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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 petroleum 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 50-50 percent 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 form 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:
1) The initial and boundary conditions must be the 

same for geometrically similar model and prototype.
2) The relative permeability to the wetting phase must 

be the same function of saturation in both model 
and prototype.

3) The relative permeability to the nonwetting phase 
must be the same function of saturation in both 
model and prototype.

4) The capillary pressure function, dimensionless,
j(S) = ^  Æ 7 *  . . .  (1)

must be the same in model and prototype.
5) The porosity, 4> must be the same in model and pro­

totype .
6) The viscosity ratio, must be the same in 

model and prototype.
Engelberts and Klinkenberg (3) have studied viscous 

fingering using linear scaled models. Six independent 
dimensionless groups,

L/h. a, L/K%. and Aê| | | L

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 90%, independent of the varia­
tions in the dimensionless groups. The breakthrough re­
coveries on the other hand are dependent on most of the 
dimensionless groups except "q - In addition, their
results show that the viscosity ratio, 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 oil 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, hvy^, is proposed as a "scaling coefficient." 
Furthermore, by including the oil-water interfacial tension, 
a and the contact angle, 6, Rapoport and Leas have proposed 
a "generalized scaling coefficient," a cos 0/Lvy^.

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 
oil withdrawals) must be the same for model and 
prototype.

3) The relative permeability functions and the
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viscosity ratio, y^/y^ 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) If 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:

6)

modelL KAp

L' K̂P model

model

I/KAp

L^KP

prototype

prototype

prototype

(2)
(3)

(4)
If the pore size distributions are not similar, the 
design and operation of the model must be conducted 
in accordance with the following expressions:

=
_l 2kapJ model [l k̂ a p J prototype . . .  (5)

[qPw / L K ^ ]  model = fîU^,/LK^] prototyp. 
|̂ K/(j)(a cos 8)2/' model =

[K/<fi(a cos 6) 2/'p§?- prototype.

(6)

(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
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group, , 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 oil 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, qy^L//K0f(0)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 oil and water is minimized by using longer 
columns and/or higher injection rates. Also, the results of 
the experiments show that the residual oil 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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%o^ _______ , K A p g ,
/K^f(9)J(S)

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 oil." 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 invest­
igated oil recovery performance of models, using gas or water 
as displacing phase. The flow is essentially horizontal 
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 

qiPoL
a cos

= [gjUpL 1 
■ [a cos ejmodel ■ La cos 8j prototype . . . (8)

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

The scaling 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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ft _ ^w'^cw . (9)
"  1-Sro-Scw

where S is the water saturation, is the connate waterw cw
saturation, and is the residual oil saturation, and

k; = ^  ; k ; = ^  . (10)
wro ocw

where K' and K' are the normalized relative permeabilities w o  ^
to water and oil respectively. K and K are the effective ̂ w o
permeabilities to water and oil respectively, and is
the permeability to water at residual oil saturation, and
K _ is the permeability to oil at the connate water satura- ocw ^
tion.

The scaling criteria derived from this theory follow;
1) Dimensionless initial and boundary conditions must 

be the same in model and prototype.
2) K^, 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 prototype:

W "̂̂ W
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 oil 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 1.03cm 
tube show appreciable deviation. The oil 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 principally 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 attempted to ascertain whether 
the essential features of the displacement 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
vy L

^
2) The viscous-gravity ratio must be identical in

model and prototype when 
vy L

• • • (12)
the viscous-gravity ratio need not be scaled when

vp L 
 ̂ K^Apgh <

where 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 (K^L/v^h^) must be
identical in model and prototype. - effective
transverse dispersion coefficient and

= v/(l-s^^)<t>. . . . (13)
Good agreement of dimensionless solvent penetration and

effluent composition shows that equivalent model performance
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is obtained even though vy^L/K^Apgh is unsealed. 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.

^o, ApgK, g cos 6/K^ and ^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 
Truce (1942)

*Ap , ^t, ^c, L 
AP* ^  PJ L-

Engelbert and Klinkenberg 
(1951)

L, L ApgK, ApgLK% 
h K^ vy^ a cos 6

Greenkorn (1964) !!o. L, ^o, ^o, pgK, ^0 , tv, 
3 Pg Dg yv d“

KP
ydv

*The variables characterizing the model is primed.

The dimensionless groups developed by several authors using 
inspectional 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 general differential 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 
Rapoport and Leas (1953)

Rapoport (1955)

Rapoport, Carpenter, 
and Leas (1958)
Perkins (1957)
Richardson and Perkins 
(1957)
Craig, Geffen and 
Morse (1955)
Perkin and Collins

^Geertsma, Croes, and 
Schwarz (1956)

Offeringa and 
Van der Poel (1954)

Blackwell, Rayne, and 
Terry (1959)

Dimensionless Groups 
LvL/h, Lvu^, ^

L/h, l ^KAp ’ Ï7KF

L/h, Uq /u ,̂.

L'h

L'hL/h. /K^f(eyj[sy

qu
w
w KP2c

L/h, ^o, ^ ^ r o  / (j) ^wro^PB^   / i VV K )-w
L/h, ApgK, g cos 9/K^, ^w^^

w
L, '-'o. Po, PoSKd:

q;O
L, ^o, KAApsina, L^

y, qw Kt
K - effective dispersion coeffi­

cient

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

3) The viscosity ratio, 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 
differently. 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 problem. The variables are 
then combined into several dimensionless groups or ir-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 variables:

1) Ceometrical dimensions
a) distance between injection and production 

wells, L [L]
b) sand thickness, h [L]
c) angle of dip of the formation, a [dimensionless]

2) Rock properties
a) specific permeability, K [L^]
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b) porosity, 4) [dimensionless]
3) Dynamic flow characteristic

a) velocity of fluid movement, v Cl /t I
4) Fluid properties

a) viscosities of oil and water, y^ [M/LT]
b) density difference between the oil and water 

phase, Apg [M/L^T^]
c) interfacial characteristics, a cos 0 [M/T^]

The functional relationship between these variables is
expressed by

F(L, h, a, K, (j), V, y^, y^, (Ap)g, a cos 0) = 0 . . . (14)

Applying the principle of dimensional homogeneity and using 
the mass, length, time system of fundamental dimensions;

M°L°T°d cos . . (15)

where ai , aa ,  slb are constants.
Substituting the fundamental dimensions into equation

(15)
M°L°T° d (L)3^(L)^^(L2)*3(LT"i)*4(ML"iT"i)*5

* ( M L " i T " i ) * ^ ( M l T 2 T " 2 ) ^ 7 ( M T " 2 ) ^ 8  • • • ( 1 6 )

M°L°T° d j^ai+a2+2a3+a‘t-as-as-2a7
-a*t-as-as-2a7-2a0 . . . (17)
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Equate the exponents of M, L and T 
M: as+ae+ay+ae = 0
L: ai+a2+2a3+a‘t-a5-a6-2a7 = 0 . (18)
T: -a4-a5-a6-2a7-2a8 = Q

Solving equation (18) simultaneously gives
ai = -a2-2a3+2a?
a 5 = -a6-a7-a8 . (19)
a*+ = -a?-a8

Substitution of equation (19) into equation (15) yields
^ j^(-a2-2a3+2a7)|̂ a2ĵ a3̂ (-ay-as)

cos 6)®»<|>»a». . . (20)
M»L°T°d (hL-')*2(KL"2)a3(u^p^-:)as(L2v-'p^-'Apg)*7

(v cos 0)̂ ®(j)°a° . . . (21)
The dimensionless scaling groups from equation (21) are:

7Ti = h/L . . . (22)
7T2 = K/L= . . . (23)
TT3 = • • • (24)
^4 = • • • (25)

TTs =  ̂ = -—  (waterwet systems 6 = 0) ' (26)



T-2190 24

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 valid.
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 --- A$. . . (27)1 ]_

where
i = subscript denoting wetting or nonwetting phase
v^ = velocity vector, cm/sec 

= relative permeability
K = absolute permeability, darcies
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= viscosity, cp 
= P^+p^gz = potential 

p^ = density, gm/cc 
P^ = pressure, atm
g = gravitational constant, cm/sec^ 
z = height above datum, cm.

Writing equation (27) for the nonwetting and wetting phases

V = - 5 r o  V(p^+p^gz) . . . (28)
° ^O

V = - V(P^+p^gz) . (29)
w Pw

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.

op = ^0^0 - v(p gz) . (30)
° " K%ro

VP = -  - ’ (Pvjgz) • (31)

The capillary pressure gradient is expressed by
VP^ = VP^ - VP^ . . .  (32)

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

’"c = ^  (-W - -o + V[(p^-p^)gz]. . . (33)r w r o w
From the assumption of incompressible fluids
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(34)
Letting Ap = p^-p^ and substituting equation (34), equation
(33) may be rearranged so that

-1
V =. Vo 1+^rw^o

KKrw V(Apgz)-VP, 14Krw^o
-  1

(35)

For convenience, let

i{j = 1 +
^ro^w

-1
(36)

(37)
ip and X 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

KXro/ \ o-n . . . . (38)Vq = Vi|; + — [V(Apgz) - VPg] . .

The models used in this study are considered three-dimen­
sional and writing equation (38) for the three axes, x, y , 
and z gives the following:

X VP
w

V K
oy

K

. (39) 

. (40)

Voz = ^ IT  ̂ [V(Apgz) - VP^] . (41)
The continuity equation for incompressible fluid is ex­
pressed by

9v
’ •V =

ox 9v
9x 9y

9voz 9S
9z

w
9t (42)
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where t-time.
The expansion of the terms of equation (39) gives

^^ox _ 9^ _ K_ (X ^fw)
9x ^x 9x y 9x 9xw w

= V_. 5 , ^  &  (A C s  5 )̂ . . (43)X 9x dS y 9x  ̂ ds 9x w w w
Similarly,

9y
dll)
^Sw

K 9
9y . (44)

3z - 9z
dll) K 9

9z
KApg
^w

lA9z
. . . (45)

av 9v 9v
" 35^ “ 3 ^  “ ° • • • • (46)

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

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

= = ^  • • • (48)
Similarly the normalized distance variables are obtained by 
dividing each by its corresponding characteristic length:

5 = |, ÿ = ^ and i = I (49)

where £, and w are length and width of the model respectively. 
Leverett defined the capillary pressure function as:

Pc = " ( V  ■ • • (50)
For water-wet systems, cos 9 = 1  and equation (50) be­

comes :
= a (cj)/K)̂  J(S^) . . . (51)

dP^ 1 .
and = a (*/K)= -rq—  J(S ) . . . (52)

w w
Multiplying equation (47) through by —  and substituting
equations (48), (49) and (52) results in :
(j)L ^^w , j' /^x ^^w , ^y ^^w , ̂ z ^^Ws di|)
^ 3 t “ + L  (—  3x " + w 8 F  + IT 31“ ) as-t •' w

a(U)^ 111 3 ,,dJ(Sw) 3Sw\ , L 3 ^,‘̂ 0(S^) 3S  ̂ dJ(S^) 3S^^
- |i 3%(\as;—  3%-) + w 3f( 3s;;—  3?(\as;—  w ) ;
+ KApgL 21 = 0
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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

_ corresponding to condition (4) above. It may be 
recognized that the other conditions listed under inspec­
tional analysis could be obtained by some combinations of 
the various ir-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 
braced 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 CDIO 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.

MATERIALS
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 Durkeeredfood 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 
Viscosity Viscosity Density Difference 

(cps) Ratio (gm/cc) (gm/cc)
Surface 
Tension 
(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
mesh

100
mesh

120
mesh

140
mesh

160
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:

model = prototype . . . (54)

and the magnitude of injection rates encountered in oil 
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:

1^2^] Model I = Model II = |^|^j Model III . . . (55)

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
(cc/min)

Field Equiv. 
(B/D/ft./well)

Lab
(cc/min)

Field Equiv. 
(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 oil phase in the first cali­
bration run, a 50-50 percent mixture of glycerine and water 
represented the oil 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 oil 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 0.24% of the pore volume of Model I, Model II and Model 
III 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 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 phase 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 oil 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 oil and water phase were recorded and the movement of
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the fronts were traced. The data obtained are enclosed in 
the Appendix.
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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

Water
Displacing

Model. I Model II Model III

High
Rate

Low
Rate

High
Rate

Low
Rate

High
Rate

Low
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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oil recovery and water-oil ratio as functions of pore volume 
throughput are presented. Oil 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 oil 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

Oil Recovery, %OIP, from the Respective Models
and Liquids

Model I Model II Model III

High
Rate

Low
Rate

High
Rate

Low
Rate

High
Rate

Low
Rate

Hexane :
Breakthrough 66.50 66.68 66.33 65.33 67.49 67.50
l.OPV 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
l.OPV 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
l.OPV 71.70 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
l.OPV - 63.0 - 45.00 - 63.00
1.5PV - 64.33 - 45.67 - 63.33

Fresh Water:
Breakthrough 72.99 - 73.34 - 73.35 -

l.OPV 83.00 - 84.17 - 85.50 -

1.5PV 91.67 - 93.70 - 95.33 -

2.0PV 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 1.67. 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 III 
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. Oil Recovery, %OIP

Breakthrough l.OPV 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,

£(M)i L KAp& l'

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," a cos 0 /Lvy^. 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.

Oil recoveries and water-oil 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 
oil 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 1.67% for Model III.

The water-oil ratio and pore volume throughput relation­
ship show identical trends. The water-oil 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 oil 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 
gradients 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 oil 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 oil recoveries and viscosity ratio, 
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 
y^/y^ 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/v^y^, 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 oil were produced after water breakthrough as may be seen 
from the relationships between oil 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. In 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) The geometry and boundary conditions of the model 
(Model I) and prototype (Model III) are the same.

2) The relative permeabilities to the oil and water 
phase and the viscosity ratio are the same in model 
and prototype.

3) The ratio of gravitational forces to imposed 
forces is identical in model and prototype.

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

5) 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 representing 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



T-2190 54

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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Chapter VI 

CONCLUSIONS AND RECOMMENDATIONS

1) In the laboratory, the results obtained from a model 
matched the performance of its prototype very closely.

2) 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.

3) 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.

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

5) A study should be undertaken to investigate how adequate­
ly the dimensionless group, L?h is accounted for by the 
ratios of capillary to viscous forces, and gravity to 
viscous forces.

6) 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

7) 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.



T-2190 58

8) Oil recoveries at water breakthrough are independent of 
the density difference.
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NOMENCLATURE

a

C]
S
d
D

<

DI
E

u

o

h
J(S)
J(S')
K
K
Kocw

ro
Krw
Kw
Kwro

constant
lower limit of viscous-gravity ratio 
upper limit of viscous-gravity ratio 
diameter of linear, cylindrical model 
diffusion coefficient of oil into solvent 
diffusion coefficient of solvent into oil 
areal sweep efficiency 
function
acceleration due to gravity
thickness of the model
Leverett capillary pressure function
normalized Leverett capillary pressure function
specific permeability
effective permeability to oil
relative permeability to oil at connate water 
saturation
relative permeability to oil
relative permeability to water
effective permeability to water
relative permeability to water at residual oil 
saturation
horizontal effective permeabiltiy 
normalized relative permeability to oil
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normalized relative permeability to water 
effective transverse dispersion coefficient 

I 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
P^ capillary pressure
P^ capillary pressure in model
PV pore volume
PV. . pore volume injectedinj ^
q flow rate
q^ total flow rate
q^ total flow rate in model
S saturation
S' normalized saturation
S water saturationw
S connate water saturationcw

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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average total velocity in x, y, and z axes 
v^ total velocity along the x-axis
Vy total velocity along the y-axis
v^ total velocity along the z-axis
v^ dimensionless total velocity along the x-axis
Vy dimensionless total velocity along the y-axis
Vg dimensionless total velocity along the z-axis
w width of model
X x-coordinate
X dimensionless x-coordinate
y y-coordinate
y dimensionless y-coordinate
z z-coordinate
z dimensionless z-coordinate
V divergence operator

Greek letters
a angle of formation dip
A difference operator
0 contact angle
A Krw*

viscosity of oil
viscosity of oil in model
viscosity of solvent

''w viscosity of water
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u' viscosity of water in modelw ^
IT dimensionless group

density of oil
density of oil in model

p density of waterw
p^ density of water in model
a interfacial tension
(f) porosity
0 potential

Subscript
a average
c capillary
cw connate water
i subscript
L lower
o oil
r relative
s solvent
t total or transverse
u upper
w water
X X - direction

y y - direction
z z - direction
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 BOTTOM—  TOP

FIGURE 31 COMPARISON OF THE POSITIONS OF THE FRONTS
AT LOW RATE (HEXANE. VISCOSITY RATIO = 0.34)
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G)

HIGH RATE
Ü MODEL I 
+ MODEL II 
X MODEL III

0.00 0 . 4 0  0 . 8 0  1 . 2 0  1 . 6 0cun.-PORE VOL. WATER INJ. HCPV

FIGURE 32 COMPARISON OF CUMULATIVE OIL RECOVERIES AT 
HIGH RATE (HEXANE, VISCOSITY RATIO = 0.34)
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HIGH RATE
a MODEL I 
+ MODEL II 
 ̂MODEL III

0.00 0. 8 0 1 .200. 4 0 1 . 6 0cun. PORE VOL. WATER INJ.' HCPV

FIGURE 33 COMPARISON OF WATER-OIL RATIO CURVES AT
HIGH RATE (HEXANE, VISCOSITY RATIO = 0.34)
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I— i

Q_\0

LOW RATE 
A MODEL I 
+ MODEL II 
 ̂MODEL III

0 . 4 0  0 . 8 0  1 . 2 0  , 1 . 6 0CUM. PORE VOL. WATER INJ. HCPV
0.00

FIGURE 34 COMPARISON OF CUMULATIVE OIL RECOVERIES AT
LOW RATE (HEXANE, VISCOSITY RATIO = 0.34)
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LOW RATE
A MODEL I 
+ model II 
X MODEL III

0 . 4 0  0 . 0 0  _ _ _  _ _ _CUM. PORE VOL. WATER INJ. HCPV
1 .200 . 00 1 . 6 0

FIGURE 35 COMPARISON OF WATER-OIL RATIO CURVES AT
LOW RATE (HEXANE, VISCOSITY RATIO = 0.34)
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IGH RATE 
ODEL I 
ODEL II 
ODEL III

^ w , ■■ ■ 1
'0.00 0.50 1.00 1.50 2.00 2.5aCUM. PORE VOL. WATER INJ. HCPV

FIGURE 36 COMPARISON OF CUMULATIVE OIL RECOVERIES AT 
HIGH RATE (KEROSENE, VISCOSITY RATIO =
1.76)
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h i g h  r a t e
MODEL I 
MODEL II 
MODEL III

0.00 0 . 5 0 1 .00 1 . 5 0 2.00CUM. PORE VOL. WATER INJ. HCPV

FIGURE 37 COMPARISON OF WATER-OIL RATIO CURVES AT
HIGH RATE (KEROSENE, VISCOSITY RATIO =
1.76)
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l-H

LOW RATE 
A MODEL I 
+ MODEL II 
X MODEL III

0.00 0 . 5 0 1 .00 1 . 5 0 2.00 2 .saCUM. PORE VOL. WATER I N J .  ‘ HCPV

FIGURE 38 COMPARISON OF CUMULATIVE OIL RECOVERIES AT
LOW RATE (KEROSENE, VISCOSITY RATIO =
1.76)
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l-H

LOW RATE 
Ü MODEL I 
+ MODEL II 
X MODEL III

0 . 00 0 . 5 0 1 . 00 1 . 5 0 2.00CUM. PORE VOL. WATER INJ. H C P V

FIGURE 3S- COMPARISON OF WATER-OIL RATIO CURVES AT
LOW RATE (KEROSENE, VISCOSITY RATIO =
1.76)
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G)

I— I

HIGH RATE
^ MODEL I 
4 MODEL II 
 ̂MODEL III

0 . 5 0  1 . 0 0    , _ _ _CUM. PORE VOL. WATER INJ. H C P V
2.00

FIGURE 40 COMPARISON OF CUMULATIVE OIL RECOVERIES AT
HIGH RATE (SOLTROL, VISCOSITY RATIO =
4.43)
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G)

l-H

HIGH RATE
4 MODEL I 
+ MODEL II 
 ̂MODEL III

0 . 00 0 . 5 0 1 . 5 0 2.00CUM. PORE VOL. WATER INJ. HCPV

FIGURE 41 COMPARISON OF WATER-OIL RATIO CURVES AT
HIGH RATE (SOLTROL, VISCOSITY RATIO =
4.43)
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LOW RATE
4 MODEL I 
4. MODEL II 
-c model III

0.00 0 . 5 0 1 .00 1 . 5 0 2.00CUM. PORE VOL. WATER INJ. H C P V

FIGURE 42 COMPARISON OF CUMULATIVE OIL RECOVERIES AT
LOW RATE (SOLTROL, VISCOSITY RATIO =
4.43)



T-2190 110

<s

I— i

LOW RATE 
^ MODEL I  ̂ M ODEL II ^ MODEL III

0. 5 0 1 . 00 2.000 . 00CUM. PORE VOL. UATÉR INJ.'HCPV

FIGURE 43 COMPARISON OF WATER-OIL RATIO CURVES AT
LOW RATE (SOLTROL, VISCOSITY RATIO =
4.43)
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<s>

LOW RATE
4 MODEL I 
f MODEL II 
 ̂MODEL III

0. 4 00 . 00CUM. PORE VOL. WATER INT. HCPV

FIGURE 44 COMPARISON OF CUMULATIVE OIL RECOVERIES AT
LOW RATE (GLYCERINE-WATER, VISCOSITY
RATIO = 7.93)
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Q

LOW RATE 
/I MODEL I 
+ MODEL II 
 ̂MODEL III

0. 4 0 0. 8 00.00CUM. PORE VOL. WATER INJ. HCPV

FIGURE 45 COMPARISON OF WATER-OIL RATIO CURVES AT
LOW RATE (GLYCERINE-WATER, VISCOSITY
RATIO = 7.93)



T-2190 113

G)

-A-

HIGH RATE
Ù MODEL I 
4- MODEL II 
MODEL III

0.00 0. 50 1.00 1.50 2.00CUM. PORE VOL. WATER INJ.'HCPV

FIGURE 46 COMPARISON OF CUMULATIVE OIL RECOVERIES AT
HIGH RATE (FRESH WATER, VISCOSITY RATIO =
1.0)
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<s>

HIGH RATE
A MODEL I 
+ MODEL II 
 ̂MODEL III

0 . 00 0. 50 1 . 00 2.00CUM. PORE VOL. WATER INT. MCPV

FIGURE 47 COMPARISON OF WATER-OIL RATIO CURVES AT
HIGH RATE (FRESH WATER, VISCOSITY RATIO =
1.0)
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HIGH RATE 
—  MODEL I M ODEL II MODEL III

FIGURE 48 COMPARISON OF AREAL SWEEP EFFICIENCY AT
HIGH RATE (HEXANE, VISCOSITY RATIO = 0.34)
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X —  >i— - 5<:—
___

 ̂ LOW RATE
 MODEL I- X -  MODEL II —  M OD EL  III

a >

FIGURE 49 COMPARISON OF AREAL SWEEP EFFICIENCY AT
LOW RATE (HEXANE, VISCOSITY RATIO = 0.34)
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go. VII/. 13

£3.

Sd36I0-Î

3S,Os/o.̂ ^

HIGH RATE M OD EL  I M ODEL II M OD EL  III

FIGURE 50 COMPARISON OF AREAL SWEEP EFFICIENCY AT
HIGH RATE (KEROSENE, VISCOSITY RATIO =
1.76)
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E jP V in j(H C P V )

7810.637

228

LOW RATE MODEL I -  MODEL II — - M O D E L  III
1

FIGURE 51 COMPARISON OF AREAL SWEEP EFFICIENCY AT
LOW RATE (KEROSENE, VISCOSITY RATIO =
1.76)
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HIGH RATE M ODEL I, - ^ _ M O D E L  II 
, — MODEL III

FIGURE .52 COMPARISON OF AREAL SITEEP EFFICIENCY AT
HIGH RATE (SOLTROL, VISCOSITY RATIO =
4.43)
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EA/PV,hj(ffCPV)

 ̂  ̂—

\ LOW RATE —  MODEL I V—  MODEL II - . - M O D E L  III

FIGURE 5-3 COMPARISON OF AREAL SWEEP EFFICIENCY AT
LOW RATE (SOLTROL, VISCOSITY RATIO =
4.43)
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LOW RATE MODEL I-v- MO D EL  II 
-• -MODEL III

FIGURE 54 COMPARISON OF AREAL SWEEP EFFICIENCY AT
LOW RATE (GLYCERINE-WATER, VISCOSITY
RATIO = 7.93)
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EaIPVĵ(HCPV)

HIGH RATE MODEL I MODEL II MODEL III

FIGURE 55 COMPARISON OF AREAL SWEEP EFFICIENCY AT
HIGH RATE (FRESH WATER, VISCOSITY RATIO =
I.O)
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APPENDIX

EXPERIMENTAL RESULTS
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TABLE
IMMISCIBLE DISPLACEMENT RUN 

MODEL I

Displaced Fluid _______ Injection Rate _____
Initial Water Saturation Time to Breakthrough 2̂ ^

Test Date /f/^^/73

Cum. 
Flow Time 

(min)
AP

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(7oHCPV)

Cum. 
Water Inj. 
(HCPV)

WOR

/,^f /2 7iT

—

;% /&,.?/ <̂ /3é

2 X/z/fy s/t. 7Y
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TABLE A-i
IMMISCIBLE DISPLACEMENT RUN

MODEL 1

Displaced Fluid Injection Rate 2/,S

Initial Water Saturation Ô So Time to Breakthrough

Test Date

Cum. 
Flow Time 

(min)
AP

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(7oHCPV)

Cum. 
Water Inj.
(HCPV)

WOR

-

éc -

éoo -

/2C SVo Û. S3 CO S3.ÛÔ -
—

/fk? 7<r, /7
S. 33 z?. 7̂ ,<F6" /■i9

2 Vo <2, $%:?<)
9 Z r y r

3eo 3. 35 Ŝ . 63



T-2190 126

TABLE ±£_
IMMISCIBLE DISPLACEMENT RUN

MODEL I

Injection RateDisplaced Fluid ______
Initial Water Saturation Time - to Breakthrough 93

Test Date '7/30/72

Cum. 
Flow Time 

(min)
AP

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(%HCPV)

Cum. 
Water Inj.
(HCPV)

WOR

/o /ééé' -
OjgSB' ■—

y.y^ -
3-2o 3V-3S —

5~D 3-00 y^.6x o.^évv -
OC 3-00 /7 -
70 3.00 é:C! OÙ jt^yyy -

xf?y d̂ .ŷ ŷ OJZ

3^00 <pyy y.yy
/ W J. Oc ô'â ÛI.S2

S. 00 // A  4VXX
3-00 /-e 70<7c

3.00 / 7o. 7ù Too Xg'X
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TABLE A-^
IMMISCIBLE DISPLACEMENT RUN

MODEL I

Displaced Fluid M f X m t Injection Rate
Initial Water Saturation Time to Breakthrough 2/7rr?/m

Test Date

Cum. 
Flow Time 

(min)
AP

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(%HCPV)

Cum. 
Water Inj.
(HCPV) WOR

30 2SZ>s A  /f^y —
/‘2o C. VCV6 —

S2.SS y —
02o —

73 ‘ Où z).yy/d) 0,S2

yy, y/ ^Tfy
/.^ /S’ X OÙ2S

/ /*/9éû
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TABLE À-E'
IMMISCIBLE DISPLACEMENT RUN

MODEL ^

Injection RateDisplaced Fluid ______
Initial Water Saturation 0‘2& Time to Breakthrough ToS

Test Date Zo/s/lS

Cum. 
Flow Time 

(min)
AP

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(%HCPV)

. Cum. 
Water Inj.
(HCPV)

WOR

X; xfy 3SDÔ' —

XfY //yjT /Sso -

S3o 3SSÙ -

ft? jiryy 3Ù.OB -

3s V7 fbT/J ŷ /f/ -

3S3o û^sséô -

7^ SS03 -
23CÛ ^y.yr ^.yjT

yy/

j'.fy /23.0

//Z? JT /• CO/V 302. o

/ x^yg/ ŸSĴ .c>



T-2190 129

TABLE A2±
IMMISCIBLE DISPLACEMENT RUN

MODEL

Injection RateDisplaced Fluid HOXAn £______
Initial Water Saturation 0>2C Time to Breakthrough 3/Ù mthc

Test Date /o/̂ o/72

Cum. 
Flow Time 

(min)
AP

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(%HCPV)

Cum. 
Water Inj. 
(HCPV)

WOR

Jk? —

XZ7 yy^^ —

fd? xyy yy^ry jy yf o. 3vsy —

2^00 SCO/ ^,y^yy —

/SZ> VS'cy C,S7SS —

—

vf.̂ y 7̂ . y)-
j.^y /y/7

3. ÙV 79, ss /, d)/ŷ 27. yv
cf.̂ y s /y,jg /é/230 h>o hiÿ/
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TABLE À'7
IMMISCIBLE DISPLACEMENT RUN

MODEL T

Injection RateDisplaced Fluid 
Initial Water Saturation Xl/7 Time to Breakthrough

Test Date

Cum. 
Flow Time 

(min)
AP

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(7oHCPV)

Cum. 
Water Inj. 
(HCPV)

WOR

y.76- j'.f./y d?, 7.̂ /y -
éo yyf VV/3 d?. yyza' —

yxr /77y C* iSS/ —
Sis Z). X? -fss

/SZ) .f ̂ 7 <fd-
/fz» jC6'7 X J7y( éô',02

S'^7 S /,622J /dyC/j?
J:^7 / 72^27 /.S703

3
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TABLE
IMMISCIBLE DISPLACEMENT RUN 

MODEL ^

Injection Rate 2/, SDisplaced Fluid /dS^cStf^E____
Initial Water Saturation 0*25 Time to Breakthrough 2o3

Test Date

Cum. 
Flow Time 

(min)
AP

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(7oHCPV)

Cum. 
Water Inj.
(HCPV)

WOR

570 -

5ùo —

J'TK? Û. 3730" -

5 é ô - 0. VS77 —

/SO 2.SS jizyf C.S7V9 —

2,Sô~ 0 .0 2 7 0 -

j9:76-

jT.fr y)- 3 ‘ Vo

35 /^Z537

S, 2S 7 ,/5 ^2 37.93

/ 5 xrrzy

jT^r" 7 / .  35SD Xf.

S /. yyge; 237. Où
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TABLE Aĵeon-h2
IMMISCIBLE DISPLACEMENT RUN

MODEL 3

Displaced Fluid /7£20SON£______ Injection Rate
Initial Water Saturation 0^2S Time to Breakthrough 203

Test Date /2J9J72

Cum. 
Flow Time 

(min)
AP

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(7oHCPV)

Cum. 
Water Inj.
(HCPV)

WOR

2 Toe T/gi

Z Tdo

s. 25 2 22.3 V /. Tto

i Td c

i/o 5 2 5 / /oo

^7^ S.ZÇ / 2 . 0 5 / 9 /so /(g/j
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TABLE
IMMISCIBLE DISPLACEMENT RUN

MODEL ^

Displaced Fluid /7520S5a/5 Injection Rate /EO

Initial Water Saturation Ô.22 Time to Breakthrough 22S/n,én

Test Date S/zo/ys

Cum. 
Flow Time 

(min)
AP

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(%HCPV)

Cum. 
Water Inj.
(HCPV)

WOR

7 7  jy Z)/ f/7f —

6o 5V6V —
yrfr Û. /y

7s. 03 /.ÔS2V y.
3.7C yy Tf.fy X f^/y
3.2o 7/'^7 ASgcy JfjLXf
3.70 s 7<T, jÜT
3-20 6 J?.

s 7,r.̂ f
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TABLE A-yo

IMMISCIBLE DISPLACEMENT RUN
MODEL M

Injection Rate /#//?Displaced Fluid 
Initial Water Saturation Ô.2S Time to Breakthrough 30Ô /w/X

Test Date 2/27/73

"s. Cum. 
Flow Time 

(min)
AP

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(7oHCPV)

Cum. 
Water Inj.
(HCPV)

WOR

2V7V -

éo 7,^ /?, —

2.Ù0 2V0S 0. 321 c -

/2C 92.62 z). -
/6Z) 2.6o —

/<%) 7.̂ d) 7/%?d? 7/,/d) 7yy7 -

3. oc 77. /y 0.26 cs d).̂ y

3. CO

3. CO j%/'7 Z3.2é

3oc 3. 00 32 X7/7^ é>/t 62

SSD 3. CO (f/.w /. 5s. 35

3. CO /V <f/, yf /. yjTYf /yx/2
3. CO /o Xd77yL 3.00 Ù 6k. jyz
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TABLE A-/0
IMMISCIBLE DISPLACEMENT RUN

MODEL I

Displaced Fluid /XTgoSSAJS____  Injection Rate _____
Initial Water Saturation S-ZS Time to Breakthrough 3cS

Test Date

Cum. 
Flow Time 

(min)
AP

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(7oHCPV)

Cum. 
Water Inj.

(HCPV)
WOR

J.d) V

yfz? J.d? y

J.d? z 6y.x/ //77

_______
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TABLE
IMMISCIBLE DISPLACEMENT RUN 

MODEL M

Displaced Fluid /(SZQSSA/5_____  Injection Rate 360

Initial Water Saturation 520 Time to Breakthrough 9/rn/ty

Test Date /c/h /72

Cum. 
Flow Time 

(min)
AP

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(%HCPV)

Cum. 
Water Inj.
(HCPV)

WOR

—

6c Ssçÿ -

y / f 3SS2 d?,7y%f
y.yf J A  yy O, 3337 —

vif 3620 d?. -

3592 yy,ry d?. 5Z>23 -

7/d"̂ 52, 06 5. S9ô~3 -

3Z? -

7X9 V'Oo d), T^^yy d?,/f

y Tf: yy 7,fy
Sfo 77, jy / .  d?/J4 /% 7o

V-oo 7/.? 77. f y x / f y y jy./X
y. oo /Vo 7fV7 / '  36SS-

¥tOo fd) 7f. ̂ 77. jy
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TABLE
IMMISCIBLE DISPLACEMENT RUN 

MODEL M

Injection Rate ôéo. /%//7Displaced Fluid _____
Initial Water Saturation 0>20 Time to Breakthrough ^'6

Test Date /o/h /72

Cum. 
Flow Time 

(min)
AP

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(%HCPV)

Cum. 
Water Inj.
(HCPV)

WOR

y  d> éo 72. 6~3 /. 7/5V iZ3.S7

yy /72.to

570 yy 7, 0623 //cf. f dP

2.2359
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TABLE A-/2
IMMISCIBLE DISPLACEMENT RUN

MODEL H

Displaced Fluid _____  Injection R a t e ^ _____
Initial Water Saturation Time to Breakthrough

Test Date

Cum. 
Flow Time 

(min)
A P

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(7oHCPV)

Cum. 
Water Inj.
(HCPV)

WOR

jc o y —

6c Sd/o -

SZ)6~Z> 6 6  6 6 36ÛÔ -

-

^ / z -

/^,/y . -

2occ /, yr
//y.f 7<f, j'y
szs~ / y  J 7 A c 6 ^ 0

Soc j.ff 2CS' /, j f  7
330

3^39 7er /, y  j y  j- 7;e
S jo /. j-yj? A T  7^

6b
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TABLE
IMMISCIBLE DISPLACEMENT RUN

MODEL ^

Displaced Fluid _____ Injection Rate
Initial Water Saturation Time to Breakthrough ^06 /y>/h

Test Date /o/26/?^

Cum. 
Flow Time 

(min)
AP

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(%HCPV)

Cum. 
Water Inj.
(HCPV)

WOR

/. / 33, 2Z

30 /?/. oo
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TABLE A-f3
IMMISCIBLE DISPLACEMENT RUN

MODEL I

Injection Rate 6/6 W />7Displaced Fluid ______
Initial Water Saturation Time to Breakthrough /r?/̂

Test Date /z/>‘//7S

Cum. 
Flow Time 

(min)
AP

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(7oHCPV)

Cum. 
Water Inj. 
(HCPV)

WOR

<(7,̂ y/y —

y%/j- —

(f/JY /pyy 7;?y 0‘ 2Â

32

60 7jr^7 S,66

6./6 /, ŷ r̂ y /y. 7f
2./S 7 /^cy/y .7̂ .y4/

s 7J:$^ 2 -3Ct ÙO

s 7^9^
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TABLE /-/y
IMMISCIBLE DISPLACEMENT RUN

MODEL I

Displaced Fluid ______  Injection Rate 2A S.

Initial Water Saturation Û. 22 Time to Breakthrough
Test Date

Cum. 
Flow Time 

(min)
AP

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(%HCPV)

Cum. 
Water Inj.

(HCPV)
WOR

j"/y ^,/p/y -
Ô, 2Ô2 6 —

-
6̂ 90 jf. y? -

/SZ> yyj- ^vy?47 -

6‘6ù y/7 6. s^zr -
7.^7 O, éé^Z

7, .̂ 7 / / 7

7.^7 7",yy /y^7 7 77
7 //̂ 7J,^T 3^0

7J7 /f 77 7^ 7^77y

36o 7JF7 /-yy/

7.^7 vé. cy 7 7^
7-^7 /Ô 7̂ '.7y // SôSjS y7.;b'
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TABLE A-/̂ a?nttt
IMMISCIBLE DISPLACEMENT RUN

MODEL J

Displaced Fluid ZOiUci Injection Rate
Initial Water Saturation 0-22 Time to Breakthrough /̂/À

Test Date /2/20J72

Cum. 
Flow Time 

(min)
AP

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(7oHCPV)

Cum. 
Water Inj.
(HCPV)

WOR

3 3o /'396S

7 f A j)'7f7
/o /. f/.

7'̂ / 7 /. f j-yy
7^7 77.6)̂ ;7/y^2
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TABLE A-IS
IMMISCIBLE DISPLACEMENT RUN

MODEL I {(i£l>£ATEI) RUN)

Displaced Fluid ZCLTZOI______ Injection Rate 2/.S

Initial Water Saturation 61.20 Time to Breakthrough 171

Test Date 3/j5/79

Cum. 
Flow Time 

(min)
AP

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(7oHCPV)

Cum. 
Water Inj.
(HCPV)

WOR

So -

6o 7/ -
7/7 -
7̂5-

JSC y/g

/So /7r X), 7f7/

7^ /. O^^O
yr 74̂ ),ZT 7 / 7 ^

Soo 3 0 /, 306~D

3 3 0 J6 A
S é c /3 y.f7 A6^7f
390 /o 77, A^f/(P

7.09 /o 77, 7j- A,77d>/
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TABLE A ~/S
IMMISCIBLE DISPLACEMENT RUN

MODEL I

Displaced Fluid Injection Rate S/. ô ^̂//y>/h

Initial Water Saturation â*20 Time to Breakthrough 97/ />?/>?

Test Date S/zs/vy

Cum. 
Flow Time 

(min)
AP

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(%HCPV)

Cum. 
Water Inj.

(HCPV)
WOR

JC 77. yy /.fy/j

^(9 7:7,
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TABLE A-/À
IMMISCIBLE DISPLACEMENT RUN

MODEL JL

Displaced Fluid SolTZCl_______  Injection Rate 9^0

Initial Water Saturation Time to Breakthrough SS m/h

Test Date

Cum. 
Flow Time 

(min)
AP

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(7oHCPV)

Cum. 
Water Inj.
(HCPV)

WOR

/o /T^y 7 77 —
/7(2y —

2 3 . oo -
S<.Oo —

6 c S .o o yy.f6~ yZy/ —
7^ S -0 0 /^'77 -

s . 00 S f.O é -

S '.o o 7^7^
s .o o

/y<7 oo jz?y 7/^/f y. 3 /

/s o S '.oo

S^.Oo 7^.yy A ŷ .gj- A. 6 7
S ,O o A  ̂ 7 /^:^y
S .O o 7zy 7J. y/ /"(fyyy 22..00
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TABLE A-/6 cofiiS
IMMISCIBLE DISPLACEMENT RUN

MODEL I

Displaced Fluid Injection Rate fSO

Initial Water Saturation 62Ô Time to Breakthrough SS/v/h

Test Date r/z^/yg

Cum. 
Flow Time 

(min)
AP

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(7oHCPV)

Cum. 
Water Inj.
(HCPV)

WOR

,77^ 6.00 7/7
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TABLE /-//
IMMISCIBLE DISPLACEMENT RUN

MODEL I

Displaced Fluid SRLr2C>l______  Injection Rate ^
Initial Water Saturation 0*^0 Time to Breakthrough /7Û/n/h

Test Date 7/27/92

Cum. 
Flow Time 

(min)
AP

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(7„HCPV)

Cum. 
Water Inj.

(HCPV)
WOR

3 .S 9 -
3 .S f 2 3 9 0 2 2 ,6 6 -
3 .6 9 7), ayyy -

y y y737 -
/ s v 3 .6 9 77/ 7)3: f7) A  5 9 9 / -

3 .6 9 6 2 0 Z', 7/^
2 /0 9 0 0

3.00 6, féoo 3^9o

777) 3.00 293 7 3 .0 / A 7)777 6  3 3

3 0 0 3 ^ 0 0 /77 /y A 7 *2 2

3. oc /T) 7S,éo A  a/7.5' 9. 39

3 éo 3.00 7^ , ̂ 7 A  y.^.^ ^,/y
S^oc 3/ 77 ay A3 3ay 0/,/o

33 A ù'7
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TABLE A-/7
IMMISCIBLE DISPLACEMENT RUN

MODEL ^

Displaced Fluid SO/TZOL_______ Injection Rate ^9^A____
Initial Water Saturation ^>30 Time to Breakthrough ^70

Test Date 7/27/76

Cum. 
Flow Time 

(min)
AP

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(7oHCPV)

Cum. 
Water Inj. 
(HC?V)

WOR

3.00 as /
33 zy A

.3/7) 3 .00 7f, 2, ÔZ67

3.00 60,09 A>o

677) 3.00 6̂) 2, 2éoS /do A(̂l,

....
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TABLE
IMMISCIBLE DISPLACEMENT RUN

MODEL ^

Displaced Fluid Snrzoi   Injection Rate 360 9̂̂ /%
Initial Water Saturation Time to Breakthrough /Tim

Test Date

Cum. 
Flow Time 

(min)
AP

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(%HCPV)

Cum. 
Water Inj.
(HCPV)

WOR

A) 7 79 6 S 6 -

(p. 69 a777 /ya7 -
az) a 7 f / 77.^7 7,a7ay
az? 7,39 Tfay yaa/ yafj- -

77) 7,39 6996 7,7/%7 o.zz

fT) J7)7a 79:73" 7:77/9
/77) 7./y 3), 96)^7 a. 3/
/a7) 7, /y 7o,/S A  /)3ya A  ay

7/f 7̂ ,76- /,a7aa /9./7

/77) 7,/f /fa 7 A 7 a /, yaay /a: y/
7. /y /yay A6//y

^7) 7,/y /7.)~ / y  7a A  7/97 yay/
7 / fk /, fa77 7(5,7/

7./y «ff 73:/:e a v a y a 3^///
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TABLE /-/Y
IMMISCIBLE DISPLACEMENT RUN

MODEL ^

Displaced Fluid SOlTR-OL_______ Injection Rate ///
Initial Water Saturation 0'2o Time to Breakthrough /éC mjh

Test Date /!

Cum. 
Flow Time 

(min)
AP

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(7oHCPV)

Cum. 
Water Inj.(HCPV) WOR

3 .00 /y.ŷ - (7//a/y —

7(7 3. GO ya'ÆT —
3 .0 0 yf77 ayaiz (7,37/J -

3 .0 0 y):7.2 7, y//y -
7, ÔOO0 -

a. 7^ a7aa 77, yy 7,yy

2, Oo A9./3 a/fa

ayr 3:77 f7Y éLg/ 7, 977/

a/7 aaa 61 a j
300 7// A /(9/:̂ 7.3o

330 2, Ô0 y// yr-9̂ Aaa/y /Aa7

3&0 2‘2>o a7y 73. ̂‘9 Ayyaa aJ:yy

39(7 2. é>o 77.// A 73 fa y y  67

yzT) 2t 2 c> (33- 77.93 37, 6Z)
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TABLE A 69 cvn/6
IMMISCIBLE DISPLACEMENT RUN

MODEL ^

Displaced Fluid 60£720/.______  Injection Rate 172

Initial Water Saturation 0*70 Time to Breakthrough />?//?

Test Date

Cum. 
Flow Time 

(min)
AP

(psid)
Oil Prod, 

(cc)
Cum.

Oil Prod. 
(%HCPV)

Cum. 
Water Inj.

(HCPV)
WOR

a, 77 ya 76, é y Z/5,/̂
a, 66 37 //a7a 7SZ>t 3o

3/7? 2.éo z/ 77,33 Z67.3a
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TABLE A-.2P
MISCIBLE DISPLACEMENT RUN

MODEL I

Displaced Fluid FZOSM u Atzz. 

Time to Breakthrough 7 6 /n/n

Injection Rate 9 3  
Test Date //J23/72______

Cum. 
Flow Time 

(min)
AP

(psid)
Salinity
(ppm)

Cum.
Oil Prod. 
(%HCPV)

Cum. 
Water Inj. 

(PV)
WOR

/.67 - az^a^ 7).^aa -

76 / A 67 - a a a / 6, 3/a/ —

/.67 a^y 6, ya/7 —

A 67 3%' A', 7367 *-

A 67 a jiy y 6.29 02 -

A67 3 % / A6y9/ /33
A 67 a / / / aa.y/ A Z5-f y 37/

a/6 A 67 Ay7f^ 7,32

a w A 7^ fa./a /7'af7 /51/a

a/y /'67 3A//

3oo A67 A2,6Z
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TABLE A-2!
MISCIBLE DISPLACEMENT RUN

MODEL 1

Displaced Fluid
Time to Breakthrough 72 m/h

Injection Rate /SO 

Test Date 7//0/72_________

Cum. 
Flow Time 

(min)
AP

(psid)
Salinity
(ppm)

Cum.
Oil Prod. 
(%HCPV)

Cum. 
Water Inj. 

(PV)
WOR

3d 0. 2oS7> —

6c 2 6 0 — 3a % 7:3/97 —

90 1 a. 96 9/ 96.99 6. 9/6/ -

a . W 3 % 60,3S 0.6/6/ —

/2Û a.yo 3ûû3 79/6 6/93

/SD a . w 3z/y /y 56 A 6/510 A 69

/SO a w 700/

S/éS 99 y/ A 9333 9.95-

a w a w 9%,3j- A 796J 9,37

270 a  96 9/63 A 3939

366 a - w /ĉ  000 9/63 2.0509 U)c\’/ey'
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TABLE A-2Z
MISCIBLE DISPLACEMENT RUN

MODEL tH-

Displaced Fluid fSSSS !.i/AT£Z. 

Time to Breakthrough m/h

Injection Rate 36o 

Test Date /o/z/72_________

Cum. 
Flow Time 

(min)
AP

(psid)
Salinity
(ppm)

Cum.
Oil Prod. 
(%HCPV)

Cum. 
Water Inj. 

(PV)
WOR

3c a. 66 — 6,.&)39 —
é>0 2:66 - 96, 7/ 6. 967̂ :' -
9o ^ a  66 — S3. 0/ 336/ -

I a. 66 6o.é7 6.6 06 -
/ W a, 66) 7/37 6, ///J- 6,//
/3d a, 66 A 6/̂ y /'9f

a. 66 /f%f A  a/33 3. 79
at? a  oo fa. 5? 7,9/7/

a w a. 66 939/ A 73/6 73 y V
a/6 a, Oo f / W fAjjr 37 97

300 a, oo f/.3c5̂ a, 63^ s^/t
Cc>.i~/er
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TABLE A-22
MISCIBLE DISPLACEMENT RUN

MODEL

Displaced Fluid Q/Y-U'/iTOZ 

Time to Breakthrough SG a/A
Injection Rate S/.Ù 

Test Date 72̂ 29/72_______

Cum. 
Flow Time 

(min)
AP

(psid)
Salinity
(ppm)

Cum.
Oil Prod. 
(%HCPV)

Cum. 
Water Inj. 

(PV)
WOR

3 6 - 77/ 6 , 6 / f / —

6o - /3. 7/ 6 , / 3 3 / —

W - /7.W / f / 6 —

- A  737^ —

/SO — 37:39 6 . 3 W 9 —

/ A W — 3 7 6 / 6, 3 7 6 / -

i /<f 9:77 6 , 9 7 7 9 —

ay? a w f 97 7T 6 ,6 Y3 5 - 6 ^ 3 7
a w 3 / W 3 9 ^ 9 6 , 3 6 7 6 6,6V

7,33 373/ SF.8Ù 6, 7 9 7 3 7 3 6
Soo 7//3 3 / 6 9 J ' 9 9
330 7.73 f T f y 37,73 6 . 9 6 3 / 7.7:5'
3 7 6 3:77 75-66 ii2.77 7 6 6 5 - / // 6 6
3/6 3:7/ /2.S-S’ / . / 6 7 / ?/. //
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TABLE A-26
MISCIBLE DISPLACEMENT RUN

MODEL ]T

Displaced Fluid C^V-

Time to Breakthrough m/h

Injection Rate
Test Date ________

Cum. 
Flow Time 

(min)
AP

(psid)
Salinity
(ppm)

Cum.
Oil Prod. 
(%HCPV)

Cum. 
Water Inj. 

(PV)
WOR

2,59 — .5:77 6, 65 77 -

36 Z.97 - //,// 6, //^/ —

90 Z-79 — W  9/ —

I 2.99 /7/6 /7 ;a 6./9
/20 /.ff 77/7 73.// 6:753V 6/7^

/SV /■if 323/ 6,33/y 6/9P

/go /.if 9763 aa./6 6/9/67 6?, 77
2/0 /■ff 37/5- . fj- 6:9W/ A6 7
270 /■if 3/76 w , 3 7 6/379V 7  6/
270 A  9f 77^7 6^^679/ a.
APC /■fi 9 A 7 3 ^,;^5V 31 3/
330 /. fi 9 / 9 9 /73L:>-
3éc /■if 95:^/ 6, 9973- /Û

39o ^■fi 93:35- /. 6373 373:3/
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TABLE
MISCIBLE DISPLACEMENT RUN 

MODEL JL

Displaced Fluid CiV-H'ATSZ 

Time to Breakthrough
Injection Rate (JL 

Test Date 8//0/7S ______

Cum. 
Flow Time 

(min)
AP

(psid)
Salinity
(ppm)

Cum.
Oil Prod. 
(%HCPV)

Cum. 
Water Inj. 

(PV)
WOR

/'ff /v/26 6

957? A 99 993/
/'99 7^666 / ̂36̂ .0 /t

CO. 1
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TABLE A-2S
MISCIBLE DISPLACEMENT RUN

MODEL JS

Displaced Fluid
Time to Breakthrough /n/n

Injection Rate /72 

Test Date //J/3/7g

W //7

Cum. 
Flow Time 

(min)
AP

(psid)
Salinity
(ppm)

Cum.
Oil Prod. 
(%HCPV)

Cum. 
Water Inj. 

(PV)
WOR

3o 6‘39 — f./6 6./9W —
//9 - X/33 6 : 7 % —

— 6,/a9/ -

3.S9 /osz> 6, 6./a
/f/9 3 7 /a 3). 3799 61/9

,3/9 27,;̂ 7b ̂ 33 6,97/3 6, /f

/ w 37. 79 6,6.0

a/6 a,/9 9393 /919;0 6. 333/

a w 2.S9 5-993 33 35' 6,3793 A&f
a w 2.69 6360 3a. 6.f339 35, W

37<f3 6,9/3a 37/?
33o 33./9 A 6339
36o a: 57 9333 3 3 / 9 A/337 337 W
TOo 33 90 7 733? sci/t


