Initial Water Saturation &.20

TABLE A-/%

IMMISCIBLE DISPLACEMENT RUN

MODEL Z

SPL7REL

Injection Rate

149

360 C%//,‘

Time to Breakthrough &7 ms

Test Date %//Z?

Cum. Cum. Cum. :
Flow Time AP 0il Prod. |Oil Prod. |Water Inj. | WOR

(min) (psid) (cc) (%HCPV) (HCPV)

/0 669 3778 £.85 ©.0978 —

20 669 3607 17.3¢ O.17% e -

3o 7.38 3687 26. 06 ©. 2639 -

Y4 7:59 7339 ¥3.37 O, 4385 -

70 4. 89 5755 57,52 O.6r07 .22

g0 6-9% 3063 64.75 8., 7970 0. 58
/0 é.19 /378 é8.05 o, 9050 3. 88
/30 é.r9 50 76,15 /. 0843 7.39
/SO 6.0 67§ 7. 75 /2622 /.72
/70 6.19 772 73,62 /38 /5 4/
/90 6.09 262 7424 /6114 2.95
/0 é./9 /65" 74.63 [ 789¢ 434/
230 .19 /4 799/ 1. 5576 4o, 79
250 6./9 #9 75./2 2./292 $b. 70
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Displaced Fluid

Initial Water Saturation &.20

Test Date ////0/78

TABLE A4-/7

IMMISCIBLE DISPLACEMENT RUN

MODEL Z

SeL7eol

Injection Rate

150

/72 s

Time to Breakthrough /&0 mm

Cum. Cum. Cum.

Flow Time AP 0il Prod. |0il Prod. |Water Inj. WOR
(min) (psid) (cc) (%HCPV) (HCPV)
Jo 3.00 it sd /S g./29 -
60 3.00 Y555 22.83 O, 2423 ~
90 3,00 Y860 34.22 &, 3623 -
/20 3.00 y5¢3 4562 o, 4809 -
/S50 3. 00 “932 IS./8 b,600¢& -
/g0 2.60 2632 60, 49 L& 720/ 0.9
2/0 2. 60 Ve 47% &4 /3 O. 5565 2.3
240 2.60 764 éb.g/ @, Géog 4.2
270 2. éo £23 &f. 95 | LOS/2 5.23
K5%) 2:.60 V7% . wr ’ 2008 7. 30
J30 Zeo 78 7/-99 - [, 32/8 /.26
360 2.60 26y J3.74 /. 4423 25,54
390 2.60 ) 791/ /i 68%2 456_37
420 Zéo 55 7993 7. 8653 I7. 5
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Displaced Fluid

TABLE A~/? conrd

IMMISCIBLE DISPLACEMENT RUN

MODEL

SoLreol

Injection Rate

151

172 ¢ C/h/h

Initial Water Saturation &2 Time to Breakthrough /40 mm

Test Date ////D/7é7
Cum.. Cum. Cum.
Flow.Tlme A? 0il Prod. |Oil Prod. |Water Inj. WOR
(min) (psid) (ce) (%HCPV) (HCPV)
430 2,60 42 75,64/ L 8053 /26, /0
480 2. bo Jo J6. 28 /9262 /52, 30
5/0 2. éo /8 76.83 20972 Z36.82
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TABLE A-2
MISCIBLE DISPLACEMENT RUN

MODEL_Z
Displaced Fluid FL&y us7z Injection Rate %I s
Time to Breakthrough 76 s Test Date 1//23/78
Cum. Cum. Cum.
Flow Time AP Salinity | Oil Prod. | Water Inj. WOR
(min) (psid) (ppm) (7.HCPV) (PV)
K72, /.04 - 26,73 b.2073 -
60 j /.06 - 37.2/ &. 372 -
z 1.04 2oy 42,00 &, 42/0 -
70 /.04 378 6/.27 &.630¢ -
/20 /-0¢ J2%2 75,45 9-8702 -
/50 Ya/4 S0 Y. 44 L0938 | /37
/80 /.84 7877 58,9/ 12559 3.7/
2/0 /05 £&07 . 4/ [ Yé90 7,38
240 /& 7379 72.92 L E78¢ /512
270 /& 7772 9325 /. 5852 I8/
J00 A T942, AR 2.07 78 é2.52
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TABLE A#-2/
MISCIBLE DISPLACEMENT RUN

MODEL_ 4
Displaced Fluid ARSH whrzr Injection Rate /80 “Ym,,
Time to Breakthrough 78 = Test Date //o/78
Cum. Cum. Cum.
Flow Time AP Salinity | Oil Prod. | Water Inj. WOR
(min) (psid) (ppm) (%HCPV) (PV)
Jo : 240 - 20,52 &. 205D -
60 2.40 - 38.9% O, 3896 . -
F0 / 2.40 77 40.99 O, 4/60/ -
l 2.40 335¢ 60,35 O.6/57 -
/20 2.40 Joo3 24 70 0. 820z 9.3
/50 240 52/9 £7.50 /. 025‘; /.09
/80 2. 40 700/ 70,65 /[ 2303 2,23
Z/o 2. 40 565 4.4/ /. 4353 4. 45
240 2. 40 7053 7,35 7, 6403 7,57
270 2. 40 766§ 77,03 17,8484 25,74
Joo 2. 40 /8 000 - 97.03 2.0504 ff:if
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TABLE A-72
MISCIBLE DISPLACEMENT RUN

MODEL_4
Displaced Fluid ARESH LWA7ER Injection Rate J3é0 “/,,,,,
Time to Breakthrough 78 mu Test Date /o/z2/78
Cum. Cum. Cum.
Flow Time AP Salinity | Oil Prod. | Water Inj. WOR
(min) (psid) | (ppm) (%HCPV) (PV)
Jo 2.00 - 2¢. 39 0,2039 -
60 2.00 - 40,78 o, Y078 -
g0 2. 00 - J3.0/ O, 530/ -
2s 00 éor 60.47 0.1/ -
120 2.00 /S69 77.86 O 818 0,18
/92 2.00 5778 §6.02 liyg | L4
%i4 2. 00 7945 70,27 /.2233 3. 79
2/0 2. 00 E87 92.5% /. 4272 7,83
290 2.00 739/ 73,82 /€310 15,44
270 2.00 v d”, P4, 35 1-F3Y9 3797
Joo 2. 00 /g oop 97035~ 2,038 fff;e,
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TABLE #4-23
MISCIBLE DISPLACEMENT RUN

MODEL_Z
Displaced Fluid &L{¥-WATER Injection Rate ZAS iy
Time to Breakthrough - 3¢ m» Test Date__/2/24/75
Cum. _ Cum. Cum.
Flow Time AP Salinity | Oil Prod. | Water Inj. WOR
(min) (psid) | (ppm) (%HCPV) (PV)
3o /0.99 - 729 0.0729 -
60 10:99 - /3.67 O.1367 -
70 0.4 - /7. 90 9. /950 -
/20 /6.99 - 26.73 &.2673 -
/8D 10.49 - 37.39 0.3939 -
/850 ! /.20 - 3707 2 3707‘ -
Z 792 V) .87 &. 4224 -
200 fog | 2w 99, 78 0. 5735 o. 32
240 £, 08 379 89,69 9, 6080 0,59
270 7.23 5855 58, 80 G. 7026 /.30
Jeo 6.38 7773 61. 04 O.$032 3. 49
KL, 6.23 £788 62.2¢ 0.9039 .25
30 5.67 7500 62.77 1, 005% /7. 00
390 5¢7 7892 62.89 /. 008/ /. 9/
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TABLE A-24

MISCIBLE DISPLACEMENT RUN
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MODEL_ 4
Displaced Fluid CLY- #47ER Injection Rate % Lt
Time to Breakthrough 43 »» Test Date f//0/7J7
Cum. Cum. Cum.
Flow Time AP Salinity | Oil Prod. | Water Inj. WOR

(min) (psid) (ppm) (%HCPV) (PV)

Jo 2.59 - 5.77 4, 0577 -

6o 2.99 - /. 2/ 9./02/ ~

70 j 2.99 - Va4 O /72 -

Z 2.99 /2/0 /772 &./853 . .7y

/20 /97 2252 23./9 8, 2557 0.25
/(5D /199 323/ 2%, 28 O. 334 | &, 48
/80 /%7 Y203 32.90 9. 4/08 0,72
4 /199 5795 36.95 OIS los
240 /.99 br70 0,37 O, 5P ey
270 /- 99 7287 42,83 O.€757/ 2. 68
306 /.59 $425 44. 26 0, 7657 8. 35
J30 /. 95 9257 79. 99 O.85¢7 /2, 35~ |
Jéo 599 P4.25" Y8, 2/ 0.9975 ZE0 10
3%0 /)95 7674 45, 35" /. 6383 385,35
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TABLE A-24 ppoutd
MISCIBLE DISPLACEMENT RUN
MODEL__/
Displaced Fluid G&GLY-UATER Injection Rate J¥ Lory
Time to Breakthrough ez Test Date Mo/?é’
Cum. Cum. Cum.
Flow Time AP Salinity | 0il Prod. | Water Inj. WOR
(min) (psid) (ppm) (%HCPV) (PV)
420 /99 2852, e (/2866 Y/l twater]
'
v/
480 199 | 8000 57.50 1:3022 -
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TABLE A-25

MISCIBLE DISPLACEMENT RUN

MODEL 7/
Displaced Fluid G&Yy-u47£% Injection Rate //2 i
Time to Breakthrough JS6 m» Test Date /{//o’j%’
Cum. Cum. Cum.
Flow Time AP Salinity | 0il Prod. | Water Inj. WOR
(min) (psid) (ppm) (%HCPV) (PV)
J0 6:39 = 2./0 é. 0G0 -
60 9./9 - /5, 33 O, /573 -
(L 3.99 - /8. 32 0. /89 -
Y 3.59 /05D 26,7/ O. 278¢ O./2
120 3-2¢ 1904 37./2 O 3799 oY
/5D 3./9 2778 457 33 0.97/3 . 18
/80 2.7 3673 37, 74 b, 5685 &,52
2/0 2.79 7673 37.92 0. té67 O.8
290 2.59 5996 6/, 65 O.677¢ l. 88
270 2.59 6360 62.52 O.§63Y 20. 70
Jeo 2,59 763 62,43 0.9632 3/ /9
SR 2,599 5028 63./4 10634 | /28 32
3éo 2,57 7633 ¢35y | ss7 | 2300
30 2.59 7942 63.92 / . 2639 ij;f'en




