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‘Rationally, let it be said in a whisper, experience
is certainly worth more than theory’

- Amerigo Vespucci



ABSTRACT

The <ffects of five important operaling variables and four dimensionlcss
groups on oil recovery and finger formation during the immiscible radial displace-
ment of oil by water in a consolidated water-wet porous medium were investigated
using statistical model building techniques. Two different approaches were used. In
the first approach the operating variables studied included: {1) the flow rate
(capillary, intermediate and viscous regions, i.e. low, moderate and high flow rates,
respectively) of the injection fluid, (2) the radial distance from the injection point,
(3) the viscosity difference between the displaced and ~displacing phases, (4) the
permeability of the porous medium, and (5) the oil/water interfacial tension (IFT).
The measured responses were the fractional oil recovery and the number of fingers
measured at the breakthrough condition. Experiments were carried out according to
a central composite design with partial replication over the following operating

rcgion:

Flow rate of injection fluid 0.65 <Q< 510.00 (mL/h)

Radius of breakthrough 25<R< 7.0 (cm)
Viscosity difference 15 € Ug-Hy £ 152 (mPa.s)
Permeatility 13.33 <K< 7741 (um?)
Interfacial tension 03 <Y< 30.0 (mN/m)

A second-order polynomial of the general form

5 5 5
Y=Bot 3 BXi+ 3 3 BKX

i=lj=

was fitted 1o the data.



The resulting models were simplified whenever possible and subscquently checked
for their adequacy using both qualitative as well as quantitative lack-of-fit tests.

It was found that for water-wet systems, the recovery decreased as the visco-
sity difference increased and this effect became more significant as the flow rate
increased. Conversely, as the breakthrough radius or permeability of the cell
increased, the recovery incrcased. The effect of IFT was negalive and also depended
on the level of viscosity difference and permeability. In addition, an increase in
flow rate, breakthrough radius or the viscosity difference resulied in an increase in
the number of fingers, while high permeability reduced the number of fingers.
Again the role of IFT was more complex and depended on the value of other operating
variables.

In another approach the operating wvariables were grouped together in

dimensionless terms such as the capillary number and the viscosity ratio, and the

parameters (B;s) were estimated for these dimensionless terms according to a sccond
order model of the form:

4 4 4
Y=Pot I B+ T T BiXiX

i=lj=1

over the following operating region:

0.09 < B; = (Quw/ Ky) < 122882.00
329.6 < B, = (/YK) < 794.3
8.62 < B; = (R/h) < 24.14

49 < By = (Ho/w) < 153.0



The recovery was found 1o be cnhanced with an increase in the ratio of break-
through radius to the cell thickness (R/h). It was, however, reduced as the viscsity
ratio increcased and this attenuating effect became more significant as the flow rate
increased. The cffect of ratio of the cell thickness to the square rooi ~f the perme-
ability (hfﬁ(—) and capillary number depended on the value of other variables. The
number of fingers increased as any of the above ratios was increased with the
cxception of (hl‘/ﬁ) where the effect was more complex. The analysis of the same
data by non-linear parameter es'imation methods produced almost similar results.
The degree of certainty associated with these results, however, was lower than those
obtained by the linear least squares parameter estimation method. In general the
resulls are in agrecement with previous work and theory. In considering all five
variables and their interactions at the same time, a better understanding of the oil
recovery process has been achieved. In addition some previously reported but not
fully understood results were explained and further extended. The systematic
approach using experimental design and various analysis techniques is new for

these types of systems.
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1 - INTRODUCTION

Petroleum is the main energy source in Canada and in almost all other coun-
tries, Over 70,000 by-products, of a very wide range, arc produced from petroleum.
The many interrelationships between petroleum and our everyday life have made us
dependent on oil to a very great exient.

Unfortunately, at present rates of consumption, the proven oil reserves of the
world recoverable by today's technologies will only provide a 30-40 yecar supply. The
situation in Canada is even less hopeful because Canadian reserves will be depleted
by the first decade of the twenty-first century. The gecopolitical instability of the oil-
rich middle eastern countries makes the future economics and m .rket of oil so
uncertain that we must look for alternative sources and recovery :chnologies. In
Canada, tar sands and heavy oils are two such resources. However, cconomic as well
as technological restraints have made the utilization of these sources quite limited.
Enhanced oil recovery (EOR) clearly offers one of the best chances for reducing

Canada's dependency on foreign oil.

Primary Recovery

Conventional methods of oil production relying on internal reservoir pressure
are designated Primary Recovery. In the early stages of oil recovery from a new oil
field, much of the pressure required to force the oil to the surface is obtained from
the confined fluids (caused by hydrostatic pressure of the surrounding aquifer,
and/or the pressure of gases dissolved in the oil). However, continued production
results in decreased reservoir pressure to a point where it becomes nccessary 10 use
pumps to "lift" the oil from the well to the surface. The primary recovery stage typi-

cally produces 10-30% of the original oil-in-place (OOIP) from conventional oil

reservoirs  (1).
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Secondary Recovery

The decrcasing force available to drive the oil into the well-bore, as well as the
pressure of the gas in the emptied pore space, adversely affect the oil production. To
overcome the drop in internal piessure, external energy must be supplied to the
reservoir. A technique called "pressure maintenance” will accomplish this task. It
consists of injection of large volumes of water (or in some cases gas) through
another well, the so-called injection well (Figs. 1-2). The injected fluid will force the
oil out of the porous rock towards the production well. It will restore the pressure in
the reservoir and help to keep the dissolved gases in solution at the same time
(something which will result in maintaining a low oil viscosity). To improve the
performance of water flooding, 2 number of reagents such as acids, alkalis, salts and
polymers can be added. These processes are collectively termed secondary recovery
processcs.

Fig. 3 shows a piane view of some of the patterns in which injection wells are
customarily drilled around the production wells. Secondary production techniques
may produce anywhere from 10 to 30% additional recovery of the OOIP. In other
words, 40-70 percent of OQOIP still remains in the reservoir after completion of pri-

mary and secondary recovery processes.

Tertiary Recovery

Water flooding works quite well in displacing oil from reservoirs and it is also
relatively inexpensive. However, since the early 1970's, the number of prospective
North American fields in which water flooding could be applied has been declining.
The next step to maintaining oil production is to recover a "third crop” of oil from
those ficlds which have already undergone primary and secondary recoveries. To
accomplish this, there are a number of various techniques which are collectively

calied Tertiary Recovery or Enhanced Oil Recovery (EOR) methods.
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Fig. 1- Water flooding technique (2 ).
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Enhanced Oil Recovery (EOR)

Jha (1) has defined EOR as "all the techniques used to increase the amount of
oil obtained after primary recovery”. A broader definition, which has been adopted
by the Alberta Energy Resources Conservation Board, states that "EOR is any oil pro-
duction via artificial supplementation of natural reservoir energy” (4). By these

definitions, EOR methods include:

Pressure maintenance and waterflooding

Stecam flooding

CO, injection

Miscible fluid displacement

Alkaline injection

In situ combustion

Steam stimulation

Polymer injection

Fig. 4 is a classification of these and other related recovery methods ().

The Potential of EOR

It has been estimated that 5-10 percent of the 640 billion cubic meters (1 m? =
6.29 barrels) of the OOIP in the world is recoverable by EOR, making it as important as
exploring for new discoveries. In Canada, EOR will add 636 x 106 m3 or 64% to the na-
tion's remaining established light and heavy crude oil reserves of one billion cubic
meters. Only about 30% of the light and medium and less than 10% of the heavy OOIP
is recovered by primary and secondary recoveries. For the remaining 70 to 90 per-

cent, EOR methods have to be employed (1).
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In 1980, about 40 percent of the total oil produced in the United States, was
recovered using EOR mcthods (including water flooding). In the U.S. alone, EOR is ex-
pected to produce 25-60 billion barrels from an otherwise unrecoverable 300 billion
barrcls (67% of Original Oil In Place - OOIP) of crude oil. Naturally, this would depend
upon further improvements in recovery techniques and, of course, the price of oil.
In 1984, EOR production in Canada was 74,400 bbl/day, up 5% from the previous year.
Hydrocarbon miscible contributed 82.4% and steam 16.7% with 12,400 bbl/day.

Since EOR processes are high risk ventures, the level of activity will be related
10 the extent that business climate fosters such activity. Generous tax and royalty
incentives are expected to spur additional EQR project activity; that is if the interna-
tional oil prices do not remain at the present low level for long periods of time.

Of the many EOR schemes, immiscible flooding, including water flooding, is the
most widely used. Unfortunately, interfacial instabilities which lead to viscous fin-
gering during oil recovery by means of aqueous fluid injection cause serious losses
in recovery. This phenomenon occurs whenever a less viscous fluid displaces a more
viscous fluid in a porous medium; generally speaking, whenever the mobility ratio,
M = (kw/uw)/(ko/po), is greater than one. The displacing aqueous phase tends to
channel or "finger” through the paths of lesser hydrodynamic resistance in the
porous rock, thereby leaving large regions of oil uncontacted and hence unreco-
vered. Typical fingering patterns in experimental cells for two different cases are
shown in Figs. 5a,b and 6a,b. This phenomenon is onc of the most poorly understood

aspects of oil recovery processes in the field.
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Fig. 5a- Fingering phenomenon for the case of high viscosity difference
and high oil/water IFT (water-wet porous medium).

Fig. 5b- Fingering phenomenon for the case of low viscosity difference
and low oil/water IFT (water-wet porous medium).
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Fig. 6a- Imbibition caused by high P {Tow N ,) followed by end effects
(low K, high IFT and low Q)% ¢

Fig. 6b- Imbibition caused by high P_ (low N ) followed by end effects
(high K, low IFT and low Q) ca
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2 - OBJECTIVES

The principal objective of this work was to determine the single and joint
effects of several critical factors and dimensionless groups on finger formation and
oil recovery at breakthrough in a water-wet porous medium over a wide range of
injection rates. Previous investigators only investigated the main effects of two or
three operating variables on the recovery and finger formation and have almost
completely ignored the joint effects that these operating variables have on the
process. This has led to unexpected results that could not be explained and were con-
sidered "strange". One of the objectives was 1o shed light on some of these so-called
unexpected results.

Another important objective of the present work was to compare the results

from linear and non-linear parameter estimation methods.
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3 . FUNDAMENTAL PRINCIPLES AND CONCEPTS
Surface and Interfacial Tension

The free energy of any system in nature tends to a minimum. Thus, since the
molecules at the surface are at a higher energy level than those in the bulk, the sur-
face area of a pure phase will tend to decrease spontancously. The surface of a liquid
is therefore in a state of tension. The force per unit length tending to coniract a
Jiquid surface (L-V system) is called the surface tensicn v,. In the case of a L-L sys-
tem, the interface between the two liguids still possesses a contractible tendency.
Here it is called the interfacial tension (IFT) or yi.

Antonoff's law relates the interfacial tension of two mutually saturated liquids

A and B to their surface tensions.
Yass = Wasair = Yaraic (1)

Since diffusion processes are often very slow, this mutual saturation could take days
to establish.

In 1869 Dupré defined the work of adhesion between say oil and water as:
Wom = Yo + Ywja - Ywio (2)

This force is a measure of adhesion betwsen adjacent molecules of oil and water.
Similarly work of cohesion is a measure of cohesive forces between molecules of a

given liquid.

W oil = Yosa + Yola - Yolo (3)
= 2'(0!3

and
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Wwater = 2'lea (4)

If attractive forces between oil-water molecules (adhesion) are greater than those
between oil-oil and water-water (cohesion), then complete miscibility would be ob-

served,

The Spreading Coefficient of oil on waier is a measure of the ability of oil to be

spread over (10 wet) water and is defined as:

Somw = Yw/a = Yoln = Yw/o (5)

= Wwio ~ Wil

Positive values of Sosw implies a decrease in free energy, A, upon spreading
(spontaneous spreading).

Spreading will occur if adhesion between oil and water molecules is greater
than the cohesion between oil molecules. In other words, spreading is expected

when a liquid of lower surface tension is placed on one with higher surface tension

(Ywra > Yora),

Contact Angle and Spreading Pressure
The angle between the solid and the liquid/air interface (measured through
the liquid) is finite and is called the contact angle 6. A contact angle equal to zcro

implies complete wetting of the solid where a 8 = 180° implies complete non-wetling

of the solid (see Fig. 7). At equilibrium

Ywio COS O = Yoo - Ys/w (6)
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This is the famous Young ecquation and relates the contact angle to the interfacial
tension at the three interfaces.

If sufficient solute is added to a pure liquid phase, an absorbed layer will
usually appear at the interface. The thickness of this monolayer at L-V and L-L
interfaces is about one molecular diameter. This monomolecular layer will normally
reduce the contractile tendency of the interface.  This phcenomenon is due to the
intense repulsive force between the molecules in the monolayer and is called the

surface pressure or the spreading pressure and is given by II. It could be defined as
IT =% - ¥sel (7)
where Yo is the surface tension of the solvent and fyso1 the surface tension of the solu-

tions. The absorbed film pushes back the liquid and thercfore would increase 0 or

decrease cos 0 (Fig. 8).

cos § =(¥sto = TT) - Ysrw (8)
Ywio

On the other hand, if 8 < 90° the surface is water-wet. A 6 > 90° would rcpre-
sent an oil-wet surface. However, according to Greenkorn (6) the solid surface could
be considered to have neutral wettability if 40° < 68 < 140°, The wettability could be
defined as the relative affinity of the coexisting oil and water phases to adhcre to the
surface of the rock. If the rock is predominantly in contact with water, it is said to be
preferentially "water-wet” (PWW) (Fig. 9). If oil covers the rock predominantly, it is
referred to as "oil-wet". If a reservoir is oil-wet, the residual oil is gencrally in the
form of a thin layer spread over the reservoir rock (Fig. 7a). Conversely, in a water-
wet reservoir, it appears as droplets of oil surrounded by connate water (Fig. 7b).

This fundamental difference between oil-wet and water-wet reservoirs leads to two
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different recovery patterns during waterflooding. In an oil-wet reservoir ihe
amount of oil recovered after breakthrough is considerable whereas in an water-wet
reservoir there is virtwally no oil recovered after breakthrough (Fig. 10).

In most cases, contact angles exhibit two limiting values rather than a single
equilibrium onc (contact angle or wettability hysteresis). In other words, the con-
tact angle may be different depending on whether the fluid-fluid interface is mov-
ing to the left or the right. The magnitude of the contact angle depends upon the
dircction of prior movement of the liquid-liquid or oil-water interface. Receding and
advancing contact angles, as they are called, are caused by surface roughness and
phenomena associated with the adsorption of surface active agents (surfactants). In
general the water-advancing contact angle is taken to characterize the reservoir
wettability in the case of water displacing oil (Fig. 11).

It should also be noted that reservoir materials often possess various forms of
mixed wettability; thus, the concept of uniform wettability (constant 8) is a simplifi-

cation and idealization.

Capillary Pressure
The pressure difference between the oil and water phases at equilibrium in a

pore is called the capillary pressure and is defined by Laplace's equation

Po'Pw=Pc=7wlo Rwo (9)

where Ry, represents the curvature of the interface and depends on the geometry
(6).
For a porous medium of low and intermediate permeability (small pore throats)

one could assume that the pressure is constant in each of the fluids. Therefore, the
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interfacial tension beiween the two fluids does not depend on the radius of curvature.
Here Laplace's ecquation may be written in terms of the two principal radii of
curvaturc as follows:

Pc=71—+1—) (10)
T ra

In the case of two flat plates separated by a distance hE= r; cos 8, r; approaches infi-

nity (Fig. 12) and Eqn. (10) becomes

Pc=2'ycose (11)
h

For capillary tubes r; and r, could be replaced by their average r/2,

Pc=2‘rr1:_0s6 (12)

wherc r is the radius of the capillary.

For a porous medium saturated with a wetting fluid (8 = 0°) the capillary pres-
sure P, can be related to the saturation of the displaced fluid S, by a plot such as the
onec in Fig. 13. As the displacing (non-wetting) fluid displaces the wetting fluid, the
capillary pressure is incrcased. This is called the drainage or drying.

The reverse case is when the medium is originally saturated by the non-wet-
ting fluid and the wetting fluid imbibes and displaces the non-wetting fluid.  This
process is called imbibition or wetting and, as can be seen in Fig. 13, the capillary
pressure decreases as S, increases. The hysteresis in the imbibition and drainage
curves is due to the instability of certain fluid-fluid interface configurations and to

the contact angle hysteresis.
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Fluid-fluid interfaces in a pore may be stable or unstable in certain configu-
rations depending on the geometry of the pores, the saturation and pressure drop
across coth pore (Fig. 14). The limiting number of stable configurations gives rise 1o
the hysteresis described earlier. However, if the interface takes on an unstable
shape, there will be sucden local flow in which one fluid will displace the other. This
stuttering flow which restores equilibrium was first observed by Haines in 1930 and
is referred 1o as "Haines jumps”.

Morrow (7) performed some ecxperiments with fine capillary glass tubes and
showed that the capillary pressure does not rise smoothly and continuously with a
decrease in saturation. He suggested the term “rheon” for this irreversible redistri-
bution of fluid which resulted in a reduction of capillary pressure.  This phe-
nomenon can be better understood with the aid of a simple experiment such as that
shown in Fig. 15. The two interfaces in the two capillaries are stable. However, if, in
the left capillary, pressure were applied to push the interface into the bulge, the
interface would be unstable and the bulge would immediately drain and come to
equilibrium as in the right tube.

The microscopic displacement efficiency Eg is the fraction of the initial oil

saturation S,; that is displaced from the reservoir pores and is defined as:

Em=1'S°r'Swi (13)
1- Swi
where
Swi = Irreducible water saturation (the fraction of pore volume containing

water at infinite capillary pressure),
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Fig. 14~a - Stable and unstable interface configurations (6 ).
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Fig. 14-b - Interfacial forces and contact angle (6 ).
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Capillary Number

A small oil ganglion at rest in a liquid medium in the absence of gravity and
other forces will be spherical. This is due to the thermodynamic demands of mini-
mum frec energy at equilibrium. In a porous medium, the oil ganglion could occupy
most of a single pore space and could extend (if large enough) to fill an intercon-
necting sct of pore spaces. In this case, its shape is determined mainly by the geome-
try of the pore structure. To move this trapped ganglion from the capillary constric-
tion, a significant pressur: is required.

The nectwork nature of pore structure, and capillary forces, are responsible for
the entrapment of one phase by another during immiscible displacement in porous
media (8). The ratio of viscous to capillary forces is called the capillary number and

can be expressed in several forms (9) such as:

Ncay = H . Neaz = -
Cal Y (14-a) a ¥ cos 8 (14-¢)
NC32='Ii—AJ;,“ (14-b) Nm4=% (14-d)

where AP/L is the imposed pressure gradient across the sample of length L.

Chatzis et al. (8) showed that for water-wet sandstones the capillary number
(Eqn. 14-b) neceded for complete recovery of residual oil was about 100 times greater
than the critical capillary number for the onset of mobilization.

We introduce a new capillary number in this work defined as;

N:Q 15
QKY (15)
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This capillary number is very similar to Eqn. 14-d but the pore velocity

(vp=%) has been replaced by (Q/K) which is an indication of the velocity if all of the

flow, Q, were to occur in a single pore. The advaniage of this capillary number is that
it remains constant even in the case of radial flow (whercas the traditional capillary
numbers that are based on V, the velocity, vary with time for constant Q). Other labo-
ratory studies (9, 10) have shown that residual oil can be recovered if the displacing
phase causes viscous forces acting on the residual oil to exceed the capillary retain-
ing forces. Foster (11) found a correlation between the capillary number and the
residual oil in porous media (Fig. 16).

At the end of water flooding, the trapped oil in the porous medium is in the
form of oil ganglia. At this stage, the capillary number has a typical value of around
10-6, This number has to be increased 1o 10-2 - 104 in order to remove any additional
amount of oil that is trapped due to capillary forces i1z the rock pore structure (Fig.
17a). This could be done by injection of a surfactant soluticn. Surfactants lower the
oil/water interfacial tension from 20-30 mN/m to 10-3 or 10 mN/m., The displaced oil
ganglia will coalesce subsequently to form an oil bank (sec Fig. !7b).

This ultra low IFT has 10 be maintained in order to minimize the entrapment of
oil at the trailing edge of the oil bank. In most cases a mobility control polymer slug
is also injected after the surfactant (Fig. 17c). The flow of these three fluids in the
porous medium causes dispersion of these fluids and usually emulsions are formed at
the oil/surfactant interface which will subsequently result in mixing of the polymer
and surfactant phases. Another potential problem arises when high viscosity struc-
tures are formed in the oil-water-surfactant interfaces. For the above reasons, the
choice of the right surfactant in tertiary oil- recovery is cssential.

The Bond number is the ratio of gravitational to interfacial forces (6) and is

defined as
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Crainage imbibition

Fig. 15- Capitlary hesteresis (6 ).
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Fig. 16- Dependence of residual oil saturation on
capillary number (12},
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FOR THE MOVEMENT OF OIL
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Fig. 17-a - Schematic diagram of the role of low [FT in the
surfactant flooding process (i2).
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Fig. 17-b - Scheratic aiagram of the role of lou interfecial
viscosity in the surfactant fiooding process (12}.
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Fig. 17-c - Schematic diagram of the role of ccalescence of ail
ganglia in the surfactant flooding pracess (1Z}.
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NB=_P___LL(w;£°) K (16)

The gravitational forces act in a vertical manner whereas the force exerted by water
on the trapped oil is mostly in the horizontal direction. Gravity segregation of oil
and water can occur at a Bond number of about 10-2. At this point the water will tun-
nel through the lower strata of the reservoir, This number, however, has not

received much attention in the petroleum industry.

Relative Permeability

The flow of two or more immiscible fluid phases through a porous medium can
be described by applying Darcy's law or the concept of permeability to each phase
separatcly where the flow rate of each phase is related to a the pressure drop
gradicnt and the effective permeability for each phase. The effective permeability is
defined as

kci=K'kri (17)

where i denotes either the wetting or the non-wetting phase, k, is the relative per-
meability or the ease with which that particular phase passes through the porous
medium and K is the absolute permeability. The sum of effective permeabilities is al-
ways less than the absolute or single-phase permeability due to mutual interference
between fluids flowing through an interconnected pore system. The efiective per-
meabilitics depend upon the saturation and saturation history of the phases, pore
geometry, wettability and fluid distribution (Figs. 18-a, b). On the other hand, Bear
(13) showed that the permeability could be related to the particle diameter by the

following empirical relationship.
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K=6x10"d (18)

Paterson et al. (14) found the lower bound for maximum instability in a porous

medium to be

» = 40YK (19)

Spanos (15), however, showed analytically that the lower limit of finger

wavelength in porous medium is

A= Y3K/2 (20)
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4 - LITERATURE SURVEY

Most previous displacement studies concerning viscous fingering have uti-
lized unconsolidated porous media in spite of serious difficulties with respect 1o
reproducibility of such important factors as porosity, permeability, wettability and
structural heterogeneity. To avoid these problems, a consolidated porous medium
consisting of sintered glass beads sandwiched between two parallel glass plates was
used in the present work. Previous investigators (14, 16, 17) who used consolidated
porous media studied linear flow sitvations in which it is very difficult to cstablish an
initial planar displacement front,  Furthermore, during EOR in the field, the invad-
ing fluid is injected as a point source through a well. Consequently, the initial dis-
placement is in the radial direction. For these reasons radial displacement was
employed in this work. There are certain limitations, however, in any laboratory
work with regard to the distance from the injection point. On the other hand, large
ratios of finger widith to the lateral dimensions of the system in the laboratory com-
pared to the same ratio in the field presents another limitation of models such as
beadpacks or consolidated porous media (18).

Previous analysis of EOR processes (19, 20) has identified the flow rate of tic
injection fluid, the difference in viscosities of the displacing and displaced fluids (or
their ratio), the permeability of the porous medium, the oil/water interfacial tension,
and 'thc breakthrough radius, as the primary operating variables affecting finger
formation and recovery. However, the associated mechanisms are not well under-
stood. Investigations to date have been limited to individually examining the influ-
ence of only one or two of these variables (21-32). As a result, litile information
exists as to the joint or interaction effects of all of these important factors. Indeed,
the physico-chemical processes involved in EOR suggest that the effect of ecach factor

on finger formation and oil recovery may well depend upon the levels of the other

factors.
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In 1927, Uren and Fahmy (33) did some rather simple experiments and
obtained some gencral results that are still valid after over sixty years. They investi-
gated the effect of several operaling variables, one at a time, and concluded that the
conditions for maximum recovery during waterflooding are: high porosity and large
and uniform grain size, intermediate wettability, low viscosity, high temperature,
slow injection flow rate and low IFT.

Interfacial tension (IFT) has long been known to be one of the most important
factors during immiscible oil displacement. The importance of IFT reduction on oil
recovery has been recognized since the early 1940's. By then, some companies were
starting to produce and commercially sell surfactants (they were commercially
known as "wetting-agents” then) as agents for waterflooding efficiency improve-
ment. The laboratory experiments were not, however, very consistent and as Taber
(9) reported, in some cases, the recovery was observed to have decreased with the
addition of surfactants. Another problem was the adsorption of these surfactants on
the surface of the solid rock. Taber (34, 35) recognized this phenomenon and per-
formed some experiments with higher concentrations of surfactants (about 10%) to
overcome the adsorption process and actually obtained improved and positive results.
Nevertheless, he found that the most sensitive factor in surfactant flooding was the
rale of flooding. He also observed that the widely different resuits obtained with
various surfactants and various injection rates could be understood if the experi-
ments were carried out at equivalent values of the ratio of viscous to interfacial
forces. In his case, he used the ratio AP/LY ([=] L-2) and performed experiments at
various flow rates for systems of different IFT. He found that additional oil recovery
was obtained after the critical gradient was exceeded (35). This concept of capillary
number or "critical displacement ratio" has been presented by many other workers
in the field of surface phenomena and oil recovery (36, 24, 11, 37). Taber (9) has

listed most of these workers and the group used by them. In general, almost every-
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body agrees that displacement recovery will increase with an incrcase in the ratio of
viscous to capillary forces. This is true if the effects of other variables are not con-
sidered (i.e., all other variables stay constant). Taber (9) reported cases where the
recovery actually increased as the permeability of the porous rock was reduced even
though experiments were carried out at constant values of (Vi/7Y). This observation
underscores the dangers involved in generalizations without consideration of the
effects of other variables that influence the oil recovery process. Other examples are
common in the literature. Sayyouh et al. (38) found that for very low flow rates
(therefore very low Ng,) the recovery actually increased with ([urther decrease in
flow rate. The same behavior was observed by Nasr-El-Din et al. (20). Mungan (39)
found that for an unconsolidated water-wet core, lowering the interfacial tension or
increasing the viscosity of the displacing phase would enhance the recovery.
Hornof and Morrow (40) showed that, in a thin water-wet porous medium, high IFT
(>1 mN/m) would result in stable displacement with sharp fingers, while lower IFT
displacements exhibited considerable degrees of instability which did not necessarily
mean lower recoverics. Even lower IFT caused the interface to become fuzzy. They
speculated that the instabilities may be due to gravity segregation which occurs if
the capillary and viscous forces are not sufficient to overcome the effect of buoy-
ancy forces. Newcombe et al. (41) showed that, for a water-wet porous medium, oil
recovery increases as the IFT increases (this is not consistent with results found by
Mungan), whereas in the case of an oil-wet sysiem the opposite occurs. Sarma (42)
noticed formation of many small fingers at the displacement front as the result of
lower IFT in a water-wet porous medium, Chen (43) reported similar findings for
Hele-Shaw cells. In general, as fingers grow, the interfacial area also increases but
the IFT tends to minimize the surface area thereby acting as a stabilizing factor by

inhibiting finger growth.
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The flow rate of the displacing fluid has also been found to affect the recovery.
Since the veloci'y in a fluid is proportional to the pressure gradient at any given
point of that fluid and because this gradient is higher just ahead of an advancing
finger, thc growth of that finger is further enhanced. For an oil-wet porous medium
Ni et al. (19) found three distinct relationships between flow rate and recovery
depending upon the flow rate. At low flow rates recovery increased with flow rate; at
intermediate flow rates recovery remained essentially constant; at high flow rates
recovery decreased.  These three regions were denoted as capillary, intermediate and
viscous regions, respectively to reflect the importance of dominant forces acting at
that flow rate. On the other hand,.lhey found that the number of fingers increased
with injection rate over the entire range of flows studied, Nasr-El-Din et al. (20) used
the same concept for a water-wet system; these workers also distinguished three dis-
tinct regions and found that in the capillary region (i.e., very low flow rate) the
recovery actually decreased with an increase in flow rate. As we will see later, our
results from a much greater number of experiments and with the consideration of a
wide range of other operating conditions reveal that, in this region, the flow rate
does not influence the recovery. A closer examination of Nasr-El-Din's results,
including photographs from his experiments, convinced us to conclude that the
higher recoveries at the lowest flowrates were caused by mushrooming and imbibi-
tion due to end-effects (different from natural imbibition). Moreover, they found
virtwally no change in recovery with flow rate in the stabilized region. At high
injection rates, they observed a decrease in recovery with an increase in flow rate
(high degrees of imbibition at lower flow rates resulted in higher recoveries for‘
such a water-wet system).

Reports on the effect of wettability on oil recovery are inconsistent and con-
flicting.  For instance, different investigators have reported both increasing and

decreasing oil recovery with an increase in the water-wetness of the porous medium.
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The former, however, seems to be a more logical and consistent result because it is
supported by the fact that the strong water-wetting preference of the porous medium
is associated with strong capillary imbibition forces which in turn enhance the
efficiency of oil recovery. In a water-wet medium there is little oil production after
breakthrough, while in an oil-wet system the amount of oil produced after break-
through is significant. Jennings (44) and Mungan (39) discovered that a waterflood
in a water-wet porous medium is more efficient than a waterflood in an oil-wet core.
In general, as the wettability of a system ranges from water-wet to oil-wet, the
breakthrough and residual oil saturations (Sgr) increase, resulting in dccreased oil
recovery (45). As far as the shape of fingers is concerned, Peters and Flock (46)
reported that fingers in water-wet porous media were about eight times wider than
those in an oil-wet system. Morrow (47) found that an increase in the aging tem-
perature, a decrease in the water saturation and to a lesser extent aging time all tend
to make the core less water wet. He also showed that the oil recovery is optimal at
neutral weitability (8 = 90°) for a specific crude-oil/brine/rock (COBR) system.
Habermann (48) investigated the role of mobility ratio on the efficienc, of
miscible displacement and the fingering patterns. He found that fingering starts as
soon as. M becomes larger than 1 and that the efficiency of the recovery process was
reduced as M is increased (degree of fingering incrcased with an increase in M or

Eu?—-). He also noticed an increase in the number of fingers with an increasc in the
W

injection rate. Chen (43) investigated the effect of flow rate on fingering in both
rough and smooth Hele-Shaw cells. He observed narrowing of the fingers and more
side breaking as flowrate increased. Very receantly Tayal and Narayan (49) did expe-
riments similar to those of Nasr-el-Din et al. (20) (linecar as opposed 1o radial dis-
placement). They studied the effect of flow rate on the oil recovery in both homoge-

neous (spherical glass beads) and non-homogenecous (irregular shaped polystyrene
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particles) porous media. Only the injection flow ratc was changed. The resulis were
used to calculate the finger wavclengths using the well known Chuoke wavelength
cquation (50). They, however, used a value of wettability number C = 25, reported
carlier by Paterson ct al. (14, 16) for an oil-wet porous medium, for both cases with-
out considering the wettability characteristics of the two porous media used.  Their
final results were similar to those obtained by Ni et al. (19) et Nasr-El-Din et al. (20).
The role of gravity on the oil flow in the reservoir has been investigated by
Fayers and Muggeridge (51). In another approach Saffman and Taylor (36) esta-
blished a criterion for the stability of an immiscible interface (in a gravitation field)
in a Hele-Shaw cell. They introduced the concept of finger wavelength. Chuoke et
al. (50) improved this theory by considering capillary pressure across the interfacial
discontinuity in terms of an additional damping term, the effective interfacial ten-
sion-curvature product. These workers started with an equation of motion in the
form of Darcy's cquation. They considered the curvature of the microscopic inter-
face to be proportional to the pressure drop between the immiscible fluids
(incompressible). They concluded that the interfacial instabilities were related to
the distance between the two plates, the velocity of the interface, and the viscosities
and densities of the displacing or displaced phases. In addition they concluded that
fingers with wavelengths less than a critical wavelength would decay and those with
wavelengths close to that of the maximum growth would grow. Later on, Rachford
(52) modified Chuoke's theory by considering the development of a transition zone
behind the interface during the displacement of oil from a water-wet porous medium.
In his numerical analysis he found that this zone tends to insulate perturbations of
the interface from the high mobility water. More recently, Morrow (53) introduced a
dimensionless wave number that correlated the wavelength of the fastest growing

finger with pore size of the porous medium.
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Spanos (15, 54) used the concept of a critical wavelength to describe the crite-
ria for the onset of fingering. He related such fingering characteristics as the
velocity of propagation of the finger and the time of an instability to faciors such as
the densities and viscositics of the phases and the permeability of the porous medium.
Sigmund et al. (28) found that in a rectangular bcad-pack, fingering was a funclion
of flowrate and viscosity ratios. Jerauld et al. (55) investigated the capillary effect on
the fingering and found that decreasing the capillary number would broaden the
saturation front and slow the growth or decay of fingers (increcase the finger wave-
length) i.e. stabilize . displacement in a porous medium.

Lenormand et al. (21, 23) studied the case of injection of a non-wetting fluid
into a two-dimensional porous medium. They showed the existence of three basic
domains namely viscous fingering {(where viscous forces are dominant), capillary
fingering (where capillary forces  are acting) and stable displacement within which
the patterns remain unchanged. They then mapped the domain of validity of the
three different basic mechanisms onto the plane with axes N¢, and viscosily ratio.

In 1968, Bataille (56) investigated the stability of a moving interface in radial
flow. Most authors have made use of the perturbation theory and some have calcu-
lated the wavelength for the fingers corresponding to maximum growth rate (17, 36,
50). In general, everyone predicied that as IFT tends to zero, the finger wavclength
(A=2nR*/n) approached zero. More recently, Paterson et al. (14, 16, 17) investigated
the problem in a Hele-Shaw cell. In such cases, the flow is two-dimensional and for
slow viscous flow (negligible inertial effects) the pressure drop across the interface

is given by the Laplace equation

pw-po=v(1—+l) (21)
r h
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where r is the principal radius of curvature of the finger tip (in the plane of the
plate), and h is the plate separation. Ni et al. (19) later extended Paterson's work to

the casec of an oil-wet porous medium where

pw -po = {1 +1) (22)
r T

where r' is the principal radius of curvature (normal to the plate) and Y* represents
an clfective IFT. They made the following assumptions:

1) The flow of the displacing phase is two-dimensional (cell thickness is relatively
small).

2) Since the microscopic radii of fingers in a porous medium are not known, a macro-
scopic radius is used in conjunction with the effective IFT.

3) There is no residual saturation effect (permeabilities are absolute permeabilities
and the mobility ratio is equal to the viscosity ratio), i.e., displacement in the invaded
zone is 100% effective. The second assumption made use of Chuoke's Equation (50),
namely

T* = CHY (23)

where C* is the wettability constant and is an indication of the ability of the porous
medium to imbibe the displacing fluid (46). For an oil-wet porous medium C#* has
been reported to be anywhere from 5-8 (14, 19, 46). In the case of a water-wet
medium it has been suggested to be around 306 (46) or 151 (20). Since the volumetric
flow rate Q remains constant, the flow is pseudo-steady state. The superficial velocity

would then be V = Q/(2rhR*) where

R* = R(Z) + (Qn) (24)
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is the radius of the hypothetical undisturbed interface in the absence of fingering.
The mean pore velocity is given by the continuity ecquation,
V.Vpi=0 (25)

Furthermore, Darcy's law governs the flow within the two fluid regions

Voi=- K v pi (26)
(uie)

where i = w, o represents the displacing and displaced phases, K is the permcability,

and & the porosity. These two equations yield

Vipi=0 (27)

where V2 in radial coordinates is:

2
V%liki%ia. (28)

Ni et al. (19) extended Bataille's (56) work to the case of a porous medium and derived

the following equation for the rate at which the fingers grow or decay in the radial

direction

1 ofn _ Qn(yo - Pw) . Q - 'y*n(nz - DK
fa 3t 2nR*’he (Lo + Hw) 2nR**he R*% (o + Hw)

(29}
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S - BASIC EQUATIONS

For a Newtonian [luid of constant p and . one can write

(Vv)=0 Egqn. of continuity {30)

The equation of motion for a fluid with constant p and { can be written as
P%‘i=-Vp+uVZV+pg (31)
1

This is the famous Navier-Stokes equation first developed in France by Navier in 1822
by molecular arguments.

It is possible to write these equations in terms of characteristic length, cha-
racteristic velocity and dimensionless variables (57).

In 1856 Darcy introduced an empirical equation that related the volumetric
flow rate Q to the pressure loss and the permeability of the porous medium. It is often

written in differential form as

(=9

P

Q.q=kdP (32

A 4 kodx )
For an incompressible fluid, Darcy's law can be integrated to yield
1) For a lincar case

KA{P, - P
Q=*_L1_2) (33)
pL

2) For a radial case _

_2x KK{P: - P2) (34)

w In(ry/r2)

Eqns. 33 and 34 can be used to calculate the permeability of a porous medium

(indepecndent of the fluid propertics and dependent on porous structure only), It
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could be shown that Darcy's equation is the empirical equivalent of Navier-Siokes

(Eqn. 31),

In 1937 Muskat et al. (58) considered Darcy's law for each of the fluids scpa-

rately, viz:

qi=-Kknyp (35)
>3]
and
q,=-Kke2yp, (36)
H2

where K ki = Ky is the effective permeability of the meadium to fluid 1 with {luid 2
present.  Effective permeability depends on pore structure and the fluids present in
the porous medium. It may also depend upon other factors such as viscosity. ke is
called the relative permeability and depends on the wettability and saturation his-
tory.
The continuity equation for each fluid is:
egpa‘lim(z.p;q]) (37)

and

a?ﬂ;—f-"-=-(z.pzqz) (38)

S, and S, are fractional saturation of fluids 1 and 2 respectively so that
Sw+ 8 =81+8=1 {39)
Generally speaking the above equations of change do not have analytical solutions.

Their non-linearity results from the relative permeability saturation rclationships.

Therefore, they have to be solved numerically.
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In 1941 Buckley and Leverett (59) simplified the problem by ignoring the

capillary pressure across Lhe interface and assumed one-dimensional

incompressible

flow. This assumption is rcasonable for high flow rates or for flow over long dis-

tances. For lincar displacement of oil by water they wrote:

Quw =~ ___kwA (&

Si
e\ ax + pw Sin a)

go=- -—kﬁf (95—12 + pog Sin a)

Since the two fluids are assumed to be incompressible, one can write

gAaS_w=-aj_“L
ot ox
and
EA%:—_-%
ot ox

since Sg + Sy =1

"a—(Qw +qo)=0
ax

Hence, the fractions of water and oil flowing can be defined as

fo =%
q
fo =90 - 1-1w
q
Substitution would yield
Bw .9 3w

ot gA 0Ox

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)
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o .9 0 (48)

Combination of Eqns. 40 and 41 and assuming small density difference and a=0

and no interfacial tension, one could write

1 kA ili’--Apgsinm]
fw= + R0 Ldx (49)
1+ (kop-w/kwllo) GHo 1+ Koplw
kwito

The second term in Eqn. 49 can be necgiccted only when the product [%—%]

is small and g is large. This is only the case for saturations greater than the flood

front saturation. It is never the case for saturations near S,;. Since k, and k, con-

tain relative permeabilities, f, is a function of saturation.

Using the chain rule and substitution in Egn. 47 yiclds,

@\!;-(_‘Lify, 3w (50)

ot eA dsy/) Ox

Egn. 50 is a quasi-linear first order differential cquation because dfy is a function of
Sw

oSw .
Sw, not Fwa Since

Sw=Sw(x, 1) (51)

dSw _ 3w dX , 3Sw
dt ax dt

(52)

If x = x(t) is chosen to coincide with a fixed S,,; then
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dSw . (53)
dt
and
(Q_zt_) = .dSw/dt (54)
dtls, dSw/fox

Combination of Egns. 50 and 54 and elimination of dS./dt yields the famous Buckley-
Leverett equation.  Since Sy is known at the beginning, Eqn. 54 can be integrated to

delermine saturation at any given t > 0.

Xs, (1) - Xs (0) = 20 - Q (0) dfw (55)
eA dsw
x (1)
Q (t) = J S[Sw({) = Sw(O)]AdX (56)

The same problem was solved for moving boundaries by Muskat (58).

The immiscible displacement of a wetting fluid by a non-wetting fluid in a
porous medium can have distinct forms: viscous fingering, capillary fingering and
stable displacement.  The shapec of the interface between the two fluids can be
described using three different statistical approaches: the DLA (Diffusion-Limited
Aggregation) model for viscous fingering at low viscosity ratio (M — 0).

The anti-DLA {(continuum) model for stable displacement and the invasion

percolation model at low capillary numbers for capillary fingering.
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A)DLA (Diffusion-Limited Aggregation):

B)

C)

Viscous displacements are governed by the pressure field at the entrance and

exit. Therefore, p;, the pressure in each fluid is a solution of Laplace's equation

Vipi=0 (27)

In DLA, a seced particle or line is placed on a lattice and another particle launched
from far away moves at random and sticks when it reaches the sced or the line.
Then another particle is launched and so on. In other words, in this mecthod,
Laplace's equation is solved by letting random walkers wander in the displaced
and displacing phases, and stick upon contact with the interface. The abscnce of
random walkers from one phase indicates a ncgligible pressure gradient in that
phase. One of the drawbacks of this type of simulation that needs to be further
studied is that the fraction of particles in the cluster will approach zero as the

size of the lattice is increased.

Anti-DLA model:

The other extreme case is when the viscosity ratio (or M) approaches infinity. In
1984, Paterson et al. (14) suggested a relationship between an Anti-DLA  process
and a stable displacement in a porous medium, In this case, the displaccment
cannot be described by a flat interface. In this model, the particle moves at ran-
dom until it reaches an occupied site. Here the particle (fluid 2) and the site

(fluid 1) are removed and a new particle is released.

Invasion percolation:

The last two approaches are based on a continuum description of the porous

medium and the fingering is duc to viscous forces. The invasion percolation
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mechanism is related to the capillary forces (microscopic scale) and randomness
due to the different sizes of pores in the porous medium. According to this model,
capillary forces prevent a non-wetting fluid from spontancously entering the
porecs. The wetting fluid can only enter the throat (diameter Do) if the pressure
exceeds the pressure in the wetting fluid by the capillary pressure (P, = 4Y cos € /
D,). Therefore, statistically there will be two kinds of ducts (diameter D). Active
or conductive bonds (D > D,;) and inactive bonds (D < D,). Having the throat size
distribution, the fréction of active bonds can be ecasily calculated. At a given
pressure, P, the injected fluid invades all the percolation clusters connected to
the injection face. Here the interface moves along the paths of least resistance
which are present in the largest channels, since they provide the lowes; capil-
lary pressure. In this type of displacement the non-wetting fluid forms very
thin fingers even if the displacing fluid is more viscous than the fluid filling the
network. In addition, during the invasion, the wetting phase will be trapped in
the network while the invading non-wetting fluid breaks the continuous path

towards the outlet (60).
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6 - MODEL FORMULATIONS

In this work cmpirical modcls were developed to describe the effects of the
aforementioned factors on fingering and recovery. Two approaches were taken. In
the first, mechanistic models previously proposed for the system were cxamined to

obtain insight as to the appropriate form for the operating variables, while in the

second, dimensional analysis was used.

Consideration of Mechanistic Models

Viscous fingering has been the topic of many rcsearch projects during the
past three decades. In 1968, Bataille (56) studied the stability of a moving interface in
radial flow. More recently, Paterson (14, 16, 17) investigated the problem in a Hele-
Shaw cell where the flow is two-dimensional and, for slow viscous flow (negligible
inertial effects), the pressure drop across the interface is governed by the Laplace
equation.

Ni et al. (19) extended Bataille's (56) work to the case of a porous medium and

derived the following equation for the number of fingers growing at maximum rate

nmz,\/i(l +_QR. *(U«o-uw))__.: ,\/QR*(uo‘uw) (57)
3 2rhKy* 6nKy*h

This can be linearized by taking logarithms of both sides to give

In nm =é—{-ln(6nhC*) + InQ + InR* + In (o - Hw) - In K- In v} (58)

where

C* = y*/y (23)

and

C=2rY3C* (59)
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is called the Chuoke paramcter (50).

According to the above model there are six independent process variables that
determine the number of fingers growing at the maximum rate. However, as we will
sce later, it is extremely difficult to calculate the number of fingers at maximum
growth in the case of radial displacement. At any given time there will be fingers
that arc not growing (stable) and there will also exist some fingers that are growing
al various rates. On the other hand, a finger could be unstable at one moment and

stable at another or vice versa. Therefore, to avoid any erroneous conclusions based

on the number of fingers that are growing at the maximum rate (n,) we considered
the total number of fingers, n, in this study. The percentage of fingers that are
growing at the maximum rate to the total number of fingers can be calculated and
since there is a limit to how fast each finger can grow, this ratio is expected o
increase with the flow rate Q. This suggests that a model to describe the total number

of fingers n (> ny,) might take the form

Y = fo + B1Xa + B2X2 + B3X3 + BaXa + BsXs + BeXs (60)

where
X|=an

X2 =In R¥*

X3 =In (o - pw}

Xs=InK
Xs=InY
X6 = In (hC*)
Y=Inn

and the B's are constants, In our work, the cell thickness and the wettability of the
porous medium were not changed. However, as we will see later, C* depends on other

opcrating variables and cannot be independently calculated; thus, the term PeXe was
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included in the parameter Po. It is interesting to note that the logarithmic transfor-
mation of the mechanistic model yiclds a model for which there are no interactions
amongst the variables (i.e., the logarithms of the variables in the original model,
Eqn. 57). Nonetheless, in light of the assumptions uscd in its original derivation, it
was decided to test a full second-order polynomial,

5 5 5
Y=ﬁo+i=21li'x'+_2 I BiXiX (61)

i=1 j=1

Should any of the second order terms be found significant this would provide cvi-
dence of the inadequacy of Eqn. 58 and also some indication as to the nature of the
inadequacy.  Since recovery can reasonably be cxpecied to depend upon the same
factors as the number of fingers, Eqn. 61, with Y = In(Rec%) was also fited to the

recovery data.

Dimensional Analysis

An alternate approach, based on dimensional analysis, was also used to develop

empirical models for the recovery (Rec%) and total number of fingers (n). To

accomplish this it was assumed that

Rec% = f(Q, R, o, pw, K, 1) (62-a)

and
n = g(Q, R, o, tw, K, 7) (62-b)
Here R is the radius of the finger at breakthrough, i.e., the distance of the tip of the
longest finger from the injection point {or the lengith of the longest finger) and nol
the traditional mean radius of displacement, R* (radius of displacement front in the

absence of fingering). Since R* is not an indcpendent variable (it is a function of Q,
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sec Egqn. 24) it cannot be used in any statistical design as an operating variable.
Therefore, we replaced it by R.  Morcover, 10 avoid any imbibition and high recove-
rics duc to the end-effccts, the largest R (R3) was chosen to be 7.5 cm (cf. the cell
radius was 8.15 cm). This is approximately where end-effects started. Therefore, our
results do not include rccoveries that are due to unnatural imbibition caused by end-
effects (i.c. the presented models are not valid when R = Reey). The decision to
cxclude end-effects was made despite the fact that similar end-effects exist in real
(water wet) field situations in the vincinity of the recovery well because it was the

only comprchensive way to attain our objectives (see Chapter 2).
Application of Buckingham's TIJ-thcorem to Eqns. 62-a, 62-b yields

Rec% = ¢oB1"'B2"B3"*B,* (63)

and

n = AoB1'B2"2B1" B 4™ (64)

where Bi = (Quu/Ky) is the capillary number of the displacing phase and repre-
sents the ratio of viscous to capillary forces,
B2 = (WYK) s the ratio of cell thickness to the squarc root of the perme-
ability,
Bz = (R/h) is the ratio of the cell radius to the cell thickness,

Ba = (Moftw)  is the ratio of viscosities of the oil and water phases.

and the ¢'s and A's are parameters to be cstimated. The dimensionless terms, Bj, are
not unique and may be multiplied or divided by each other to yield new (but not
independent) dimensionless variables. However, the terms used in Eqns. 63 and 64

were felt to be of significant interest to petroleum engineers. It is important to note
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that B; is not the traditional definition of the capillary number, i.c. (l;%) Here the

pore velocity (Vp=-\£i) has been replaced by (Q/K) which is an indication of the wvclo-
city if all of the flow rate, Q, were to occur in a single pore (since the cross-scctional
area of a pore is of order K). As mentioned carlicr, this capillary number remains
constant for both linear and radial displacements. Thus, it will be many orders of
magnitude larger than the traditional values. In this study, the values of B; varicd
from 0.09 to 122,882 whereas the traditional N, (Eqn. 14-d) of the displacing phasc

would be between 1.90 x 10% to 5.37 x 102, This gives risc to a Reynolds number

(Rc=p—(:—l%\-,-) of 1.74 x 105 to 2.98. Thercfore, the flow can be considcred as crecping

flow and Darcy's law can be applied.

Eqns. 63 and 64 suggest first-order models in terms of the logarithms of the
dimensionless variables. @ However, when analyzing the data, complele sccond-order

polynomials of the form

4 4
Y=Bo+_§1ﬁ)ﬁ+‘2 _E‘,]Bin;Xj (65)

i=1 j=

were employed. In this case Xj = In Bi, Y is cither In{(Rec%) or In(n), and the B's are
parameters to be estimated (with Bi=¢ior A, Inclusion of the sccond-order terms
provided a means to check the nced for a more complex relationship.

Bentsen and Sarma (61) have uscd inspectional analysis in almost the samc
way we have used dimensional analysis and have come up with similar dimensionless
groups which are subsequently used to predict the onsct of unstable bchavior. They
modified the previous theory and included a linear time function. They concluded
that when the combined forces of gravity and capillarity arc greater than the vis-

cous forces, the displacement will be stable.
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Experimental Design

In order to ecfficiently obtain estimates for the parameters in the second-order
polynomial given by Eqn. 61 a modified ceniral composite experimental design was
followed (62). To improve the numerical accuracy of the estimation and to achieve
low (ideally zcro) corrclations between parameter estimates, the operating variables

were centered and scaled according to

Xi=(xj- Ii)/[O.S(XiU - xiL)] (66)

where Xj = 0.5(xiV + xi¥) is the midpoint of the range of values for x; in the factorial
part of the central composite design; x" and xi are respectively the upper and lower
values of x; in the factorial part of the design. This coding yields values of X; of 1 or -1
for two-level factorial designs.

The central compo-ie design consisted of a 25! fractional factorial design
(consisting of 16 runs at various combinations of two levels of each of the five
operating variables), 10 axial points and 8 centre point replicates. The 25-! factorial
design had the defining relation 1 = X X,X3X4Xs yiclding a Resolution V design 762).
Assuming that third and higher order interactions (i.e., terms consisting of products
of 3 or more coded operating variables) are insignificant, this component of the
design allows us to obtzin unconfounded estimates of the main effects, and 2-factor
interactions. Optimal settings for the axial points are at + 2.0 coded units. However,
as a result of difficultics in running at more than 3 levels of each operating variable
in this work, the axial points were located at £ 1, corresponding to the upper and
lower values,

Another deviation from the strictly optlimal central composite design involved
replication of additional experiments at the centre-points along with replications of

several other run conditions. In addition, since it was difficult to set the operating
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variables exactly; that is, the settings for the operating variables deviated slightly
from their optimal coded values of -1, O, and 1. The resulting designs in terms of
coded variables are given in Tables 1, 3 and 5 for the capillary, intermediate and vis-
cous regions, respectively, The total of (55 + 64 + 40 = 15%) runs was carried out in
random order., The actual values of the operating variables for X; = 1, 0, and -1 arc
given in Tables 2, 4 and 6 for each of the respective regions.

The experimenta! design with respect to the dimensionless variables in Eqn. 65
did not follow a central composite design since the value of the dimensionless vari-
ables were those resulting from the central composite design in terms of the operat-

ing variables in Eqn. 61.



Table 1

Summary of Run Locations and Observed Kesponses for Capillary Region

Design Run CODED X;=1nx; In y CODED X; =InB;
Order] X; X, X3 Xa Xs 1Yy Y, X, X X3 Xa
251 5 -1 -1 -0.86 -1 0.91 |1.44 1.39 j-0.60 1 -1 -0.28
Fractional} 8 -1 -1 -0.86 -1 0.91 |0.52 1.39 |-0.60 1 -1 -0.28
Factorial | 11 |-1 -1 -0.86 -1 0.91 [0.63 1.10 |-0.60 1 -1 -0.28
51 |-1 -1 -0.86 -0.64 0.950.70 179 |-0.68 0.64 -1  -0.28
2 i -1 -1 -1 -1 3.08 22011 1 -1 -1
20 |-i 1 -0.96 -1 -1 422 283|055 1 1 -0.98
24 1 1 -0.86 -1 I 4.17 2.64 |-0.19 1 1 -0.28
45 1 1 -0.86 -0.64 0.94 [4.08 2.89 |-0.23 0.641 1 -0.28
46 I 1 -0.86 -0.64 0.88 [3.10 3.26 |-0.20 064 1 -0.28
53 -1 -1 0.99 -0.64 -1 1.77 248 |1 049 0.64 -1 -0.28
28 1 -1 1 -1 0 1.74 2.64 1034 1 -1 0.82
35 |-t 11 -1 1 3.66 3.00 [-0.64 1 1 1
31 1 109 -1 -1 340 3.89 1 1 1 1 -0.28
34 |1 -1 -1 1 -1 3.53 2.200.18 -1 -1 -1
17 -1 -1 -1 1 -1 3.47 230 0.19 -1 -1 -1
19 |-1 -1 -1 1 -1 3.68 2.20] 019 -1 -1 -0.98
12 1 -1 -0.86 1 0.91 [2.29 2.08 {-0.51 -1 -1 -0.28
37 |-1 1 -0.86 1 1 4.23 3.22 |-1 -1 1 -0.28
32 |-1 -0.86 1 1 4.01 3.22 |-1 -1 1 -0.28
26 1 -1 1 -1 420 2.71 | 0.64 -1 1 -1
9 -1 1 1 0.91 |2.09 2.20 |-0.96 -1 -1 1
15 1 09 1 -1 226 277064 -1 -1 -0.28
54 1 - 0.99 1 -1 2.65 2.89 1 0.64 -1 -1 -0.28
3 -1 0.9¢ 1 -1 3.31 2.8910.19 -1 1 -0.28
50 |-1 089 1 -1 3.10 2.83 |1 0.20 -1 -0.28
52 |-1 099 1 -1 3.15 2.77 {020 -1 -0.28

—

1
1
0.91 |13.08 3.43 1 051 -1 1
005 054 0 3.09 3.00 |-0.15 -0.54 O 0.16
0.05 054 0 2.71 3.003-0.16 -0.54 0 0.16
0
0

Centre 30 0.03
points 16 0.03
4 0.03
43 0.03

0.05 0.54 -0.12 |2.40 2.89 |-0.09 -0.54 0.16
0.05 054 0 3.09 2.94 |-0.16 -0.54 0.16

1
1
1
1
1
1
1
1
6 1 i 1
0
0
0
0
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Table 1 (Cont'd)

Design Run CODED X; = In x; In y; CODED X; = In B;
Order] X; X X3 Xa Xs 1Yy Y, Xy X, X3
Centre 1 003 0 005 054 -0.12 |2.48 3.00 |-0.09 -0.54 O
points 7 0.03 0 0.05 054 0.05|2.64 3.09 |-0.18 -0.54 O
25 0.03 0 005 054 0 3.26 2.94 |-0.15 -0.54 0
27 0.03 0 005 054 0 2.90 2.00 |-0.15 -0.54 0
Axial 14 1 0 005 054 0 2.36 330} 0.07 -054 O
Points 10 |-1 0 005 054 1 2.36 2.40 |-0.85 -0.54 0
33 0.03 1 005 054 0O 4.03 3.56 |-0.16 -0.54 1
44 0.03 -1 005 054 0 2.84 2.56 |-0.16 -0.54 1
18 0.03 0 1 0.54 0 2.28 3.18 |-0.16 -0.54 O
49 003 0 1 054 0 2.88 3.30 |-0.16 -0.54 O
38 0.03 0 -0.86 054 0 3.75 2.71 |-0.22 -0.54 O
29 0.03 0 005 1 0 374 271 1-0.24 -1 0
41 0.03 0 0.05 1 0 3.14 2,77 |-0.24 -1 0
13 0.03 ¢ 005 -1 0 2.42 2201 0.13 1 0
42 003 0 005 -1 0 2.01 2.40)0.13 1 0
23 0.03 0 005 054 1 2.24 2.77 |-0.69 -0.54 O
36 0.03 0 006 054 1 2.20 2.83 |-0.69 -0.54 O
21 0.03 0 001 0.54 -1 2.18 3301050 -054 0
Others 22 1 -1 1 1 1 2.17 2.48 1-0.55 -1 -1
39 |[-1 1 -0.86 -1 1 3.80 2.83 |-0.64 1 1
47 0,03 1 -0.86 -0.64 096|353 3.09 |-0.46 0.64 1
48 1 1 099 -1 -1 3.44 340 | 0.64 -1 1
49 003 1 099 1 -1 293 31871042 -1 1
55 003 1 099 1 -1 2.99 330 ) 042 -1 1
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Table 2

Relationship Between Coded and Actual
Values of the Operating Variables for Capillary Region

Variable Coded Value*
-1 Q** 1

Q(mL/h) : 0.65 2.00 5.80
R (cm) 2.50 418 7.00
Ho-Mw (mPa.s) 14.30 47.30 151.90
K (em?) 13.33 51.70 77.41
Y (mN/m) 0.30 3.00 30.00
B; (dimensionless) 0.09 15.60 1490.65
B, (dimensionless) 329.60 403.50 794.30
B; (dimensioniess) 8.62 14.41 24.14
B, (dimensionless) 4.9 34,00 153.00

* Coding was performed using Eqn. (66).
* * The mid-value '0' is approximate.
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Table 3
Summary of Run Locations and Observed Responses for Intermediate Region
Design Run CODED X;=In x; In y; CODED X, = In B;
Order] X; X5 X X X 1Yy, Y, X X, X3 X
25-1 7 -1 -1 -0.84 -0.59 0.93 {2.60 3.09 [-0.68 0.59 -1 -0.23
Fractional| 37 |-1 -1 -0.84 -1 0.95 12.62 3.26 |-0.61 1 -1 -0.23
Factorial | 31 1 -1 -0597 -1 -0.98 |3.48 3.30 | 1 1 -1 -0.97
56 1 -1 -097 -1 -0.82 |3.54 3.26 | 0.91 1 -1 -0.97
39 |-1 1 -0.97 -1 -0.99 [3.81 4.23 | 0.69 1 1 -0.97
6 1 1 -0.84 -0.64 095 |2.71 4.42 [-0.37 0.64 1 -0.23
9 1 1 -0.84 -0.59 0.96 [2.87 4.3% |-0.38 0.59 1 -0.23
41 |-1 -1 099 -1 -0.99 |2.40 3.50 | 0.69 | -1 0.27
47 1 -1 1 -1 0.95 {2.20 3.33 |-0.30 1 -1 1
35 |-1 1 1 -1 0.95 |2.56 4.61 -0.61 1 1 1
50 |-1 1 1 -1 0.95 |2.66 4.38 |-0.61 1 1 1
61 I-1 1 1 -1 0.95 {2.30 4.49 |-0.61 1 1 1
44 1 1 099 -1 -0.78 [2.64 4.61 | 0.89 1 1 0.27
54 1 1 059 -1 -0.81 12.71 4.70 | 0.91 1 1 06.27
15 -1 -1 -0.98 1 -0.97 [3.18 3.00 | 0.30 -1 -1 -1
40 |-1 -1 -0.97 1 -0.99 |3.38 2.71 { 0.30 -1 -1 -0.97
13 1 -1 -0.84 1 0.98 [2.89 2.94 |-0.70 -1 -1 -0.23
51 1 -1 -0.84 1 0.95 |3.19 3.09 |-0.69 -1 -1 -0.23
27 |-1 1 -0.84 1 0.95 |3.22 3.66 |-1 -1 1 -0.23
58 |-1 1 -0.84 1 0.95 }3.48 3.76 i-1 -1 1 -0.23
42 1 1 -0.97 1 -0.99 |3.33 3.76 | 0.62 -1 1 -0.97
64 1 1 -0.97 1 -0.82 |3.59 395 | 0.53 -1 1 -0.97
29 -1 -1 1 -1 0.95 |2.47 2.89 |-1 -1 -1 1
49 -1 -1 1 -1 0.95 |2.35 3.00 |-1 -1 -1 1
10 1 -1 098 1 -0.93 |2.12 3.47 | 0.60 -1 -1 0.23
20 1 -1 0.99 1 -0.81 j2.21 3.02 1 0.52 -1 -1 0.27
46 1 -1 099 1 -0.78 |2.43 3.30 { 0.51 -1 -1 0.27
3 -1 1 0.99 1 -0.88 [2.92 3.87 | 0.20 -1 1 0.40
8 -1 1 0.98 1 -0.92 12.59 3.78 { 0.30 -1 1 0.19
23 |-1 1 0.99 1 -0.93 1294 3.74 | 0.27 -1 1 0.27
32 1 1 1 -1 1 2.59 3.71 [-0.67 -1 1 1
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Design Run CODED X; =In x; In y; CODED X, =1in B;
Orderl X; X5 X3 p X 1Y), Y2 X3 Xs Xs X
59 1 1 1 -1 1 2.71 3.811-0.69 -1 1 1
Centre 21 0.03 0 0.04 0.04 -0.14 |2.56 3.76 | 0.02 -0.04 0 0.12
Points 16 0.03 0 0.04 0.04 0.19 |2.58 3.50 |-0.16 -0.04 0 0.12
24 0.03 0 004 0.04 -0.13 [2.26 3.26 10 -0.04 0 0.12
55 0.03 0 0.04 045 0.01|2.40 3.40 |-0.14 -0.45 0 0.12
28 0.03 0 0.04 0.04 -0.12 |2.30 330 |0 -0.04 0 0.12
52 0.03 0 0.04 0.45 0.01 |2.48 3.40 |-0.14 -0.45 0 0.12
60 0.03 0 004 045 -0.07 [2.43 343 |-0.10 -0.45 0 0.12
26 0.03 0 0.04 004 -0.13 |2.25 343 | 0 -0.04 0 0.12
19 003 0 004 004 -0.09 ]2.50 3.64 |0 -0.04 0 0.12
22 003 0 004 004 -0.14 |2.53 3,58 | 0.02 -0.04 0 0.12
18 0.03 0 0.04 0.04 0.20 |2.58 3.64 |-0.17 -0.04 0 0.12
Axial 48 1 0 004 045 0.07 j2.56 3.76 |-0.02 -0.45 0 0.12
Points 43 -1 0 0.04 045 0.08 {2.71 3.22 {-0.34 -0.45 0 0.12
57 0.03 1 0.04 045 -0.07 [2.56 3.85 |-0.10 -0.45 1 0.12
62 0.03 -1 0.04 045 -0.07 {2.44 2.83 |-0.10 -0.45 -1 0.12
30 003 0 1 0.04 0.12 |2.08 3.43 |-0.12 -0.04 0 0.76
63 003 0 1 0.45 -0.07 |2.20 3.50 |-0.10 -0.45 0 0.76
45 0.03 0 -0.86 0.45 0.07 |2.74 3.30 |-0.17 -0.45 0 -0.47
38 0.03 0 004 1 0.07 |3.13 3.14 |-0.28 -1 0 0.12
53 0.03 0 004 i 0.01 |2.83 3.30 {-0.25 -1 0 0.12
17 0.03 0 0.05 -0.59 0.20 |2.56 3.87 |-0.13  0.60 0 0.36
12 0.03 0 - 005 0.10 098 |2.32 3.69 |-0.68 -0.10 0 0.36
14 0.03 0 005 004 1 2.20 3.47 |-0.68 -0.04 0 0.36
36 0.03 0 0.05 0.04 0.95}2.20 3.47 {-0.65 -0.04 0 0.36
34 003 0 0 0.04 -0.98 |2.56 3.69 | 0.65 -0.04 0 -0.38
Others i 1 1 1 1 -0.83 |2.82 4.26 | 0.48 -1 1 0.40
2 0.03 1 1 1 -0.86 12.48 3.89 | 0.34 -1 1 0.40
4 -1 1 -0.84 -0.64 0.96 {3.00 4.09 |-0.65 0.64 1 -0.23
5 0.03 1 -0.84 -0.64 096 |2.71 4.09 |-0.53 0.64 1 -0.23
11 g.03 1 1 1 0.99 (2.74 2.73 |-0.86 -1 1 1
25 |-1 -1 -0.84 1 0.95 |3.13 3.14 |-1 -1 -1 -0.23
33 0.03 -1 O 0.04 -0.99 |2.56 3.22 1065 -004 -1 -0.38
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Table 4

Relationship Between Coded and Actual Values
of the Operating Variables for Intermediaie Region

Variable Coded Value*
-1 Q** 1

Q(mL/h) 13.20 27.60 55.20
R (cm) 2.50 4,18 7.00
Ho-Hw (mPa.s) 15.20 47.50 152.00
K (um?) 13.33 33.36 77.41
Y (mN/m) 0.30 3.00 30.00
B, (dimensionless) 1.90 182.40 16,775.00
B, (dimensionless) 329.61 502.09 794.30
B3 (dimensionless) 8.62 14.41 2414
B, (dimensionless) 5.10 34.00 153.00

* Coding was performed using Eqn. (66).

* * The mid-value '0' is approximate.
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Table 5

Summary of Run Locations and Observed Responses for Viscous Region

Design Run CODED X = In x; In y; CODED X;=1n B;
Orderl X;, X, X3 X4 Xs |Yy Y, X X2 X3 .
235-1 5 -1 -1 -0.86 -1 1 2.87 3.61 |-0.59 1 -1 -0.27
Fractional| 25 |-1 -1 -0.86 -1 1 |3.16 3.58 |[-0.5% 1 -1 -0.27
Factorial | 20 1 -1 -1 -1 -1 334 369 |1 1 -1 -1
15 |-1 1 -1 -1 -1 3.43 447 1075 1 1 -1
17 |-1 1 -1 -1 -1 3.27 442 | 075 1 1 -1
32 1 1 -0.86 -1 1 3.03 4.13 }-0.34 1 1 -0.27
9 -1 -1 099 -1 -1 237 408 1075 1 -1 0.27
35 1 -1 1 -1 1 1.61 3.53 |-0.34 1 -1 1
23 |-1 1 1 -1 1 1.96 4.44 |-0.59 1 1 1
1 1 1 099 -1 -1 291 514 |1 1 1 0.27
28 1 1 099 -1 -1 261 5.11 |1 1 1 0.27
18 |-1 -1 -1 1 -1 3.51 289 | 0.34 -1 -1 -1
26 1 -1 -0.86 1 1 2.71 2.89 |-0.75 -1 -1 -0.27
21 |-1 1 -0.86 1 1 3.23 3.09 |-1 -1 1 -0.27
36 |-1 1 -0.86 1 1 3.52 3.00 |-1 -1 1 -0.27
12 1 1 -1 1 -1 379 283|059 -1 1 -1
24 |-1 -1 1 1 1 1.35 3.40 |-1 -1 -1 1
8 1 -1 0.99 1 -1 1.33 3.81 ] 0.59 -1 -1 0.27
30 1 -1 0.99 1 -1 2.20 3.76 | 0.59 -1 -1 0.27
2 -1 1 0.99 1 -1 235 442 ] 034 -1 1 0.27
6 1 1 1 1 1 1.42 417 [-0.75 -1 1 1
33 1 1 1 1 1 1.75 4.20 [-0.75 -1 1 1
Centre 10 |-0.22 0 0.03 054 -0.14 j2.75 4.06 |-0.13 -0.54 0O 0.15
points 7 -0.22 0 0.03 045 -0.14 |2.21 3.95 |-0.11 -0.45 ¢ 0.15
3 -0.22 0 0.03 045 -0.14 |2.03 4.06 |-0.11 -045 O 0.15
39 1-0.22 0 0.03 054 -0.14 12.53 3.53 |-0.13 -0.54 O 0.15
40 |-0.22 0 0.03 0.54 -0.14 |2.58 3.58 |-0.13 -0.54 O 0.15
16 -0.22 0 0.03 054 -0.14 |2.34 3.61 |-0.13 -0.54 0 0.15
13 |-0.22 0 0.03 054 -0.14 |2.47 3.85 [-0.13 -0.54 O 0.15
19 [-0.22 0 0.03 0.54 -0.14 |]2.84 3.64 |-0.13 -0.54 0 0.18
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Table 5 (Cont'd)

Design Run CODED X; = In x; In y; CODED X;=InB;
Order X[ X2 X3 Xd, Xs Y] Yz X1 Xz X3

Axial 31 |-1 0 0.03 0.54 -0.14 j1.97 3.76 | 0.02 -0.54 0

Points 27 |-1 0 0.03 0.54 -0.14 |2.46 3.53 {-0.23 -0.54

0
38 |-0.22 1 0.03 0.54 -0.14 |2.89 4.14 {-0.13 -0.54 1
37 (-0.22 -1 0.03 0.54 -0.14 [2.12 3.37 |-0.13 -0.54 -1
4 -0.22 0 1 0.45 -0.14 |0.54 4.06 |-0.11 -0.45 O
34 |-0.22 0 -0.88 0.54 -0.14 {3.23 3.40 |-0.13 -0.54 O
14 |-0.22 0 0.03 1 -0.14 |2.53 2.83 1-0.23 -1 0
11 |-0.22 0 0.03 -1 -0.14 1216 4.17 | 0.18 1 0
22 |-0.22 0 0.03 054 1 2.10 3.64 |-0.81 -0.54 O
29 1-0.22 0 _-001 054 -1 279 93 1053 -054 0
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Table 6

Relationship Between Coded and Actual Values
of the Operating Variables for Viscous Region

Variable Coded Value*
-1 Q** 1

Q(mL/h) 174.00 264.00 510.00
R (cm) 2.50 4.18 7.00
Bo-Hw (mPa.s) 15.00 49.90 151.90
K (um?) 13.33 47.55 77.41
Y {mN/m) 0.32 2.25 30.00
B, (dimensioniess) 22.90 1829.00 122882.00
B, (dimensionless) 329.60 420.60 794.30
B, (dimensionless) g.62 14.41 24.14
B, {(dimensionless) 5.10 34.00 153.60

* Coding was performed using Eqn. (66).
* * The mid-value '0' is approximate.
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7 - PARAMETER ESTIMATION

In general, any process model may be cxpressed in the form (62, 63, 64)

n=f( 8 (67)
where
n is the expected response (E{y))

y is the measurcd response value

furee

is the vector of corresponding valucs of the operating variables
8 is thc vecior of the parameters

and f is the responsc function

In any experimental run carried out at operating conditions §,, a mcasurcd

vaive of the response, y,, will be obtained where

Yu=Tu + Eu

=1 (€. 8) +eu (68)
wheie €u is the random ecrror.

Linear Least Squares Estimation
The least squares estimates of the parameters § in Eqn. 68 fitied to data &, yu).

u=1 2 ... n, are those valucs’é for which the sum of squares (65)

S@= % (yo- G 0’ (69)

is minimized.
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Paramcters in the various models were estimated using the linear least squares
procedurc REG contained in SAS (66). Ninety-five percent confidence intervals for
the truc values of the parameters were examined to determine the need to include
them in the model. If the interval (for any parameter contained zero, the cor-
responding term was omitted from the model and the adequacy of the model re-eva-
luated. Retention of insignificant terms in the model leads to inflated variances for
model predictions.

The models were examined for lack of fit using plots of residuals and a quanti-
tative lack of fit test (63). Residuals (i.e., observed minus predicted values of the
responses) were plotted against the predicted value of the response, values of the
operating variables and run order to ensure that no trends were evident. In the

quantitative test for lack-of-fit the ratio

o = (SSR - ViGo)(N - Np - vi)

~2
Jp

(70)

was compared with the upper 5% abscissa value of Fuy, distribution where vp is the
. iy o2 . .

number of degrees of freedom associated with op, the pooled estimate of variance.

This ratio was then compared 1o Fyyv,005 (v=N-Np-vp) and if R was smaller than

Fyyp0.05, no lack-of-fit was indicated (67, 68).

For cach run, both the recovery and number of fingers were measured at each
of the three values of In(R), namely -1, 0 and +1. Consequently, for each experiment
we measured two scts of three responses (3 values of recovery and 3 values of num-
ber of fingers). These observations are correlated within each set for any particular
run but are not correlated with observations from other runs. The two sets of
responses had the following characteristics:

1) They werec measurcd independently, i.c.
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1Y +a;Y,# ag (71)

where ag is a constant vector and a; and a; are scalar constants.
2) There was no lincar rclationship between the expected values of the responses,
viz

b1E(Y1) + b2E(y2) # by (72)

where by is a vector of constants.

In this part the data were analyzed using thc SAS single response lincar lcast

squared parameter estimation routine, in which the likelihood function is

i(B.oly)acNexp

iy -xﬁllz} (13)

202

This likelihood is maximized with respect to B when the residual sum of squares
S(B) = lly - xBIi* is a minimum.

Therefore the maximum likelihood estimates are the values of p which mini-

~

mize S(B). The lcast squarcs estimates B are thus
~ -1
p=(xx" xTy (74)

In using this method, it is assumed that (63):

—t
t

The expectation function is correct: E(€u) =10
2- The response is the cxpectation function plus disturbance.
3- The disturbance is indcpendent of the expectation function.

4- Each disturbance has a normal distribution.
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5- Each disturbance has a zero mcan.
6- The disturbances have cqual variances (same reproducibility): V(&) =o¢2.
7- The disturbances arc independently distributed: E(tuev)=0

(no systematic association).

As we will see later on, the response and residual plots are an effective way of verify-
ing these assumptions.

In general, 95% confidence intervals for the parameters were calculated to
evaluate the precision of the parameter estimates. If the confidence interval con-
tained zcro, that paramecter was omitted from the Eqns. 61 or 65. This resulted in a few
plausible modcls for cach of the responses. The need for additional parameters was

also determined by evaluating the extra sum of squares ratio (63):

_ 1 (SSRp - SSRa)

= — (75)
5% (Nep - Nea)

where,

%= _SSRs (76)
(N - Npp)

SSR = Sums of squares of residuals (A and B refer 1o the models containing the least
and most parameters, respectively)

Np = Number of parameters

N = Number of runs.

This Q ratio was then compared to Fyyz, 0.05. where vy = Npg - Npa and v, = N - Ng. If Fyy 42,
o.0s was smaller than the Q, the extra parameter was significant ard thus its addition

was justified.
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Non-Linear Parameter Estimation
Here our strategy consisted of using non-linear single rcsponse, as well as,
multiresponse parameter estimation (MPE) techniques to estimate the parameters of

the non-linear models that predict the recovery and the number of fingers.

A: Non-Linear Single Response Parameter Estimation
An iterative optimization program bascd on the Levenberg-Marquardt method
(65) was written and used to detcrmine values of the parameters which minimize the

sum of squares of residuals. Here, the following two models were fitted to the data

Y =00 Q" R o - o) K% 95 (17)

and

Y = gp B} B% BY B% (78)

Since any interaction term would simply be a multiplication of two operating
variables, direct inclusion of any interactions would make XTX and subsequently
Hessian matrices singular, models of thc general form of Egns. 77 and 78 should be
fitted to the data. It should be noted, however, that in the presence of an interaction
(KY)%; betweon K and IFT for instance, the effect of @ would be included in the

parameters @4 and 0s.

B: Multiresponse Parameter Estimation
In general, one can deal with MI'Z using two different criteria:

1- Maximum likelihood, in which the likelihood function would be:

L(e, 5{6)) = k* - % In 122 (79-2)
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Maximum likclihood estimates arc obtained by minimizing IZTZ1 with respect 1o 6.

2- Bayesian approach (64, 69) where the marginal posterior density is
-N/2
PlolY) « 1ZZI (79-b)

Again, to maximize the posterior density one has to minimize the determinant. Eqns.
(79-a) and (79-b) arc general results and they do not depend on whether the expec-
tation function is lincar or non-linear. Neither arc they influenced by the number
of common parameciers, nor by a scale change on any of the responses (63, 67). In
1973 Box and Draper (69) uscd a Bayesian approach 1o show that the parameter esti-

mates had to be chosen to minimize
(@) = 1Z'ZI (80)

the determinant of the M x M dispersion matrix ZTZ. Here they assumed that:

E[Znm] =0 (81)
and
Zmi forn=r
E[anzri] = (82)
0 forner

where £ is a fixed M x M covariance matrix.
In other words, it was assumed that the measurements from different experi-

menis were independent but measurements from the same experiments were corre-



79

lated. Three scts of data for rccoverics at cach R (thercfore, R was kept constant

wi_lhin each sect) were analyzed. The following models were assumed for cach
response
Y1 = 01(B1)4B2) (B3, 4B (83)
Y2 = 86(B1)B2S*(B32(Bs)" (84)
Y3= GS(B1)97(32)93(833)84(34)89 (85)

where Y; are the obscrved responses at cach R.  Unfortunately, since Bj; is a constant
for each model, 64 will be highly corrclaicd with and included in 61, 8¢ and 0s. There-
fore, 64 cannot be estimated separaicly. The decision 10 keep 92 and 93 constant for all
three models was based on the results from lincar LSE and non-lincar single
response estimation. IMSL subroutines were used to minimize the determinant and
calculate the Hessian. Initial estimates of parameters were taken from single
response linear least squares and single response non-linear analysis of the data. In
brief, we expected the muliiresponse estimates 1o provide more precise cstimates of

the common parameters than the non-linear single response method.
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8 - EXPERIMENTAL

in choosing the ranges of the operating variables, both practicality and
manufacturing limitations were considered. In the case of flow rate, the ranges were
bascd on previous data reported by Ni et al. (19) and Nasr-El-Din et al. (20).

The cxperiments were conducted in consolidated porous media with perme-
abilitics in the range of 13.33-77.41 pm2. The medium consisted of sintered glass
beads (30-100 U.S. Mesh, 150 < dp < 600 microns) sandwiched between two glass plates.
The cell was circular (thus resulting in a symmetrical pressure drop profile) with a
constant thickness of 2.9 mm and diameter of 16.4 cm. The porosity ranged from 0.31
1o 0.40. Great care was laken 1o cnsure a constant thickness and to prevent any
hetsrogeneities (16, 50, 70). Each cell was subjected to a heterogeneity detection test
as described by Nasr-El-Din (20). Three circles (with radii of 2.50, 4.18 and 7.00 cm)
were cngraved on the upper glass plate. This enabled us to see and photograph the
displacement pattern at cach level of breakthrough radius (X; = -1, 0 and +1).

The resident fluids were three different mixtures of paraffin oil (density
range of 0.87-0.91 g/cm3) with viscosities of 18.7, 51.0 and 154.0 mPas. The invading
fluids consisted of pure water or fresh solutions of a surfactant (Petrostep-420
petroleum  sulfonate) in distilled water (density ranged from 1.04 to 1.07 g/cm?).
These solutions had a wide range of interfacial tension (71) (IFT = 0.3 - 30.0 mN/m)
and had a viscosity of 1-4 mPas. All measurements and experiments were conducted
at a room temperature of 24.0 + 1.0°C. To ensure a visual contrast between the two
liquid phases, a small amount of dye (f 4% of Malachite Green) was added to the
aqucous displacing fluid. These fluids were then filtered to prevent any pore block-
age. Immersion ~f the oil-saturated cell into a water bath resulted in rapid imbibi-
tion of water into the porous medium. This indicated the preferential water-wetta-

bility of the porous medium.
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Prior to each experiment, both fluids werc deacrated to avoid air bubble for-
mation and the cell alignment was checked to ensure a horizontal mode. The cell was
then filled with a paraffin oil under vacuum (complete initial oil saturation, §,;; =
100%). The displacing fluid was injected into the cell at various constant flow rates
(0.65-510.00 mL/h) through a small inlet port at the bottom center of the cell by
means of a precision syringe pump (Fig. 19).

At each radius, the breakthrough time and fractional recovery were recorded
and a photograph was 1aken. These photographs were later used to count the number
of fingers and to cxaminc the displacement pattern. Recovery was calculated as the
ratio of the volume of the oil displaced (equal to the volume of the fluid injected) 1o

the total inmitial volume (or volume of the pore space), such that

Rec% = —2t X 100 (86)
anhs

where t is the time when the first finger rcaches radius R. Each cxpcriment was
continued until breakthrough of the displacing phase occurred at the outer edge.
After this, no further paraffin oil could be rccovered. To ensure reproducibility of
the wettability characteristics of the porous medium, the cell was subjected to a pre-
determined sequence of cleaning and drying opcrations at the end of cach run. The
details of these procedurcs are given clsewhere (20).

In laboratory scale experiments, inlet and outlet effects can greatly influence
recovery and saturation measurements. The outlet end effect (Figs. 6a, b) is due to
the accumulation of the wetting phase at the outlet and is caused by local capillary
forces. In a water-wet system the capillary pressure, pc = Do - Pw, IS positive in the
interior of the porous medium (o0il pressure is larger than the waler pressure). On

the other hand, since the oil-water interface is almost flat cutside the medium, the



82

& 1-cel); Z-cell support; 3-paraffin oil
container; 4-connecting hose; 5-syringe

G-camera,

NOT TO SCALE

1
L
L AN
N
' - N — ]
e

o A e

Fig. 19- Experimental set up.

initial state h0 S

P

""“"gﬁ J.+a *+ » * = & o = uwut l.._. . e T.w
Vet oo e . L St e ot . ".'l
©.porous m. & ! T R B
':.. "'."',Hl ] > .. l"'|
] R . R <!
—R, —
l—— r

Fig. 20- Experimental set up for permeability measurement.
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capillary pressure outside the porous medium is zecro (45). When water initially
reaches the outlet, its pressure is lower than the pressure of the oil surrounding the
outlet face; therefore, no water can be produced, causing its accumulation near the
outlet and thereby allowing the capillary pressure to decrease until it cquals the
capillary pressure outside the porous medium (zero). At this moment breakthrough
occurs.  Since this phenomenon is more pronounced at low flow rates, onc could
minimize this effect by increasing the injection rate andfor the core length (radius).
During the present work, effects that are in agrecement with this explanation were
noted. Increasing the flow rate in strongly water-wet systems will enhance the
spontaneous imbibition of water into the porous medium and, conscquently, a
simultancous counterflca: of oil out of the medium. This inlet end-effect is mose
obvious in short cores and at high flooding ratcs.

During the present work, much effort was given to differentiating between
natural imbibition and imbibition due to end-cffects. This was the primary motiva-
tion behind our selection of Ry as the final recovery stage and not the cdge of the cell

as other researchers have done.

Porosity Measurement

The glass plates for cach cell were weighed before glass beads were packed
between them. The packed cell was then put in the oven and heated up gradually to
700°C. A few hours later the oven temperature was very slowly reduced (sharp
increcase or reduction of temperature would result in cracking of the cell). Afier the
cell temperature became equal to that of the room, the cells werc taken out and
weighed again. The difference was the weight of the glass beads and since the
thickness of cell was virtually constant, the pore volume (P%) and porosilty could

then be easily calculated using the following relationship:
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e = Yeeil - Vsalid ¢ 100 (87)

Veell

Vsolid = Maolid/Psolid (psotia = 2.50 g em™) (88)

Permeability Measurement
The absolute permeability of each cell was measured uvsing the following rela-

tionship developed for radial flow in a cylindrical porous medium (sce Appendix B).

2
K=_R_p (heym Rz [=] L? (89)
2twpg R{1) R1

The fluid used was pure water. The time t for the liquid height to be reduced from h,

10 h(t) was mecasured for 10 equal intervals and the average absolute permeability

was calculated in pm? (Fig. 20).

IFT Measurement

IFT measurcments were carried out using a University of Texas spinning drop
tensiometer. A detailed description of this method has been given by Cayias et al
(71). A standard capillary tube is filled up with the connate water and then a small
droplet of crude oil is introduced. The cell is placed in a slot on a shaft of a rotor
assembly. It is spun for 1-6 hours (sometimes longer) at speeds ranging from 1200-
24000 rpm. Keeping the temperature constant at 25°C, the droplet width is measured
at constant intervals until an equilibrium is reached. To calculate the IFT the follow-

ing formula is uscd:

y=05224p (d°/TH (90)



85

“110 uigjeaed ybLy pue paxiw

(NIvY) 2L
0'09 0S8 009 05y 00 0°9E 0°0F 0'SZ 00T 09L 00L 0’ 00
1 1 1 1 ] 1 L 1 H 1 1

o
o

| o
™

O NIdIYUYA LHD = o - >
N0 NHAVHYY T-H = v e
RO Ni2dYHYd AAYIH m o

NO NidIVHYL & TOS 08%-d % 0L

‘faeay J40) SWL] "SA UOLSUB] |etdegusu] -12 "Bt

INTERFACIAL TENSION (mN/m}

(Nive) SreLL

0’00 099 008 0'Gr 0°0F O°FE 0°0F O'9RZ 00Z 0% 004 0§ 00
1 1 1 1 1 1 1 1 t ! :

E

INTERFACIAL TENSION {mN/m)

O NiddvHYd LHDI] = «
MO NI2IVHYd )-H = <
O NIdJdVHYD AAYIH = o

00

NO ‘d 9708 108N %S'¢ + 08%-d %0¢



86

where:
Y = interfacial tension (mN/m)
Ap = density difference between the oil and water (gfcm?)
d = the diameter of the droplet (cm}
T = the inverse of the angular velocity (sec)

Fig. 21 shows the IFT mecasurement results for six different situations in the
presence of surfactant (Pctrostep-420). 1t should be noted that without the surfactant
the oilfwater IFT was about 30.0 mN/m and thercfore had to be mecasured by the clas-

sic du Nouy ring method.

Viscosity Measurement

The viscosity was measured using a Brookfield viscometer with a U.L. adapter
(provided by Brookfield Engineering Laboratories). This viscometer operates by
mcasuring thc torque nccessary Lo overcome the viscous resistance to the induced
movement. The accuracy of this viscometer is about 1-2% of the full scale range
employed.  Sixteen mililitres of the solution were placed in the stainless steel tube of
the U.L. adapter and then the precision cylindrical spindle was introduced into the
cylinder.  This assembly was then attached to the viscometer. The measurements

were taken after equilibrium was reached.

Density Measurement

The density mecasurements werc made using a 25 ml specific gravity bottle at

room iemperature of 24.0 = 1.0°C.
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9 - RESULTS AND DISCUSSION

As a first step, two sets of distinct qualitative experiments were performed. In
the first set a less viscous fluid (water or/fand surfactant solution) was used to dis-
place a more viscous fluid (paraffin oils having different viscosities). Here the
mobility ratio was greater than one and thercfore, depending on the operating vari-
ables, different patterns of fingering were observed and naturally the recovered oil
was much less than 100% (Figs. 6-a, 6-b). In another approach, the process was
reversed, i.e. paraffin oil was uscd to displace pure water. In this casec M, the mobi-
lity ratio was, less than one and, as can be secn in Figs. 22-23 the interfacial front
looks quite stable and uniform and no macroscopic fingers are formed. Thus the oil
recoveries obtained are much closer to 100% (favorable mobility ratio). Here mobi-
lity ratios of 1/18 and 1/154 were used and no significant visual cffect of viscosity on
the fingering pattern was observed. However, when very low injection flowrates (Q
= 29 ml/h) were used, we observed the formation of very small microscopic finger-
like instabilities at 1hé oil-water interface (Fig. 23). These instabilitics are the al-
ready discussed Haines jumps that occur at drainage or drying conditions (since the
invading fluid is a non-wetting fluid there was no imbibition). At higher flow rates
(Q = 348 ml/h) the interface moved so fast that the Haines jumps could 10t be detected
by the naked eye, even though they exist and are probably 1-3 pores in length.

Lenormand et al. (23) have also observed similar results, but have incorrectly
called these instabilitics "fingers” and have concluded that the number of fingers at
favorable mobility ratio conditions increcases with a decrcase in flow rate.

Since a favorable mobility ratio displacement (M < 1) has little practical impor-
tance in petroleum industry, we focussed our efforts on the unfavorable mobility
ratio (M > 1) displacement process and various experiments were performed where a

less viscous fluid displaced a more viscous non-wetting oil, as discussed in previous

sections.



Fig. 22- Heavy paraffin oil displacing water at high flowrate (M - 1/154).

Fig. 23- Heavy paraffin oil displacing water at low flowrate (M - 1/154).



i
¢
&

89

Complete listings of the results are given in Tables 1, 3 and 5. The results of
fitting second order polynomials (i.e., Eqns. 61 and 65) to thc observed data arc pre-
sented in Tables 7 to 12. The significant paramecters, and their precision and perti-
nent statistics for judging model adecquacy, arec also presented.

A few results yiclded unusually large residuals during the initial fitting of the
models. Closer examination of these outlicrs revealed unusual patterns of fingering
and flow, most probably due to poor cleaning of the cell. In some cases, end cffects
(very low N¢,) produced ecarly imbibition and mushrooming resulting in abnormally
high recoveries and fewer fingers (Figs. 6-a, 6-b). This very important cffect has
been ignored by many investigators. In yet other cases it was very difficult to accu-
rately count the number of fingers. When re-cxamination of the results indicated
such anomalies in analysis, they were cither climinated from the model building
process or were repcated. The results listed in Tables 1, 3 and 5 exclude any such out-
liers.

Each model was found to adequately represent the data and to explain most of
the variability in the data as indicated by the lack of fit ratios and Ridj-valucs in
Tables 7-12, As well, plots of the residuals did not reveal any undesirable trends.
Obscrved versus predicted values of the responses are plotted in Figs. 57-74 along
with plots of the residuals versus run order and predicted value of the response. No
unexpected trends are cvident. (see Appendix A).

It is very important to note that other investigators have based their experi-
mental and analytical work (including computation of the wettability number C¥) on
the number of fingers at maximum growth rate (nn,) which is extremely difficult 10
measure during a radial displacement.  Contrary to lincar displacement, where the
number of fingers is limited by the cell width, the number of fingers increases with
the finger length in radial displacement. In a radial ccll the expanding circular

front will eventually split while the fingers in a lincar cell cam remain stable, cven
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at low flow rates. Thus, in order to avoid errors resulting from misjudgment about
which fingers are at maximum growth rale, the total number of fingers (n), repre-
senting all interfacial perturbations, were measured in the present work.
Conscquently, our modcls will predict a higher number of fingers than those pro-
poscd by previous theoretical work (19-20). Ni et al. (19) and Nasr-El-Din et al. (20)
used R*, the macroscopic mean radius (the radius of the front in the absence of
fingering), in their work. In this study R, the radius at breakthrough, which is
actually the distance from the inlet point at breakthrough, or the length of the

largest finger at breakthrough, has been used.

I) "Mechanistically-Based" Linear Models

Evaluation of Equation 61

The results of fitting the "mechanistically based" models given by Eqn. 61 to
the cxperimental data for both the recovery and the total number of fingers are
given in Tables 7, 9 and 11. Only those parameters found to contribute significantly
to the fit and pertinent statistics are reported. Other terms were omitted because they
were not found to be significantly different from zero nor to contribute significantly
to the adequacy of the model fit. Correlations between estimates of the parameters
were small as the result of the cxperimental design employed. Consequently, reliable
inferences about individual parameters could be made without the need to consider

the values of other parameters.

II)) Models Based on Dimensionless Variables

A modecl based on dimensional analysis of the system, given by Eqn. 65 was also
fited to the data for both the recovery and number of fingers. The parameter esti-
mates and pertinent statistics arc listed in Tables 8, 10 and 12. Only those parameters

that were found to significantly improve the fit are reported.
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1 - CAPILLARY REGION

Recovery Model (Model A - Table 7)

The fitted model for oil recovery in the capillary region is

Ln(Rec%) = 2.794 + 0.814 X2 - 0.371 X3 + 0.301 X4 - 0.360 Xs

- 0.260 X2X4 + 0.286 X2Xs + 0.177 X3X5 °1)

The model predicts that all the operating variables with the exception of flow rate, Xy,
‘have a significant effcct on the recovery. This contradicts the results of Nasr-El-Din
et al. (20) and Sayyouh et al. (38) who found that, in the capillary region, rccovery
increased as the flowrate decreased. Examination of the results and the pholographs
from the experiments performed by Nasr-El-Din et al. (20) showed that, sincc they
measured the recovery at the edge of the cell (i.e. R = Rggy), end-effects and the sub-
sequent mushrooming and imbibition resulted in abnormally high recoveries.  This
phenomenon is more obvious at lower capillary numbers (lower flowrates) and
explains the higher recoveries obtained by them at lower flowrates. The large data
set and the experimental design employed in the present study ensures the validity of
our finding over a wide range of values for the other operating variables.

The coded radius of breakthrough X,, has a rather complex cffect on the
recovery. This effect depends on the values of coded permeability, X4, and IFT, Xs. For
low values of X, and high values of X5, an increase in the distance from the injection
point causes a large increase in recovery. At (X4, Xs) = (-1, 1) the logarithm of per-
cent recovery increases by 2.72 as X; increascs from -1 10 1; this yields a relative
increase in percent recovery of 14.22 (1422%). At (X4, Xs) = (1, -1) the logarithm of

percent recovery increases by only 0.54 as X, increases from -1 to 1. This translates

into an increase in percent recovery of 71%. The minimum predicted (by Eqn. 91
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Table 7
gajramcter Estimates and Pentirent Statistics for Models Based on Eqn. 61 (Moucls A &
RO Bavamerers | Vames | Error |SSES| % | i o |0 | Re
eqn. 70)
{Rec?) Bo 2.794 0.057 |0.145 o103 1.814 |2.01 | 0.813
Np=8 B2 0.814 0.067
B3 -0.371 0.075
Model A Ba 0.301 0.070
Bs -0.360 0.070
Ba4 -0.260 0.077
Bas 0.286 0.076
B3s 0.177 0.082
‘rgg’;.) Bo 3.053 0.047
Np=12 B 0.145 0.027 0.020 ]0.023 0.737 2.03 | 0.932
B2 0.496 0.025
B3 0.219 0.029
Model B B4 0.094 0.026
Bs -0.143 0.028
Baa -0.454 0.060
Bis 0.147 0.029
B24 -0.073 (0.028
Bas 0.133 0.029
Bas -0.069 0.032
Bas 0.125 0.030
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valuc of the logarithm of percent recovery is found at X; = -1 and (X4, Xs) = (1, -1).
The ratio of maximum to minimum recovery is 19.16. In general, for the capillary
region, as the distance f{rom the injection point increases, the oil recovery also
increcasc: (Figs. 24, 25). This sesms quite logical because in radial displacement, the
velocity decreases as R increases.  Therefore, imbibition is expected to increase with
an incrcase in R, causing higher recoveries.

The effect of the logarithm of viscosity difference, X3, on the recovery depends
on the level of IFT. The lowest recovery is obtained at (X3, Xs) = (1, 1) and the highest
at (X3, Xs) = (-1, -1). The ratio of predicted maximum to minimum recovery is 4.31 (Fig.
26). This finding is consistent with theory and previous research (39) as well as
practicc which predicts higher oil recoveries from reservoirs containing lighter oil
by floods that produce lower oil/water IFT.

The effect of the logarithm of the permeability of the porous medium, X,
depends on the value of the logarithm of the radius at breakthrough as mentioned
carlier. The recovery increases with permeability, the increase being greater as the
radius increases. This interaction is shown in Fig. 24.

The effect of Xs, the coded form of the IFT, on the logarithm of recovery is
complex and depends on the values of X and X3. At (X, X3) = (-1, 1) the logarithm of
recovery decreases by 0.94 as the coded value of IFT increases from -1 to 1. This
would mean a relative decreasec of 61% in oil recovery. On the other hand, at (X, X3) =
(1, -1), the logarithm of recovery is decreased by 0.5 (39%) as the coded value of IFT
incrcases from -1 to 1. The highes: recovery is obtained at (X3, X3) = (1, -1) and the
lowest value of IFT. The minimum recovery occurs at (Xz, X3) = (-1, 1) and X5 = 1.
These findings are quite consistent with theory and coufirm the results obtained by
Mungan (39) and Uren and Fahmy (33). The ratio of maximum to minimum recovery

is 21.98 (sce Figs. 25-26).
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Model for Number of Fingers (Model B - Table 7)

The fitted model relating the total number of fingers to various operating

variables is

Ln(n) = 3.053 + 0.145 X1 + 0.496 Xz + 0.219 X3 + 0.094 X4 - 0.143 X5 - 0.454 X

+ 0.147 X1X3 - 0.073 X2Xa + 0.133 X2X5 - 0.069 X3Xa + 0.125 X4Xs (92)

The number of fingers depends on all the factors studied. Unlike the recovery, the
coded value of flowrate was found to affect the number of fingers. Generally speak-
ing, since there is a limit to how fast a finger can grow or absorb an increase in
flowrate, new fingers are formed as the injection rate reaches a certain value. Thus,
increased flow rate should in theory result in a higher number of fingers. The
interaction term B;3X ;X3 indicates that the effect of flowrate depends upon the value
of X3, the coded viscosity differcnce. At low levels of viscosity difference, the num-
ber of fingers increases with flowrate. At high levels of viscosity difference, this
increase in the number of fingers with flowrate intensifies (Fig. 27). This phe-
nomenon is due to the increased mobility ratio, (M) at high viscosity differences.
The effect of the coded value of radius at breakthrough, X,, depends upon the
level of permeability, X4, and IFT, Xs. At (X4, X5) = (-1, 1) the logarithm of the number
of fingers increases by 1.40, a 307% increase in the number of fingers as X; increases
from -1 to 1. At X = 1 the maximum occurs at X; = 0.02 and at X; = -1 it happens at X, =
0.18 (Fig. 28). As X, increases from -1 to 1, at (X4, X5) = (1, -1), the recovery increases
by 0.79. In general, the number of fingers steadily increases as the distance from
the injection point is increased. This is due to the increasing surface area of the
oil/water interface which enhances the possibility of instabilities. At X4 = 0 the

maximum number of fingers occurs at (X2, Xs) = (1, -1) and is equal to 35.13 (Fig. 29).
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The effect of viscosity difference is also dependent on other operating vari-
ables, At (X, X3) = (-1, 1), as the coded viscosity difference varics from -1 to I, the
logarithm of the number of fingers is slightly incrcascd by a factor of 0.08. At (X,,
X4) = (1, -1) the increase is 0.96 corrcsponding 1o a doubling of the number of fingers.
This indicates the enhancing cffect that flowralz has on the number of fingers. At
X3 = 1, there is a maximum at X4 = 0.03 and this meximum shifis to X4 = 0.18 as X5 is
reduced to -1 (Fig. 30).

The effect of permeability on the logarithm of the number of fingers appears
in linear, quadratic and interaction terms. As Figures 28, 29 and 30 show, the
response surface for the logarithm of the number of fingers passes through a maxi-
mum. At X; =1, X5 =1 and X5 = 1, this maximum occurs at Xy = 0.08 while at X; = -1 and X,
= -1 and X5 = -1 this maximum occurs at X, = 0.12.

IFT also affects the fingering pattern in a complex fashion  Its effect depend
on the values of coded distance and coded permeability (see Table 7). Figure 29 shows
that the number of fingers increases at a higher ratc at low values of X; than at high
values as the IFT is reduced from 1 to -1. At (X3, X4) = (-1, 1), the logarithm of the
number of fingers decreases by a factor of 0.30 as the coded IFT increases from -1 to
1. At (X5, X4) = (1, -1) the decrcasc is 0.27. The lowest number of fingers corrcsponds
to (X3, X4) = (-1, 1) and X5 = 1. The maximum number of fingers is obtained at (X3, X4) =

(1, 1) and X5 = -1. The ratio of maximum to minimum number of fingers is 7.26.
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Recovery Model (Model C - Table 8)

In terms of coded dimensionless variables, the estimated parameters and perti-
nent statistics from fitting the data obtained in the capillary region are listed in

Table 8. Recovery is described by:

Ln(Rec%) = 2,795 + 0.314 X; - 0.349 X2 + 0.758 X3 - 0.619 X4

+ 0.334 X1X2 - 0.422 X1X3 + 0.363 X2X3 (93)

All dimensionless variables have an effect on the oil recovery. The coded capillary
number X,, has a linear effect on the logarithm of recovery which depends on the
value of X, and Xj3. At (X3, X3) = (-1, 1), the model predicts a decrcase in the logarithm
of recovery by 0.88 which, in terms of rcal recovery, is a 58.68% decrcase as X,
increases from -1 to 1. The maximum recovery of 77.01% occurs at (X3, X3) = (-1, 1)
and X; = -1. This is a good example of the danger involved in generalizing conclu-
sions from experimental work without looking at the interactions between the inde-
pendent variables. Considering the capillary number alone, the highest recovery is
expected at the highest value of capillary number but because of the interactions,
the maximum recovery occurs at the lowest value of X;.

On the other hand, at (X3, X3) = (1, -1) the logarithm of recovery increases by
2.14 representing an incrcase in recovery by a factor of 7.48 as the coded value of
capillary number, X,, increases from -1 to 1. Under these conditions, minimum and
not maximum recovery occurs at X;= -1. The ratio of maximum to minimum predicted
recoveries is large namely 77/1.9 = 40.5. Figures 32 and 33 depict the predicted reco-
very contours for the XX, and XX interactions, respectively. The values of X; and X,
are held at zero respectively, for each case. Considering only the main and particu-
lar interaction effect, the recovery increases as the coded capillary number, X,

increases from -1 to 1. This is consistent with the theory that predicts an increase in
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Table 8
Parameter Estimates and Pertinent Statistics for Models Based on Eqn., 65 (Models C &
D)
Response |Significant |Parameter | Standard _SSR gg l-ack qf Fo.0s Ridj
Parameters Values Error (n-p) fit ratio
(egn. 70)
NREP B 2795 | o054 |o1s1 |oa03| 1720 |2.01 |o0.818
N, =8 B1 0.314 0.107
B2 -0.349 0.064
Model C B3 0.758 0.065
Ba -0.619 0.104
Bi2 0.334 0.115
Biz -6.422 0.114
B23 0.363 0.069
oo Bo 3.024 0.051
Np=12 B1 0.451 0.045 0.023 {0.023 1.040 2.03 | 0.921
B2 -0.17¢ 0.026
B3 0.467 0.027
Model D PBa 0.326 0.043
B 0.281 0.090
B2z -0.625 0.077
Baa 0.336 0.101
B2 0.167 0.054
" Brs -0.184 0.047
Bia 0.544 0.125
B23 0.144 0.029




106

9 |3poW J40) SANOIUDD pue 3IELJns Bsuodsay -2f "hLY

uotbey fuoqyde) + JaYIENG ISHOJS TN

uonbey fuoqyq1doy

¢ SYNOLNOD JSNOLS3Y

: ‘
e oy w2t [ _hl R A
130340330 20 J0uinNITada: W1

|

b




"3 12POW 4oy $ANGIUDI pue 2desans asuodsay -gr 61y

107

votbey R.o111d0g : JOYJIHNG JSNOISTY

Al

/7,
I

WMATEIY WY

T

tRYINDDIE IO 3w

L

uobey fuoqqdoy .

SUNOINOD JSNDJSIY . .




108

the recovery with an increase in the capillary number, Ng,. However, as we saw
earlier, this is not true if all interactions are considered.

The coded form of h NE, X,, affects recovery as a main cffect as well as
through the interaction terms, X;X,; and of X;X3 (Table €). At (X;, X3) = (-1, 1) the pre-
dicted logarithm of recovery decreases by 0.64 as X, increases from -1 to 1. This
represents a relative decreasc in the recovery percent by a factor of 0.47. At (X, X3)
= (1, -1), increasing X; from -1 to 1 results in a decrease in the logarithm of recovery
by 0.76 which represents a predicied decrease in real recovery by a factor of 0.47.
The maximum predicted recovery occurs at (X;, X3, X3) = (-1, -1, 1), the lowest capillary
number, highest permeability and highest radius and the minimum recovery (1.29%)
is at (X;, X5, X3) = (-1, 1, -1). The ratio of maximum to minimum recovery is large,
being 41.52, Fig. 32 shows that, when considering X; and X,, the recovery increases
as the coded capillary number X;, increases (with the exception of at X; = -1) and it
decreases as Xp increases. Fig. 34 also shows that the recovery decrcases as X,
increases and it increases as X, the coded R/h, increases. This means thai, at low
flowrates, an increase in the permeability results in an incrcase in the recovery.
This increase is much less considerable at high X3 (Fig. 34) values. Considering the
increased possibility of imbibition (and therefore higher recoveries) at higher Xj,
the coded form of R/h, this seems very logical.

As far as the coded value of R/h, X3, is concerned, its effect depends upon X,
and X,;. Keeping the coded capillary number, X;, equal to zero means that for any
permeability, the predicted recovery increases as Xj is increased (Fig. 34). This is due
to increased imbibition at higher R values. On the other hand, at X; = 0 (modcrate
permeabilities), an increase in the capillary number or the radius results in higher
(except at high Xi values) recoveries (Fig. 33). This is consistent with theory and

previous research,
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The coded viscosity ratio, X4, has a large lincar negative effect on the reco-
very. As the viscosity difference is increased from -1 to 1, the recovery is decreased
by a factor of 0.29 = ¢ 1238, This is in agreement with thcory and can be explaincd by
higher mobility ratios which in turn produce more fingers and cause the rccovery to

be reduced. This phenomenon is encountered during oil recovery from hecavy oil

fields.

Model for Number of Fingers (Model D - Table 8)

In terms of coded dimensionless variables (Eqn. 63) the fitted model for the

number of fingers was found to be

Ln(n) = 3.024 + 0.451 Xi - 0.179 X2 + 0.467 X3 + 0.326 X4 + 0.281 Xi - 0.625 X3

+0.336 X5+ 0.167 X1 Xz - 0.184 X1X3 + 0.544 X1Xa + 0.144 X2X3 (94)

The model predicts that each of the coded dimensionless variables has a significant
effect on the number of fingers in the capillary region (Table 8).

The coded capillary number X,, influences the fingering pattern in a complex
fashion, Its effect appears in both linear and quadratic terms as well as in interac-
tion form with X,, X3 and X;. The maximum number of fingers (the least desirable
condition) occurs at X; = X3 = X3 = X4 = 1. The minimum number of fingers is obiained
at (X1, X3) = (-1, -1) and (X3, X4) = (1, 1). The ratio of maximum 10 minimum number of
fingers is 34.68. The above conclusions are consistent with theory. Fig. 35 shows the
response surface and contours for the XX, interaction with X3 = X4 = 0. The responsc
surface is a saddle. At X; = 1 the maximum is ai X; = -0.01 and at X; = -1 the maximum is
at X, = -0.28. Consideration of X; and X; alone reveals that the number of fingers

increases steadily as X; and X3 increase from -1 to 1. This increase is larger at low

values of R/h (Fig. 36). Fig. 37 shows that the maximum number of fingers is pre-
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dicted at high values of X; and X;. Again this is consistent with theory. At X; = X3 =0,
the minimum number of fingers is on the line X; = (-0.451 - 0.544 X,)/0.562.

The effect of the coded dimensionless term h VK, X, on the logarithm of num-
ber of fingers also appears as linear, quadratic and interaction terms. At (X,, X3) = (-
1, 1), as coded h AKX increases from -1 to 1, the logarithm of number of fingers is
decrecased by 0.40, a 33.2% decrease in the number of fingers. At the other extreme,
namely (X;, X3) = (I, -1), however, the logarithm of number of fingers decreases as X,
is increased from -1 to 1. This is a decrease of 0.31, a 27.27% dccrease in the number
of fingers. Fig. 35 shows the response surface and contours for the X;X, interaction
(all the other variables have been kept constant at their zero level). In general, the
location of the maximum is at X; = {-0.179 + 0.167 X; + 0.144 X3)/1.25 or at X; = -(0.451 +
0,167 X; - 0.184 X5 + 0.544 X,)/0.562. Fig. 38 shows that when considering X; and X,
alone, the number of fingers constantly increases as Xj is increased from -1 10 1 for
all values of X;. For X; = 0 (moderate capillary numbers) this maximum occurs at X; = -
0.26 for X5 = -1 and at X; = -0.03 for X; = 1 (see Fig. 38).

The effect of X3, depends on the value of X; and X;. At (X;, X3) = (-1, 1) as the
coded R/h increases from -1 1o 1, the logarithm of number of fingers increases by
1.59, a 390.56% relative increase in the number of fingers. At the other cxtreme,
namely at (X;, X3) = (1, -1), this increase is only by 0.28, a relative increase of 32%.
This means that any increas¢ in the number of fingers due to increased radius is
more considerable at low capillary numbers (c.g. low flow rates) and low perme-
abilities. At X3 = -1, the minimum number of fingers is equal to 2.97 at (X;, X3) = (-1, 1)
and, at X3 = 1 the maximum (26.26%) is at (X;, X3) = (1, -1). The ratio of maximum to
minimum is 8.96 (also see Fig. 36, 38). The maximum or minimum could be gencrally
found at X3 = (0.179 - 0.167 X, + 1.25 X;)/0.144,

The effect of X,, coded viscosity ratio appears in linear, quadratic and interac-

tion term with X;. As discussed earlier, Fig. 37 shows that response surface passcs
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through a minimum at Xs = (-0.326 - 0.544 X;)/0.672. For cxample at X, = -1 this mini-
mum is at X4 = 0.32, The highest number of fingers is obtained at (X;. X4) = (1, 1),
which is quitz consistent with the accepted fact that at high capillary number (high
Qorlowy or high pw) and high viscosity ratio (high mobility ratio M) thc number of

fingers is the highest.
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2 - INTERMEDIATE REGION
Recovery Model (Model E - Table 9)

The fitted model for rccovery is

Ln (Rec%) = 2.433 + 0.144X; - 0.396X3 + 0.484X4” - 0.141Xs + 0.116X4Xs (95)

The model indicates that each of the cperziing variables, with the exception of
the coded flowrate, X, has a significant effect on the logarithm of the recovery. The
lack of any dependence on flowrate is not surprising and corroborates the results
reported elsewhere (20) which indicated that recovery is independent of flowrate in
the "intermediate region" over which these data were collected. Our results extend
the validity of this conclusion to cover a range of values for the other operating
variables. Morcover, the larger data set and experimental design employed in this
work provide a more sensitive test of this behaviour.

The coded distance from the injection point, X,, has a relatively small positive
effect on recovery and this effect holds over the range of values studied for the other
operating variables. The model predicts an increase in recovery by a factor of 1.33 as
X, increases from -1 to 1. In radial displacement, superficial velocity (different from
the instantancous local pore velocity) decreases with R (V = Q/2nR*h = eV), thereby
increasing the possibility of imbibition and enhancing recovery.

The viscosity difference, X3, has a major negative effect on recovery which is,
again, independent of the levels of the other operating variables. The model predicts
a decrease in recovery by a factor of 0.45 from the lowest to the highest viscosity dif-
ference. This result is expected and is consistent with that found by Mungan (39) and

cxplains the lower rccoveries obtained from heavy oil fields (increased mobility

ratio).
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The model shows that the permeability of the cell, X4, has a quadratic effect on
the recovery which depends upon the value of the interfacial tension as indicated by
the interaction term, PssX;Xs. Such interaction is not unexpected since, in the ab-
sence of weltability effects, both permecability and interfacial tension determine the
extent of imbibition. From a physical point of view, both permeability and IFT are
surface dependent and thus this kind of relationship would be expected. At a low
level of IFT a minimum in the recovery occurs at X; = 0.12 while at a high level of IFT
the minimum occurs at X4 = -0.12. In the former case, the predicted maximum reco-
very is at the lowest permeability while in the latter, it is at the highest permeability.
In either situation, the ratio of maximum toe minimum recovery is 1.8 (Fig. 39).

The effect of coded IFT, Xs, depends upon the level of permeability. At low
levels of permecability, the effect of IFT on recovery is modcrate and ncgative. while
at high levels of permeability the effect of IFT rcmains negative but is not signifi-
cant. Over the range of values for IFT, the predicted recovery decreases by a factor
of 0.6 at the lowest level of permeability (Fig. 39). This inverse relationship is con-
trary to that reported by Newcombe (41), but consistent with the findings of Mungan
(39) and Uren and Fahmy (33).

The fitted model can be used to predict recoveries or to determine optimal
operating conditions for a particular system. For example, the fitted mode! for reco-
very indicates that the maximum recovery will be attained at the highest levels of
the distance from injection point, X;, and the lowest levels of viscosity difference, Xj.
To determine the levels of permeability, X4, and IFT, X5, that yicld optimal rccoveries
is more difficult, since these factors must be considered jointly.  Analysis of the
model in the X, - X5 plane shows that the maximum recovery is attained ai the lowest
values of both X, and Xs in the operating region. A minimum exists at X, = -0.12 and X;

= 1, the surface being a slowly sloping valley along Xs = -8.3 X4.
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Table 9

Parameter Estimates and Pertinent Statistics for Models Based on Eqn. 61 (Models E &
F)

Respaonse iignificant Parameter | Standard SSR_ glz) I-ack qf Fo.0s Ridj
arameters Values Error (n-p) fit ratio
(eqn. 70)
n{Rec®) Bo 2.433 0032 [0.022 |0.019| 143 |1.86 | 0.86
Np=6 B2 0.144 0.024
B3 -0.396 0.025
Model E Bs -0.141 0.025
Ba4 0.484 0.043
Bas 0.116 0.028
o Bo 3.507 0.030
Np=9 B1 0.098 0.022 0.017 ]0.017| 1.00 1.88 | 0.92
Ba 0.474 0.022
B3 0.090 0.022
Model F Ba -0.229 0.022
Bss 0.157 0.040
B1s -0.053 0.024
Bas -0.093 0.023
Bas -0.064 0.024

Model for Number of Fingers (Model F - Table 9)

The fitted model relating the total number of fingers to the various operaling
variables is
Ln(n) = 3.507 + 0.098X; + 0.474X2 + 0.090X3 - 0.229X4 + 0.157X%
- 0.053X1 X5 - 0.093X2X4 - 0.064X3Xs (96)

The number of fingers depends on all the factors studied. Unlike the recovery, the
number of fingers depends on the flowrate. The nature of this cffect hinges upon
the IFT as indicated by the interaction term, R15XiXs, although the importance of this

interaction is only marginally significant. At the low levels of IFT the number of
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fingers incrcases with flowrate, while at the high levels of IFT the number of fin-
gers increases with flowrate but at about one third the rate (Fig. 40). Our prelimi-
nary study of the IFT behavior revealed that it drops with time until an equilibrium
is cstablished (Fig. 21). This phcnomenon is due to the fact that the solutions have
not been pre-equilibrated, so mass transfer processes take place at the interface.
Therefore, the lower the flowrate, the longer the oil/water contact time, resulting in
a lower IFT.

Increasing the distance from the injection point, X3, leads 10 a large increase
in the number of fingers. As the distance from the injection point increases, the
surface area of the interface between the displacing and displaced fluids increases
rapidly, thereby increasing the probability of finger formation. This effect again
depends on the level of another factor, in this case the permeability, X4. At Xg= -1,
the increase in the number of fingers is by a factor of 3.1, while at X; = 1 the increase
is by a factor of 2.1. As might be expected, at high levels of permeability, the effect
of the distance from injection point is less than at low permeabilities (Fig. 41). This
can be cxplained by the fact that, at high values of K, the oil/water contact area
(interface) and. therefore, the possibility of finger formation is much smaller than
is the casec for low permeability.

An increase in the viscosity difference results in a moderate increase in the
predicted number of fingers; the extent of its effect depending on the IFT as indicated
by the interaction term, B3sX3Xs. The number of fingers increases by a factor of 1.05
over the range of values for Xj at the highest level of IFT. At low IFT the effect of
viscosity difference is to increase the number of fingers by a factor of about i.4. The
response surface is a slightly sloping valley (Fig. 42).

The fitted model reveals that the number of fingers decreases with increasing
permeability of the medium, X4 the extent of this decrease grows with the distance

from the injection point. At X, = -1 the model predicts a decrease in the number of
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fingers by a factor of 0.76 as the coded permeability, Xa, increases from -1 to 1; at X; =
1. the predicied number of fingers decrcases by a factor of 0.53 (Fig. 41).

The IFT, Xs, has a rather complex quadratic effect on the number of fingers
that depends on the flowrate and viscosity difference. At (X;, X3) = (-1, -1) the pre-
dicted number of fingers passes through a minimum at Xs = -0.37 and reaches a
maximum at Xs = 1. The ratio of maximum to minimum number of fingers is 1.23. At
(X;, X3) = (1, 1) the predicied number of fingers passes through a2 minimum at Xs = 0.37
and has a maximum at Xs = -1. The ratio of maximum to minimum number of fingers
is again 1.23 (Figs. 40, 42).

These results show that the conclusions of Sarma (42) and Chen (43) as to the
cnhancing effect of lower IFT on the number of fingers are not general and depend
on the level of flowrate and viscosity difference (or ratio). Figures 5-a and 5-b
demonstrate this rather clearly.

The fitted model for number of fingers can also provide useful information on
the validity and applicability of the theoretical model on which it is based. In this
case, the resulis indicate several deviations from the theoretical model proposed by
Ni et al. (19). If the model proposed by Ni et al. (19) were strictly valid, there should
be no interaction or quadratic terms, and each of the parameters associated with the
main effects in the uncoded form of the model should be equal to 0.5. Neither of these
conditions holds for the present model. However, one should not forget that in previ-
ous theoretical developments (e.g. 19, 20) many assumptions were made that were not
necessarily attained in the present experimental study. One good example is the
assumption of perfect two-dimensional flow. Another example is the extension of the
Hcle-Shaw cell theory to a porous medium. The use of macroscopic continuum equa-
tions and boundary conditions involving pressure at the interface to describe inter-

facial cffects, which obviously take place at a microscopic level, is questionable.
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Recovery Model (Model G - Table 10)

In terms of coded dimensionless variables (sce Eqn. 65), the fitted model for the

percent recovery was found to be

In(Rec%) = 2.487 - 0.144X; + 0.146X; - 0.626X4 - 0.228X3

+ 0.434%G + 0.220X:X2 - 0.200X1 X4 (97)

As in the case of capillary region, all of the dimensionless numbers have an effect on
the recovery.

The capillary number is the ratio of viscous to capillary forces. Its effect on
the recovery is quite complex, being found in lincar, quadratic and interaction terms
in the model. The existence of interaction terms Bi2X1Xz and BiaX1Xs means that the
effect of X, depends on the values of X, and X,, the coded forms for the dimensionless
numbers h/}'E and Ho/uw, respectively. For low values of X, and high values of X, an
increase in the capillary number causes a large dccrease in the recovery while at
high values of X; and low values of X, an increase in capillary number causes a small
increase in recovery. The extent of these changes can be calculated by ecvaluating
the change in recovery over the extremes of the operating region for X; (i.c., -1 <X,
< 1) at the two extreme conditions nf X, and X,, namely (-1, 1) and (1, -1). At (X3, X,) =
(-1, 1) the logarithm of percent recovery decreases by 1.13 as X, increases from -1 to
1; this yields a relative decrease in percent recovery of 0.68. On the other hand, at (1,
-1) the logarithm of percent recovery passes through a maximum at X; = 0.61. The
minimum value of the logarithm of perceni recovery is found at X; = -1. The increase
in the logarithm of percent recovery from minimum to maximum is 0.59 which
represents a ratio of maximum to minimum recovery of 1.8 (Figs. 43-44). The effect

of capillary number on recovery is clearly very different from one set of values for
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X, and Xs to another. This demonstrates the danger in gencralizing conclusions from
studics where only onc variable at a time is investigated.

The effect of X, on the logarithm of recovery is quadratic and also depends on
the value of X;. At the lowest value of capillary number, the ratio of the maximum
recovery (obtained at X; = -1) to the minimum recovery (obtained at X, = 0.25) is 2.0.
At the highest value of capillary number the relationship between In(Rec%) and X;
mimics that found for X, = -1 except that the location of the minimum has shifted to X;
= -0.25. Consequently, the maximum recovery is attained at either the highest or low-
est value of h/VK depending upon the value of the capillary number (Fig. 43). This
could shed some light on the results reported by Taber (9) and again emphasizes the
importance of considering all operating variables together.

The effect of X3, the coded form of the dimensionless variable R/h, on the
logarithm of the recovery is linear and independent of the levels of other variables.
An increase in X3 from -1 1o 1 results in an increase in recovery by a factor of 1.34.

The coded form of the viscosity ratio (uo/uw), Xas, has a linear effect on the
logarithm of percent recovery whicﬁ depends on the capillary raiio. At a low level
of X; an increase in X, from -1 to 1 yields a decrease in recovery by a factor of 0.43,
whereas at a high level of capillary number a decrcase in recovery by a factor of
0.19 is obtained (Fig. 44). This is consistent and further extends the results obtained
by Habermann (49) and explains lower recoveries obtained from heavy oil reser-

voirs.
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Table 10
Parameter Estimates and Pertinent Statistics for Models Based on Eqn. 65 (Models G & H)
Response [Significant|Parameter |Standard | ggr 3: lack of | Fo.os Rzadj
Parameters | Values Error (n-p) (ix;n ra;lg)

N " Bo 2.487 0.031 |0.019 f0.019 | 1.077 | 1.87 | 0.88
Np=8 B1 -0.144 0.037

Ba 0.146 0.022

s -0.626 0.037
Model G Bt -0.228 0.089

B22 0.434 0.048

B1z2 0.220 0.046

Bia -0.200 0.054
oo Bo 3522 | 0030 [0.021 {0.017 | 146 | 1.87|0.90
Np=28 B1 0.178 0.038

B2 0.190 0.025

Ba 0.482 0.024
Model H Ba 0.135 0.037

B 0.327 0.078

B1z -0.138 0.048

B23 0.097 0.026

Model for Number of Fingers (Model H - Table 10)

In terms of the coded dimensionless variables the number of fingers is well

described by the model

Again, all the dimensionless variables have an effect on the number of fingers.

In(n) = 3.522 + 0.178X; + 0.190X2 + 0.482X3 + 0.135X,

+0.327X3 - 0.138X1X2 + 0.097X2X3

(98)
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The effect of the coded capillary number, X;, on In(n) is quadratic in form
having a minimum whose location depends upon the value of X, the coded form of
the dimensionless variable hﬁ. At X; = -1, the minimum occurs at X; = -0.48 while at
X, = 1 the minimum is located at X; = -0.06. In both cases the maximum number of fin-
gers is encountered at the maximum value of X (lowest K). However, at X, = 1, the
predicted number of fingers at X; = -1 does not differ significantly from the maxi-
mum at X; = 1. The extent of the effect of capillary number on the number of fingers
can be predicted by comparing the number of fingers at the minimum and the
maximum. At X; = -1 the ratio of the maximum number of fingers to the minimum
over the operating region is 2.1 while at X, = 1 the ratio is 1.4. The magnitude of the
effect of capillary number is thus significant. The existence of a minimum in the
number of fingers with respect to capillary number is interesting as is the depen-
dency on the dimensionless number associated with permeability (Fig. 45).

The effect of the dimensionless variable involving permeability, nAK, is
linear with respect to its coded form, X,, but depends on the values of the coded vari-
ables X, and Xj3. At (X;, X3) = (-1, 1), the model predicts an increase in the number of
fingers by a factor of 2.3 as X, increases from -1 to 1. At (X;, X3) = (1, -1), the model
predicts a small decrease in the number of fingers by a factor of 0.9. An increase in
the number of fingers with a decrease in permeability was expected but the predicted
decrease when (X;, X3) = (1, -1) was somewhat surprising (Figs. 45-46).

The effect of X; the coded form of the dimensionless variable R/h, on the
logarithm of the number of fingers is linear and depends on the value of X;. At the
highest value of X, the predicted number of fingers increases by a factor of 3.2 over
the range of X3, while at the lowest value of X,, the increase is only by a factor of 2.2
(Fig. 46).

The effect of X4, the coded form of the dimensionless variable po/tw, on In(n) is

linear and indecpendent of the other variables. This positive effect of viscosity ratio
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on the number of fingers is expected and corroborates previous rescarch (48).  The
higher the viscosity ratio, the higher the mobility ratio M, and thus, there will be
more fingering. The model predicts an increase in the number of fingers by a factor
of 1.3 as X4 changes from -1 to 1. This is a relatively small effect considering that the
viscosity ratio varied from 5.1 to 153.0.

In summary, all ¢f the dimensionless quantities have a significant effect on
the recovery and the number of fingers. The nature of these effects is complex;
ho-;nrevcr, the fitted models allow the effects 10 be analyzed and the overall nawre of
the response surfaces 10 be assessed. The interpretation of the results in terms of
these models is more difficult than for the "mechanistically based" models described
earlier since the independent variables in the dimensionless models are themselves
functions of the operating variables. This makes it difficult to determine how the
operating variables actually affect the recovery and number of fingers. On the
other hand, use of the dimensionless quantities provides a model in terms of more

traditional wvariables,
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3 - VISCOUS REGION

Recovery Model (Model 1 - Table 11)

The fitted model relating the logarithm of recovery to various operating vari-

ables is

Ln(Rec %) = 2.366 + 0.167 Xz - 0.721 X3 - 0.245 X5 + 0.271 X5 - 0.194 X3Xs (99)

The model predicts that each of the independent operating variables has a signifi-
cant effect on the logarithm of the recovery except X;, the coded flow rate (Table 11).
Recalling that this behaviour was also observed in capillary and intermediate
regions, it can be concluded that flowrate, Q, does not influence the oil recovery at all
and that this conclusion is valid over a wide range of values for other operating
variables. As mentioned earlier, the same result was observed onmnly in the interme-
diate region by Ni et al. (19) for an oil-wet system (although he did not have enough
data points to conclusively prove this) and by Nasr-El-Din et al. (20) for a water wet
porous medium,

In addition, we concluded that the increased recoveries that Nasr-El-Din et al.
(20) observed at low flowrates, were due to end-effects and subsequent mushrooming
and not natural imbibition caused by a low capillary number.

The effect of coded radius X,, on the logarithm of percent oil recovery is both
lincar and quadratic and is independent of the other operating variables. The mini-
mum recovery is obtained at Xz = -0.31 and the maximum at X; = 1. Since there is no
imbibition in this region, and since this effect is not dependent on other variables,
this phenomenon could only be explained through better sweep efficiency at higher

radii.
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The effect of coded viscosity difference X3, depends on the value of permeabi-
lity. The model predicts a reduction in the logarithm of percent recovery as X, the
coded viscosity difference increases. This decrecase becomes more significant as X4
increases from -1 to 1 (Fig. 47). Therefore, the minimum rccovery is attained at (Xj,
X4 = (1, 1) and, conversely, the maximum recovery is obtained at (Xi, X4 = (-1, 1).
This result is consistent with theory, Mungan's findings (39) and the higher recove-
ries obtained from light oil fields.

The effect of coded permeability, X4, is dependent on the value of the X3, coded
viscosity difference. The maximum recovery is obtained at X4 = 1 and X3 = -1. On the
other hand, the recovery constantly decreases as Xi, coded viscosity difference, is
increased from -1 to 1 (Fig. 47).

The ratio of highest recovery to minimum recovery is 6.23, a relative decrease
of 849%. Therefore, it can be concluded that within viscous region, no maiter what
the viscosity difference, the recovery is always greater for more permeable reser-
voirs and this is due to a lower resistance to the flow of the displacing phasc and a
better sweep efficiency. This can also be explained by the fact thai in the absence of
imbibition (flow is too fast within this region, therefore, capillary forces do not have
enough time to cause imbibition) the recovery would be higher if the pores were
larger and therefore more accessible to the displacing fluid. This is the case for high
permeability porous media.

The effect of coded IFT, Xs, on the logarithm of percent recovery is lincar
negative, and is independent of other variables. The highest recovery is attained at
Xs = -1 and constanily decreases as IFT is increased. This is quite consistent with
theory and previous research (33, 39). The ratio of maximum to minimum recovery is

1.63, a relative decrease of 39%.
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Table 11

Parameter Estimates and Pertinent Statistics for Models Based on Eqn. 61 (Models | &
1)

ienifi ~2 -
Response [STemTioam TPaymeter [Seneerd [ssn [ [ et o Toms T el
(eqn., 70)
In{Rec%)
N = 40 Bo 2.366 0.071 0.079 |0.083 0.918 |2.45 | 0.825
Np=6 B2 0.167 0.058
B3 -0.721 0.060
Model I Bs -0.245 0.057
B22 0.271 0.091
B3z -0.194 0.062
LI;:EPJ Bo 4.032 0.063
Np=12 B2 0312 0.034 0.026 |[0.027} 0.926 |2.53 | 0.914
B3 0.340 0.035
Bs -0.384 0.033
Model J Bs -0.142 0.034
Bas -0.467 0.120
Bss 0.204 0.087
B23 0.129 0.036
B24 -0.097 0.035
Baa 0.18% 0.036
Bas -0.089 0.036
Bas 0.073 0.035

Model for Number of Fingers (Model J - Table 11)

In terms of coded operating variables, the logarithm of total number of

fingers is predicted by the model (see Eqn. 61).

Ln(n) = 4.032 + 0.312 Xz + 0.340 X3 - 0.384 X4 - 0.142 Xs - 0.467 X% + 0204 X%

+0.129 X2Xa - 0.097 X2X4 + 0.189 XaX4 - 0.089 X3Xs + 0.073 XaXs (100)
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The model indicates that for viscous region, the logarithm of total number of fingers
is dependent on all operating variables with the exception of flow rate. As we saw
carlier in sections 1 and 2 of this chapter, at capillary and intermediate regions, the
number of fingers gencrally increasecd as the flow rate was increased. Here, at X; = -
1, the flow rate is 174.0 mL/h (see Table 6). Since this injection rate is already rather
high, the further increases of it at X; = 0 and Xy = 1 (264.0 mL/h and 510.0 mL/h,
respectively) do not affect significantly the number of fingers. This could mean that
the cxisting fingers are capable of absorbing (conducting) the increased flowrates;
thus there is no need for the number of fingers to increase.

The effect of coded distance, X,, depends on the value of Xs, the coded viscosity
difference and X4, the coded permeability. At (X3, X4) = (-1, 1), as the value of X,
increases from -1 to 1, the logarithm of number of fingers increases by 0.20 (the
number of fingers increases by a relative 22%). At (X3, X4) = (1, -1) this increase is by
1.08, a relative 193% increase. The ratio of maximum to minimum number of fingers
is 7.94. Fig. 48 shows the response surface and contours for the X,X3 interaction. The
logarithm of the number of fingers steadily increases as X, (or X;) is increased. The
highest number of fingers is obtained at (X, X3) = (1, 1) This is consistent with
theory and as mentioned earlier, is due to increased oil/water interface surface area
and to increased M, mobility ratio, respectively., Fig. 49 depicts the response surface
and contours for the X,X, interaction (keeping X3 = 0). The logarithm of number of
fingers constantly increases as X; is increased from -1 to 1. On the other hand,
togarithm of number of fingers passes through maximums as X, is increased from -1
io 1. The location of this maximum is at X, = -(0.384 + 0.097 X;)/0.934 i.e., X4 = -0.51 at X;
=1 and X4 = -0.27 at X; = -1 is a maximum (see Fig. 49).

The effect of coded viscosity difference, Xs, depends on X3, X, and Xs5. At (X3, Xq,
Xs5) = (-1, 1, 1) an increase in coded viscosity difference, X3, from -1 to 1 results in an

incrcase of 0.43 in the logarithm of the number of fingers. This corresponds to a
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relative increase of 53%. At the other extreme (favorable conditions for the number
of fingers) namely at (X, X4, X5) = (1, -1, -1), the logarithm of the number of fingers
increases by 0.74, a relative increase of 109% in the number of fingers as X; is
increased from -1 to 1. The ratio of maximum to minimum number of fingers is 10.55.
Fig. 48 shows the response surface and contours for the X;X3 interaction. The high-
est number of fingers (keeping X4 = Xs = 0) occurs at (X2, X3) = (1, 1).

Fig. 50 depicts the response surface and contours for the X3X, interaction (X; =
Xs=0) At X3 =1, the maximum is at X4 = -0.21 and at X5 = -1, the maximum passes
through X, = -0.61. For all values of X,;, the number of fingers increases as Xj is
increased. This is again due to increased M, mobility ratio.

Fig. 51 shows the response surface and contours for the X3Xs interaction. The
logarithm of the number of fingers has a minimum at Xs = (0.142 + 0.089 X; - 0.073
X 4)/0.408. In this case since X4 = 0, the minimum passes through Xs = 0.57 at X3 = 1 and
through Xs = 0.13 at X3 = -1. Again, for all values of X5, the number of fingers
increases as X3 increases from -1 to 1.

The effect of, X4, the coded form of permeability, also depends upon the value
of the other operating variables, namely, X3, X3 and Xs. The location of the maximum
is at X; = (-0.384 - 0.097 X; + 0.189 X5 + 0.073 X;)/0.934. For instance, al the X;Xs plane
(i.e. Xy = X3 = 0), the maximums are at X, = -0.33 for X5 = 1 and at X, = -0.50 if X5 = -1 (scc
Fig. 52).

The effect of Xs, the coded form of IFT, depends on the value of X3 and X;. At
(X3, X4) = (-1, 1), as X5 increases from -1 to 1, the logarithm of number of fingers is
increased by a small factor of 0.04, a relative increase of only 4% in the number of
fingers, while at (X3, Xs) = (1, -1) the logarithm of the number of fingers actually
decreases by 0.61, a relative reduction of 46% in the number of fingers, as Xs
increases from -1 to 1. The ratio of the maximum to the minimum number of fingers

is 5.88. This conflicting behavior again underscores the importance of interaction
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Fig. 51- Response surface and contours for nodel J.
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consideration before generalizing the results obtained from experimental work.
Considering the X;Xs response surface (Fig. 52), the logarithm of the number of

fingers passes through a maximum at X5 = 0.17 for X; = 1 and at X5 = 0.53, for Xy = -1,

Recovery Model (Model K - Table 12)

In terms of coded dimensionless terms (Eqn. 65), the fitted model for the per-

cent recovery is found to be

Ln{Rec %) = 2.585 + 0.193 X3 - 1.023 X4 + 0.227 X2X4 (101)

The coded capillary number X; does not affect the logarithm of percent recovery (sce
Table 12) in any significant way. This could be because the capillary number in this
region is very high (even at X; = -1), therefore, further increases in Ng,, do not
produce any significant additional effects.

The effect of the coded form of h /VK, X5, depends on the value of X, as
indicated by the term P24X2Xa. The minimum recovery occurs at (X3, X4) = (-1, 1) and
the maximum at (X2, X4) = (-1, -1). The ratic of maximum te minimum recovery is
12.18. Fig. 53 shows that at (X,, X4) = (1, -1) the logarithm of percent recovery is 3.38.
In addition, as the coded viscosity ratio is increased from -1 to 1, the percent recovery
constantly decreases for all values of X;. This decrease is more significant at lower X,
values (higher permeabilities). The percent recovery does not, however, change in
a significant way for a given viscosity ratio when the coded form of h K, Xq,
changes from -1 to 1. This conclusion underscores the relative importance of visco-
sity ratio on the percent oil recovery. The increased mobility ratio, M, at high vis-
cosity ratios causecs more fingering and this, in turn, will attenuate the recovery.

The effect of, X3, the coded form of R/h, is a linecar positive one and docs not

depend on the other dimensionless terms. The maximum recovery is again obtained
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at X3 = 1 and the minimum at X3 = -1. The ratio of maximum to minimum recovery is

1.47.

Table 12

Parameter Estimates and Pertinent Statistics for Models Based on Eqn. 65 (Models K &
L)

Response |Significant | Parameter | Standard SSR o2 lack of | Fo.os RZy:
Parameters| Values Error | 1300) P | fit ratio 4
P (eqn. _70)
::11913(:%) Bo 2.585 0.048 |0.087 [0.083] 1.066 [2.40 | 0.805
Np=4 B3 0.193 0.061
B4 -1.023 0.085
Model K Ba4 0.227 0.089
In (n)
Ne s Bo 3.814 0.036
Np=8 B1 0.450 0.072 ]0.047 0.027 2.244 2.48 | 0.844
B2 0.284 0.045
B3 0.298 0.044
Model L Ba 0.489 0.069
Bas 0.100 0.048
Baa -0.242 0.065
Bss4 0.150 0.067

Model for Number of Fingers (Model L - Table 12)

The fitted model relating the total number of fingers to various dimensionless

variables (see Eqn. 65) is

Ln(n) = 3.814 + 0.450 X1 + 0.284 X2 + 0.298 X3 + 0.489 X4

+ 0.100 X2X3 - 0.242 XoX4 + 0.150 X3X4 (102)

The model predicts that all dimensionless terms affect the logarithm of the number of

fingers (Table 12).
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The coded capillary number, X;, affects the logarithm of the number of fingers
in a lincar posilive fashion. The maximum number of fingers occur at X; =1 and the
minimum at X; = -1. The ratio of maximum to minimum number of fingers is 2.46.

The coded form of h/VK, X,, affects the logarithm of the number of fingers
both as a main and an interaction term which depends upon the values of X3 and X, as
indicated by terms B23X2X3 and BX3Xs. At (X3, Xg) = (-1, 1), as the value of X, increases
from -1 to 1, the logarithm of the number of fingers decreases by 0.12. At the other
extreme, namely at (Xs, X4) = (1, -1), this trend is reversed. In olher words, the loga-
rithm of the number of fingers actually sharply increases as the capillary number is
increased. This augmentation is by a factor of 1.25. Between these two extremes, the
ratio of maximum to minimum number of fingers is 3.50. But the absolute maximum
and minimum number of fingers occur at (X3, X4) = (1, 1) and at X, =1 and X3, X9 = (-
1, -1) and Xy = -1, respectively. Here the ratio is 8.52 (an increase of 752%).

Fig. 54, depicts the response surface and contours for the X,Xj interaction
term.  Regardless of Xi, the logarithm of number of fingers constantly increases as
coded X, increases (or the permeability K, decreases). This increase is intensified at
higher values of X3, the coded form of R/h (at constant X; = 0). This behavior is quite
consistent with theory. On the other hand, as Figure 55 shows (R/h is kept constant,
X3 = 0), the number of fingers constantly increases as X, is increased for all values of

X4 the coded form of viscosily ratio, -E-’L This increase, however, is more considerable
W

at Xs = -1. This means that at high viscosity ratios, the fingering enhancing effect of
h /YK is not very significant as is the case at low values of X;. This might be due 1o
the fact that, at high X, values (high mobility), the number of fingers is already very
high (around 100); therefore, further increases of X, (reduction of 3srmeability) do

not cause further increases in the number of fingers.
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As far as the coded form of R/, Xi, is concerned, its effect depends upon X, and
X4 At (X3, Xy) = (-1, 1), as the value of X3 increases from -1 to 1, the logarithm of the
number of fingers increases by 0.70, a relative incrcase of 101% in the number of
fingers, whereas at (Xa, X4) = (1, -1) this increase is by 0.50, a relalive increase of 64%.
Fig. 54 depicts the response surface and contours. The logarithm of the number of
fingers increases steadily as X3 is increased from -1 to 1 for all values of X, (for vari-
ous permeabilities). As discussed earlier, since h, the thickness of the cefl is
constant, this is due to increased surface area of the oil/water interface at higher R
values, which in turn increases the chances of instability and finger formation.

Fig. 56 shows that at constant values of X, = 0 (moderate permeability) the

logarithm of the number of fingers increases as the coded form of R/h increascs
from -1 to 1 for all viscosity ratios.

As far as X, the coded viscosity ratio is concerned, its effect on the number of
fingers depends upon the value of X; and Xj3. At (X3, X3) = (-1, 1), the logarithm of the
number of fingers increases sharply by 1.76, a relative increase of 482%. Al (X3, Xj3) =
(1, -1), this increase is by 0.19, a 21% relative increase in the total number of fingers,
Fig. 55 shows that at constant X3 = 0, as the viscosity ratio is increased, the number of
fingers also increases. This is true for all values of h/flz, however, this increase is
more significant at low valucs of X,. That is, at high pcrmeability. On the other
hand, at moderate permeabilities (X, = 0), the number of fingers again increases as X4
is increased from -1 to 1. This increased number of fingers due to higher mobility
ratio (M) is more significant at lower ratios of R/h. This seems logical because, at low
values of X3, the number of fingers is rather limited, and thercfore the enhancing
offect of viscosity ratio would seem more noticeable and more obvious.

An attempt was made to fit the data from all experiments for the three regions
(159 runs) to linear models similar to Equations 61 and 65. The final models were

simplified and tested for their adequacy. The qualitative lack of fit test (residual



151

* |9pOW A0} SANOIUOD pue 3dejsns asuodsay -y "Oid

uo1Bay anoday

7 J0HJUNS JSNOJ4SIY

e T A e e e i e
e T o e i e
e o e e
B e o o o e o o g e,

< e e ."...."

uo1Bey snoosap

: SYNOLNOJ 3SNOLS3Y

. LA w t ot
CSHIUNT S SO BI0WPNL T

u'e




152

] |2pOW 10j S410JUDD puUe 3IPHINS asuodsay -g5 B4

50 o5
n

.
t////,ss » ¥

NN

7

%
il

~.f

0
b

-]

uonbey snoosnp

¢ SUNOLNQJ 3SNOJS3Y

uoibey 800834 JIYIHNS JSNOJSIY

st

t
"1 R

e
15230ul s O




7 {9pON 404 S4NOJUOD pue IdeLans asuodsay -95 ‘bBLy

153

ueifiey Sno3sIA @ JOUINNG JSNOJSIH

-

i

[

t
C ]

¥
=%

Ve

1543SN1 4 SO W5

]

T
s&e

uoabay s£noosA ¢ GUNOLNDD JSNOJS3M —s




154

plots, etc.) did not reveal any lack of fit but the quantitative test (R ratio test) showed
that these models cannot adequately represent the process (R ratio > Fv v, 005). This
means that the errors arising from the :nodel are greater than the experimental
errors and could be due to the complexity of the process if all regions are studied
together. In other words, one model alone cannot represent the complex bchavior of
the system over all three regions. In view of the fact that within cach of the capil-
lary, intermediate and viscous regions, different forces are dominant and therefore

different mechanisms are involved, this finding is not surprising.
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The Growth Ratio

As mentioned carlier, one of the biggest problems in past research in the area
of viscous fingering has been how 1o define, identify and count a finger that is at
maximum growth ratc or stable (not growing or decaying). Obviously there should
also b a wide range of other fingers that have a growth rate between these two
extreme sitsations. In lincar displacement, comparison of pictures taken of the cell
at various times resulted in establishing the number of fingers that are growing at
rather high rates. Previous investigators have used this method 10 come up with a
number and attribute it to the number of fingers at maximum growth, In theory,
however, there can only be one finger that has the maximum growth rate.  The
situation becomes more complicated in more practical radial displacements where the
number of fingers are much greater and where the interface surface area is
constantly increasing. In addition, one finger could be at high growth rate at one
moment and at a much lower growth rate just moments later.

Since these important limitations in measuring the number of fingers at vari-
ous growth rates could result in erroneous results and thus false conclusions, we
have based our study oa the total number of interfacial perturbations (viscous
fingers). Consequently, our models predict a higher number of ftingers, and thus a
lower value of finger wavelength than the analytical model proposed by Ni et al. (19)

namely

3 1/2
A = 20 R* - [241: R*KhYC*] (103)
QMo - 1w)

Therefore, the value of C*, the wettability number, computed by the above equation
using our experimental resuits would also be much lower than those reported earlier.

The wettability number C* depends upon the wettability characteristics of the porous
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medium and is & measure of the ability of the fluid to wet the porous medium. (It may
also include all of the model errors). Since the interfacial tension is a dynamic vari-
able (aging phenomenon), it is very logical that the cffective IFT and therefore C*
vary from one experiment to the other. In the abscnce of any analytical formula to
calculate C* from the total number of fingers, it is impossible to compute the true
value of C*. However, the ratio of C:, calculated from Eqn. (103) using the total num-
ber of fingers and the value of C:nz 300 (calculated for water-wetl systems and based
on the number of fingers at maximum growth), should be equal to the square of the

ratio of the number of fingers at maximum growth rate to the total number of

fingers, i.e.

Ciofnm) (104)
<)

This ratio is called the "growth ratio number" and is thought to represent the per-

centage of those fingers that arec growing at maximum rate to the total number of

fingers.
m =, [ S x 100 (105)
n L
o Cn
Table 1
C: Values at Each R for Different Regions Based on Eqn. 103
REGION
R; CAPILLARY | INTERMEDIATE VISCOUS AVERAGE
Ry 2.23 7.81 26.26 12.10
R, 0.35 1.31 6.85 2.84
Rj 2.51 3.92 37.79 14.74
AVERAGE 1.70 4,35 23.63 9.89
GROWTH_ RATIO (%) 7.53 12.04 28.07 18.16




157

Table 13 indicates that Ci increases steadily with flowrate Q. On the other hand, with
respect to R, there scems to be a minimum C: at R,. It should be noted that Eqn. 103 is
exact for C:n (it is based on the number of fingers at maximum growth) and its use to
calculate  is only 1o give us an approximate value which can be used to calculate the
growth ratio according to Eqn. 105. These results are shown in Table 13 and indicate
that the ratio of the number of fingers that are growing at high rates to the total
number of fingers increases as the flow rate increases. This result scems logical
considering that the flow rate increases from 0.65 to 510.0 mL/h (784 fold increase).
Since there is a limit to how fast a finger can grow, to absorb this increase in
flowrate, a larger number of fingers have to start growing. On the average, for the
three regions, only 18.16% of fingers are growing at high rates and the rest are

stable. A reported value of Cn = 300 has been used for these calculations.
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II) Non-Linear Models

Single Response Models

The results of fitling the data to models of the general form of Equations 77 and
78 are shown in Tables 14-15 and Tables 16-17, respectively (Appendix C).
Computation of the pure error variance and lack of fit ratio, R, was based on the truc

value of the dependent variable (response) and not its logarithm, As an example, I

discuss one of the possible models.

Recovery Mecdel for Viscous Region (Model I' - Table 14)

In terms of the real variables (See Eqn. 77) the fitted model for the rccovery is

found to be

(Rec%) = 79.700 R (u, -, y0-669 K125 -0.071 (106)

According to this model, the flow ratc does not affect the oil recovery while
the radius of breakthrough and permeability seem to enhance the recovery. The IFT
and viscosity difference, however, have an attenuating effect on the recovery. The
most important operating variable is the viscosity difference. The comparison of
lack of fit ratio for model I' to the corresponding Fggos value reveals that the model is
not adequate (i.e. the errors arising from lack of fit are greater than the experimen-
tal errors). When the R ratio is compared to a Fg; value, the model passes the quanti-
tative lack of fit test and therefore one could conclude that the model is adequate. The
residual plots, on the other hand, do not reveal any inadcquacy.

The other models, (A-H' and J'-L') as can be seen from tables 14-17, indicate
higher degrees of inadequacy (R >> Fgg;). Comparison of models 1 (lincar) and I'

(non-linear) lead us to conclude that both models indicate a high degree of interac-
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tion, but the linear model provides the information in a more easily interpreted
form., In any case, thc lincar model is preferred to the non-linear model because of

the better fit.

Multiresponse Parameter Estimation

The data were fitted to three models similar 1o Eqns. 83, 84 and 85 as described
in Chapter 7. In most cases, the multiresponse parameter estimates for 62 and 93 were
not significantly different from zero (the value of 624 was included in, and insepara-
ble from ©1, 86 and 93). ’I‘hercfore. unfortunately, the resulting models only included

the viscosity ratio, i.e.

Y:=0:(B)* (107)
Y2 = 06(Ba)” (108)
Y3 = 0s(Ba)* (109)

Although they are adequate, thesc models are not very informative since they only
reveal information as to the effect of one independent variable (i.e. the viscosity

ratio, ﬁ‘—"). Here, 1 will only show the results from fitting the data for the intermedi-
w

ate rcgion on the logarithm of percent recovery (similar to single response model G

in Table 16).

€ = 46.451 £ 8.033 8s = -0.343 + 0.059
85 = 56.996 + 14.163 87 = -0.427 £ 0.091

0s = 95.285 + 31.855 89 = -0.505 £ 0.128
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The multiresponse cstimates of the non-common parameters 01, 8¢ and 8z are
more precise then those obtained by non-linear single response, while the cstimates
of parameters for viscosity ratio, namely 05,87 and 69, have almost the same precision
as those in Model G'.

These models indicate a hampering effect of viscosily ratio on the logarithm of
percent recovery. This rather important hampering effect was also predicted by

linear and non-linear single response models. MPE could be used to fit the lincarized

models to the data.
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10 - SUMMARY AND CONCLUSIONS

In this study new results for the recovery of oil and the extent of fingeriny in
radial displacements in watcr-wet  porous media covering a broad range of operating
conditions have been presented.  Models have been developed to describe the effects
of thc operating variables on the rccovery and the number of fingers. In one case
the modcls were cxpressed direcily in terms of the operating variables; in the other,
the models were developed in terms of familiar dimensionless groups. Both
approaches provided good descriptions of the data and allowed one to better under-
stand both the magnitude and the form of the effects of the operating variables.
They also allowed optimal conditions to be identified and provided evidence as to the
adequacy of somc theoretical modcls.

In another approach, the data were analyzed using both non-linear single
responsc and multi-response parameter cstimation methods. Due to limitations as to
the number of possible parameters being considered, non-linear methods produced
models that were not as informative as the linear models. The non-linear models
werc not as adequate as the linear ones.

In gencral, as far as the signs and trends are concerned, the results of linear
least squares estimation are in good agreement with theory and with previous
rescarch. However, onc should not forget that during the analytical work (19, 20)
many assumptions had to be made that were not necessarily attainable and true dur-
ing thc present cxperimental siudy. One good example is the assumption of perfect
two-dimensional flow which is rarely obtainable in experimental work.  Another
cxample is the difficulty arising from the extension of the Hele-Shaw cell theory to a
porous mcdium; that is the use of macroscopic (continuum) equations and boundary
conditions involving pressure at the macroscopic interface to describe interfacial
effects which obviously take place at the microscopic level. These points, in addition

to those discussed earlier, could explain the differences between the magnitude of the
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parameters found in this study and those proposed in previous theoretical work (i.c.
Egn. 57). The present study has accurately quantified the effects of each operating
variable and each dimensionless group, and their interactions, on the oil recovery
and the number of fingers. This has resulted in determination of the level of impor-
tance (relative size) of each of those effects, with respect to each other, on the oil
recovery and fingering pattern.

The consideration of all independent variables at the same time and the use of
statistical experimental design and various statistical analysis techniques is quite
new for these types of systems. It is the only comprehensive and systematic
approach which can iesult in mathematical models that can define the process.
These models may be used to predict or to optimize the oil recovery (or the finger
formation) preccess.

The large data set (159 experiments) and experimental design employed extend
the validity of these findings over a wide range of values for the other operating
variables or dimensionless groups. This could not be said about most past rescarch
studies which have only covered one or two variables at a time over a limited range.
One very imporiant factor often ignored by many investigators is the nature of the
residuals and the experimental errors which can vary from one experiment to
another. The models in the present study have taken these factors into considera-
tion.

The resolution of numerous experimental difficulties that were encountered
during this study is a positive contribution to the development of this ficld of
research.  Furthermore, the concept of favorable (M < 1) and unfavorable (M > 1)
mobility ratios and Haines jumps, although not new, have been well documented and
explained. In addition, we have pinpointed the serious shoricomings and limitations
that are encountered if the number of fingers at maximum growth ratc are consi-

dered and instead we have studied the total number of fingers. The concept of
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growth ratio, i.c. 1lhe ratio of number of fingers at maximum growth rate 1o the total

number of fingers, is introduced and computed for each region. Some of the most

important findings of the present study are listed bclow:

1)

2)

3)

5)

Changes of flowrate of the injected fluid within any of the three dii-ussed
regions, did not influence the scil recovery. However, low flowrates within the
capillary region enhance imbibition and this in turn increased the oil reco-
very. Low flowrates can also cause end-effects around the cell edges. In my
opinion, this phcnomenon is responsible for the abnormally high recoveries
observed by Nasr-El-Din et al. (20) and Sayyouh et al. (38) at very low flowrates,
The flow rate, Q. has zn cnhancing effect on the number of fingers up to a cer-
tain point (viscous rcgion) after which, due to an already high number of
fingers, any further increase in the flowrate did not cause any more fingeriug.
This indicates that, at this poiat, the number of existing fingers is large enough
to accommodatc and absorb further increases in the flowrate.

Distancc from the injection point (radius of breakthrough, R) has a positive
cffcct on the percent recovery. However, due to the natural imbibition that
occurs when capillary forces are dominant, this effect is the greatest within the
capillary region.

The number of fingers steadily increases as the distance from the injection
point is increased. This is due to the increased surface area of the oil/water
interface which incrcases the possibility of instability occurrence.

The viscosity difference (or ratio) has a large negative effect on the oil reco-
very. This is duc to the incrcased mobilily ratio, M, which in turn will enhance
fingering and therefore reduce the recovery (decreased sweep efficiency).
This phcnomenon explains the lower oil recoveries obtained during waterflood-

ing of hecavy oil ficlds. This attcnuating effect of viscosity differerce (or ratio)



6)

7)

8)

2)

10)
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" on the oil reccovery is more apparcnt at high flow rates duc to the absence of

natural imbibition (which has a competing effect with the viscosity difference
or the viscosity raiio) within this region.

The permeability of the porous medium, K, has a complex effect on the oil reco-
very which depends upon the values of distance and viscosity differcnce.  In
general, more permcable media hamper [finger formation (offer small resis-
tance to flow), which results in enhanced rccovery.

On the other hand, permeability affects the number of fingers in a negative
fashion. This effect is influenced by other operating variables within the capil-
lary region due to the interplay of capillary imbibition phenomenon.

The interfacial tension, has a necgative (attenuating) cffect on the oil recovery
within the capillary region, and this ecffcct is intensificd at small distances and
lower viscosity differences.

The IFT has a complex effect on the number of fingers which depends upon the
value of the other operating variables. The magnitude of these cffects, how-
ever, is not large.

A new capillary number (NCa=E—l’-L-) has been introduced in this study which has

Y
the advantage of remaining constant during the whole cxperiment. The effect
of this capillary number on the oil recovery is very complex at low lo moderate
flowrates; it does not affect the recovery within the viscous region, most proba-
bly because Nc, is alrcady very high at this point and any further increcasc in
the viscous forces does not produce significant changes in oil recovery.
However, its effect depends upon the value of other variables. The existence of
these interactions explains the alrecady reported but not fully understood results
of Taber (9), and it underscores the dangers involved in gencralizing conclu-

sions where only one or two variables have been considered.



11)

12)

13)

14)

15)
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The capillary number has a positive (enhancing) effect on the finger formation
process. This is duc to the increasc in the viscous forces as compared to capil-
lary forces. Since there is zn upper limit 10 how fast any finger can grow, new
fingers have to be formed in order to absorb and accommodate the flow.
Non-lincar single response parameter estimation produces models that are mnot
as adequate as those produced by linear least squares parameter estimation
methods. This is duc to the form of the models employed and not the method. In
addition, non-lincar modcls arc less informative as far as the nature and form of
the individual interactions is concemed.

Multiresponse parameter estimation (MPE) produces models that due to a lower
number of parameters arc not very informative.

The average valucs of C: (the wetlability constant based on the total number of
fingers) for the capillary, intermediate and viscous regions were found to be
1.70, 4.35 and 23.63 rcspectively. This indicates that previous researchers were
probably not justificd in using just one value of C* for all of their experiments.
The concept of growth ratio (the percentage of the number of fingers that are
growing at high growth raies to the total number of fingers) is for the first time
introduced. These ratios were found to be 7.53, 12.04 and 28.07 percent for the
capillary, intermediate and viscous regions, respectively. This indicates that as
the flowrate increascs, a larger percentage of the fingers have to start growing

in order to accommodate and absorb the increase in the flowrate.
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11- RECOMMENDATIONS FOR FUTURE WQORK

- The use of experimental design and statistical analysis procedures is strongly
recommended for any future work in this field because it is the only comprehensive
way by which one can obtain information as to the nature of the main operating
(independent) variables and their interactions (joint cffects).

- The use of thinner cells (smaller h) could cnsure a more two dimensional
flow which may lead to results that are closer to available analytical solutions deve-
loped for two dimensional flow. However, one should make surc that the wall effects
(higher permeability at the vicinity of the plates) are kept to a minimum.

- It is felt that if manufacturing difficulties are resolved, larger cells will
probably rusult in more information as far as the radius of breakthrough (distance
from the injection point) is concerned. In other words, a wider operating range for
radius would make practical scase.

- If specific information concerning one or several operating variables
and/or their interactions is required, these information should be utilized in choos-
ing the type of factorial design. The kind of factorial design should be compatible
and appropriate for the type of specific information sought.

- Lincar least squares scemed to produce models that are quile adequate and
informative. Since non-lincar models cannot determine interactions individually, it
is recommended that the linear model building process be utilized if preliminary
study shows that they arc in fact the appropriate type of model for that specific pro-
cess. However, the multiresponse parameter cstimation technique could be used to fit
the linearized models to the data.

- The concept of capillary, intermediate and viscous rcgions is relative and the
limits of each of these regions depends on the specifics of the system such as the size
and permeability of the porous medium, the flow rate, etc. Therefore, these factors

should be studied carefully before determining the boundaries of cach region.
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- The samc type of cxperimenis and modelling could be repeated for strongly
oil-wet systems, such as the one studied by Ni et al. (19). The resulting models could
bc compared with thosc obtained in this study and this could well reveal information

as to the nature of the process and the mechanisms involved.
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12- NOMENCLATURE

a; = constant

b; = constant

B, = dimensionless term

C = Chuocke parameter

C* = weitability constant

o = wettability constant based on maximum number of fingers
o = wettability constant based on total number of fingers
d = diameter of the oil droplet in spinning drop tensiometer
dp = diameter of the solid particles

D = duct diameter

D, = pore throat diameter

DLA = diffusion-limited aggregation

En = microscopic displacement efficiency

E =  expected valve

EOR = enhanced oil recovery

f = response function

f; =  fraction of phase i flowing

F = value of probability density function

£ = gravitational constant

h = cell thickness

h, = initial height of liquid

h(t) =  height of liquid at time t

I = defining relation

IFT = interfacial tension

K = cell permeability

ke = effective permeability
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R
R *
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relative permeability

distance, core length

likelihood funclion

mobility ratio = (Kw/pw)/(Ko/po)

multiresponse parameler estimation

total number of fingers

number of fingers at maximum (high) growth

number of runs

traditional capillary number = %

number of parameter estimates

original oil in place

pore velume

capillary pressure

pressure in the displaced phase

pressure in the displacing phase

pressurc in phase i

volumetric injection flow rate

volumetric injection flow rate for fluid i

radial distance from the injection point

principal radius of curvature of the finger tip (in the plane of the
plate)

principal radius of curvature (normal to the plate)

radius (radial distance from the injection point) of breakthrough
radius of displacement frent in complete absence of fingering

uscd in quantitative lack of fit test
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adjusted coefficient of determination (square of correlation
the dependent variables and the predicted value)

radius of inlet port

curvature of ‘:he interface

percentage of volumetric oil recovery

Dimensionless Reynolds number = %S_P_

spreading coefficient
fractional saturation for fluid i
residual oil saturation
irreducible water saturation
initial oil saturation

sum of squares of residuals
sum of squared residuals
wetting phase saturation
time

time at breakthrough
inverse of angular velocity
total volume of the cell
superficial velocity
variance

volume of the solid particles
pore velocity = V/e

work of adhesion or cohesion
thickness of the cell
distance

operating variables

between
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Xi = coded operating variable

Y = obscrved response values

Yi = mean observed response value

Znm = disturbance term for the mth response and nth run

Z; = difference beiween observed and predicted response for the mth

responsec and nth run

o = probability level
o = density differcnce
Bi = parameter cstimate for linear least squares parameter estimation

= interfacial tension

hh = effective interfacial tension = C*Y

g =  operating variable

I = spreading pressure

T = 3.1416

n = expected response

£ = porosity

€n = random error

p = density

:] = contact angle

Ba = advancing contact angle

6r = receding contact angle

Ho =  viscosity of the oil phase

Hw =  viscosity of the water phase

azs = estimated variance of response

vp = degrees of freedom associated with the pooled estimate of variance
A = finger wavelength

hi = parameters for the non-linear model

i =  paramcters for the non-linear model
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Residual Plots
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Fig. 57- Residual plots for model A.
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Fig. 59- Residual plots for model C.
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Residual plots for model D.
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Fig. 63 - Residual piots for model E.
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Fig. 64 - Residual plots for model F.
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*
Fig. 65 - Residual plots for model G.
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RUN

*

Fig. 66 - Residual plots for model y.

* A: 1 OBS, B: 2 0BS, C: 3 OBS, etc...
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Fig. 67- Plot of observed VS. predicted values for

modelsE and F .*
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Fig. 68- Plots of observed VS. predicted values for
models G

190

! A

|

! A

. A B

t A

I A

[ A AL

[ A A

. A

| AA A A

| A A

[ A A 84 AB

| AE B A A Baa

- B AA A

| AA 123

j A BA

1 AA 8a A

| A A

-

|~emmmmman —emmmemmmmecemmmmeme = —mmm—e——— —mmmmm———— A mm———

PR R .- tmmsm- tmm—— - tmm—m—e- g - -
2.0 2. 2.4 2.8 2.8 3.0 3.2 3.4 3.6 3.8

PREDICTED VALUE

| A

i A A

- A

| ] A

| A A

| AR

- A

| A BA A

| L AA AA B BA

{ AB A

- a A AAAA

| A C A

| AC BAAA B

! A A A A

- A A &

| A A

{ A

i

+*

| ........................................... - -

Ammpmm—a g = — = > - - - .- - mr e m g = > -
2.8 3. 3.2 3.4 3.6 3.8 4,0 4.2 4.4 4.6

PRECICTED VALUE

and H.*



WwWr»C Qo ma

rerPoO—nmo

191

PLOT OF RESID®YRAT LEGEND: 4 = | OBS, B = 2 DOBS. ETC.
] A A
f A A A
0.3 »
[ A A A
| A B A A
! A B A A A A
0.0 #====== Avemme e Avmmcfmmee oo oo T T
] A A
i A A AR A
| A A
=0.3 « A A
| 8 A
| A
|
0.6 «
| A
|
I
0.9 »+
|
4 mm—mm—a—a e b ———————— - L et e m o —c——-
1.0 1.5 2.0 2.5 3.0 3.5

PREDICTED VALUE

PLOT OF RESID*RUN LEGEND: 4 = ' 0OBS, B = 2 OBS. ETC.

] A A
1 A A A
0.3 +
| A A A
| A A A A A
| A A AA AA A
0.0 #==-—mmmmee e ————— Ameeum A-A=vomemm e
I A A
| A A A A A
{ A A
-0.3 = A A
| A A A
| A
|
-0.6 =+
| A
!
i
-0.8 'lv
----------- A o A e o e e A8 Ry P e AL

Fig. 69- Residual plots for model I.
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Fig. 70- Residual plots for model J.
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Fig. 71- Residual plots for model K.
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Fig. 72- Residual plots for model L.
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Fig. 73- Plots of observed VS. predicted values for
models [ and J.
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Fig. 74- Plots of observed VS. predicted values for
medels K and L.
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Fig. 75- Residual plots for model I'(Non-h'near).
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Fig. 76- Residuals vs. run order for model I'.
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Fig. 77- Observed vs. predicted value for model I'.
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APPENDIX B

Absolute Permeability Mcasurements
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Darcy’s law was uscd to develop a formula to predict absolute permeability in

the casc of radial flow in a cecll made of glass becads sandwiched between two glass

plates (sce Fig. 20)

Darcy's Law:

v,=2-_kdP (A)

The flow rate Q could be written in terms of h, the liquid light in the small tube and t,
the time.

Q:-a_d_h (B)
dt

2.
where a = ®RY is the area of the small tube.

On the other hand,

A= W2nr)
Q) __KdP (<)
2nWr nwdr
Knowing that A = f(r)
V = f(r)
Q=)
Integration yields
R2 P2
QmJ u=-&J ap (D)
ZTEW 3 r H P
QW (R2\_ K (p, - P E
2nwW (RI) u( 2= )
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Since only a single fluid is considered, the static pressurc p is zero and P = p - ogh

-pgh,

Substitution gives,

2
._R1_dhy, R_2)=l<_ dt (F)
2wpg h Ri/ M
Integration yields,
._R} rm@ In (B.Z.):K d1 (G)
2wpg M h Ri/ B
2
R m (/e) In B2)=K (H)
2wpg Ry H

Then K the permeability is

Z
K=_Rit_ 15 (heyy Ry

=1L |
2twpg h(t) R; =] (
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APPENDIX C

Results For Non-Linear Models
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