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Abstract

The effects of gravity forces on the miscible displacement of one fluid ( aqueous
glycerol solution) by another fluid (pure water) in a vertical consolidated porous
medium have been investigated. A set of horizontal displacement experiments was
performed for comparison with two sets of vertical -upward and vertical-downward
displacements. It was found that gravitational forces (i.e. buoyancy forces) can be an
important factor in determining the displacement pattern where fluids having
different densities and different flowrates are involved.

In a given porous medium system, the principal variables which affect the
displacement efficiency of oil (or any other miscible liquid) by water are the viscosity
ratio, density difference, and displacement flowrate. Increasing the viscosity ratio will
decrease the oil recovery; however, when the viscosity ratio is close to unity, good oil
recovery will be obtained. The injection flowrate is also critical. At low injection
flowrates, the effects of gravity become relatively more important. At high flowrates,
gravity forces have less effect on the displacement efficiency.

In vertical-upward displacements, buoyandy forces play a negative role since
they tend to promote viscous fingering and consequently iower the oil recovery (when
Poit > Puaster)* Oﬁ the other h:;nd, in vertical-downward displacements, buoyancy forces
tend to stabilize the di5placeh1ent process, a‘.nd high oil recoveries can be obtained.
Comparing the horizontal displacement patterns with those of the two vertical
displaoéments, it was found that buoyancy forcels can exert very significant effects on

fingering phenomena.
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Nomenclature
1. Abbreviations
OOIP: original oil-in-place.
EOR: enhanced oil recovery.
IFT: interfacial tension.
2. Greek letters
1, : viscosity of displaced fluid [mPa.s].
M., : viscosity of displacing fluid [mPa.s].
P, : density of displaced fluid [g/cm?].
Pw { Puner )¢ density of displacing fluid [g/cm?].

Ap : density difference between displaced and displabing fluids
[g/em?].

6 : diffusion time [s].

8, : time required by displacing fluid to pass through diffusion

zone [s].
® : porosity of porous medium [dimensioniess].

o : measurement of the inhomogeneity from original position of

iii



an interface [cm].
3. Symbols
d ( d, ) : diameter of particle [cm].
D, : longitudinal molecular coefficient [cm?s].
D, : transverse molecular coefficient [cm?/s].
D, : molecular diffusion coefficient of water in glycerol solution
[cm?/s].
F : formation electrical resistivity factor [dimensionless).
g : gravitation acceleration [cm/s?].
Ngr : gravity number = u, V/Apgd® [dimensionless ].
H : height of porous medium [cm)].
K : permeability of porous medium [pm?).
K, : total longitudinal dispersion coelfﬁcient [cmzls].
K, : total transverse dispersion coefficient [cm¥/s].
L : length of porous Imedium [cm).
M : viscosity ratio = p ju, [dimensionless].
M, : weight of porous medium cell [g]-
M,,d',_‘,\m,:r : weight of céll saturated with water [g].

M, .- : Weight of water in cell [g].
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P : pressure [mPa].

Pe : Peclet number [dimensionless].

Q : injection flowrate [ml/hr].

R : fractional oil recovery [dimensionless].
Re : Reynold number [dimensionless].
S : aspect ratio = H/d [dimensionless]
T, : breakthrough time [s].

U : average velocity [cm/s].

U, : stable displacement velocity [cm/s].
U, : critical displacement velocity [cm/s].
Vo : POre volume [cm?].

P

v

wn

«r - volume of water in cell:[cm?].
~ V : volume of porous medium [cm®].
"X : distance measured from original position of an interface
fcm). |
X““.”‘ : maximum distance from original position of an interface
[cm].
~ Y, : width of longitudinal mixing zone [cm].

Yoo : maximum width of longitudinal mixing zone [cm).



Y, : maximum width of transverse mixing zone [cm].
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Chapter 1

INTRODUCTION

Conventional methods of oil production that rely on intemal reservoir pressure

are designated as 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
necessary to use pumps to " lift " the oil from the well to the surface. The primary
recovery stage typically prdduces 10 ~ 30 % of the original oil-in-place (OOIP)
from conventional reservoirs [1]. Due to the decreasing pressure, a technique called
" pressure maintenance " will accomplish this task. It consists of the injection of
large volumes of water through another well, the so-called injection well. The
injection fluid will force the oil out of the porous rock towards the production well.
As shown in Fig.1.1, one can see that the water is injected from the injection well,
| and the oil comes out of the recovery well. To get better oil recovery efficiency, it
is important to study the mechanism of this sort of displacement. However, due to
the complexity of this displacenient, we will only focus on the effects of buoyancy

forces. The effects of buoyancy (gravity) forces on liquid-liquid miscible



displacement processes occurring in porous medium are important in a variety of
practical situations, in particular during the displacement of oil from partially-
depleted underground reservoirs by means of aqueous solutions. When water
displaces oil, the water tends to channel or " finger " through the paths of less

resistance, thereby leaving regions of oil uncontacted and hence unrecovered.
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Fig.1.1 Water-Flood Technique [4].-



1.1 Viscous Fingering

When a less viscous fluid displaces a fluid of higher viscosity, the less viscous
fluid has a tendency to form channels through the more viscous fluid. These channels
are referred to as " fingers " [2, 3]. As shown in the simple displacement experiment
in Fig.1.2, the displacing fluid diverges at the inlet port and converges at the outlet
port of the cell and there is a main finger in the middle of the cell. Many small
fingers developed from the original one. The rate of growth of the fingers depends
on several physical properties and parameters including;

( a ) displacing fluid flow rate;

( b ) viscosity ratio of displaced and displacing fluids;
( ¢ ) wettability of solid surface;
( d ) permeability of porous medium.

Fingering is of great practical interest because it frequently occurs when a
displacing fluid is injected into an oil well. The fingering pattern depends
significantly on the flow rate,l viscosity ratio, density ratio, etc.. The study of the
effects of buoyancy forces on fingering is particularly iinportant in EOR research
because gravity forces and buoyancy forces are always present. However, buoyancy
effects have not received very much attention in the past.

I this study, the main variables are density ratio, viscosiy ratio, injection flow

rate and flow mode.
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1.2 Objectives of This Study

The principal objective of this study was to investigate the effects of buoyancy
forces (or gravity forces) on the recovery of oil from underground oil reservoirs so
that the oil recovery efficiency can be improved.

The secondary objective was to explore the effects of density ratio, viscosity
ratio, injection flow rate and flov mode on the fingering pattern and on the
breakthrough oil recovery for the particular case of miscible displacement.

These objectives will be achieved by performing miscible liquid-liquid
displacement experiments in two-dimensional porous medium cells aligned in the

vertical plane.



Chapter 2

LITERATURE SURVEY

2.1 Enhanced Oil Recovery (EOR)

EOR has been defined as " all the techniques used to increase the amount of
oil obtained after primary recovery” [4]. A broader definition which has been
adopted by the Alberta Energy Resource Consesvation Board states that EOR is "any
oil production via artificial supplementation of natural reservoir energy [5]". By these
definitions, EOR methods include:

® Pressure Maintenance And Water Flooding
¢ Steam Flooding

e CO, Injection

® Miscible Fluid Displacement

e Alkaline Injection

¢ In Situ Combustion

¢ Steam Stimulation

¢ Polymer Injection

- Fig.2.1is aclassification of these and other related recovery methods. Hdwéver. . _

7



since this research project is only concemned specifically with miscible fluid
displacement and the effects of buoyancy forces, we will not discuss those methods

which are irrelevant to our study.
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2.2 Miscible Displacement

The search for an effective and economical solvent along with the development
and field testing of miscible-flood processes has continued since the early 1950’s.
Early focus was on hydrocarbon solvents, and three types of hydrocarbon-miscible
processes were developed: 1) the first-contact miscible process; 2) the vaporizing-gas
drive process, and 3) the condensing-gas drive process.

Hydrocarbon miscible proc;esses received extensive field testing in the 1950’s and
1960’s in the U.S. and Canada. More than 150 projects were initiated in this time
period; however, most floods were in essentially horizontal reservoirs.. -

Recent activity in miscible ﬂootiing has focused on the CO,-miscible process.
CO, has a low viscosity, similar to that of}hydrocarbon miscible solvents [6), but there
has been limited field testing of the CO,-miscible process.

In the present study, the ﬁrst-co:ntact miscible procéss was adapted. The first
contact miscible process implies that some injection fluids can mix directly with

reservoir oils. Two fiuids are miscible; when they can be mixed together in all

proportions and all mixtures remain a ;single phase. Gasoline and kerosene are
examples of two liquids that are complet;ely miscible. Because only one phase results
from mixtures of .miscible fluids, ther;e are no interfaces and consequently no
interfacial tension (IFT) between the ﬁuids; therefore, the relevant dilﬁensionless
- groups for miscible displacemeht are : ‘

(1) Viscosity Ratio: p,,/p.\,'

10



( 2 ) Reynolds Number: Re=gp, Ud/ g4,
( 3) Gravity Number: Ngr=y, U /Ap g &
An additional important variable is:
(4) Flow Mode (i.e., vertical-upward, vertical-downward, etc.)

Over the years, much work has been done on fluid displacement in porous
medium. For the miscible system, the studies were focused on viscous fingering,
gravity segregation, transition zone, dispersion, diffusion and so forth.

In 1956, Craig et al. [7] used scaled reservoir models to study the effects of
gravity on oil recovery performance in frontal-drive operation, namely water, gas,
solvent flocding, in which gravity forces were significant. The difference in density
between the reservoir oil and the injection fluid causes their segregation, resulting
in a non-uniform advance of the fluid front. In their laboratory flow test, which
simulated both five-spot and linear injection operation in flat reservoirs, the viscous,
capillary and gravity forces present in these operations were scaled. Dyed fluids were
used so that the gross movement of the injected fluid could be observed. The studies
covered a range of injection rates, formation thicknesses, and rock and fluid
properties normally encountered in field operations. The results of the model tests
indicate that the volume of the reservoir contacted by the injécted fluid at its
breakthrough into the producing well is less than that expected based on information
which neglects gravity effects. This difference can often be as much as 80 per cent
by gas or water injection in uniform sand bodies. Preliminary flow tests on a non-

uniform sand body indicate that uniformity of the flood fronts may in some situations

11



be influenced to 2 much greater degree by penmeability variations within the rock
body than by gravity effects. The magnitude of fluid segregation due to gravity is
controlled by the average injection flow rate, rather than by day to day or week to
week variations. However, their presentation was only carried out in horizontal,
uniform as well as nonuniform systems.

In 1958, Blackwell et al. [8] presented results of an experimental investigation
of factors that controlled the efficiency with which oil was displaced from porous
media by a miscible fluid. The study was made to elucidate the relevant processes
both at the microscopic and macroscopic levels. In their study, they found that the
formation of channels was due to viscous fingering, gravity segregation and variation
in permeability. With an adverse mobility ratio, it was found for reservoirs of
realistic widths that diffusion will not be effective in preventing the formation and
growth of fingers, even in homogeneous sands. The study concentrated on the effects
of injection flow rate, mobility ratio and model dimensions on the displacement
process with eQual densities to prevent gravity segregation. Their experimental data
are still useful to present researchers; however, gmvity forces were negligible in their
study.

In 1963, Crane, et al. [9] compared Craig et al.’s and Blackwell et al.’s results.
The considerable difference between their results is illustrated in Fig. 2.2 [9], where
the breakthrough recoveries are plotted against the mobility ratio; furthermore,
~ Crane et al. conducted éxperiments to examine how the tramsition from the one

extreme case to the other occurs when the gravity forces are gradually reduced. It .
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was found that the number of pore volumes which must be injected at a constant rate
to displace 98 per cent of the original fluid depends on the gravity forces. For each
mobility ratio there is a transition range, and a very significant change in the number
of pore volumes required when this range is traversed. This range of the gravity
forces is physically linked with the pattern of the viscous fingers. A single finger is
predominant for larger gravity forces, while a multiplicity of fingers is formed for
smaller gravity forces. Crane et al. also found that four flow regimes are possible at
unfavourable mobility ratios, depending on the value of the dimensionless group
characterizing the ratio of viscous to gravity forces. Fig.2.3 illustrates conceptually the
different flow regimes t‘)bserved by these authors. At very low values of the
viscous/gravity ratio (region I, Fig.2.3a), the displacement is characterized by a single
gravity tongue overriding the oil. The geometry of this tongue and vertical sweepout
both depend on the particular viscous/gravity ratio of the displacement. At higher
values of viscus/gravity ratio, the displacement is still characterized by a single gravity
tongue (region II , Fig. 2.3a), but vertical sweepout becomes independent of the
particular value of the viscous/gravity ratio until a critical value is exceeded. Beyond
this critical value, a transition region is encountered (region III , Fig.2.3b) where
secondary fingers form beneath the main gravity tongue. In this region, sweepout for
a given value of pore volumes injected increases sharply with increasing values of the -
viscous/gravity ratio. Finally, a value of viscous/gravity ratio is reached where the
displapcﬁlent is entirely dominated by multiple fingering, and sweepout again

becomes independent of the particular value of the viséouslgravity ratio (Region IV,
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Fig.2.3c).

In 1963, Slobod et al. [10] investigated the effects of gravity segregation in a
vertical core of unconsolidated sand. Fluids of varying viscosity and density were
injected into the top of the core and moved at constant rates by use of a positive
displacement pump. The composition of the efflux was analyzed by measurement of
the refractive index. The main variables in their studies were the viscosity ratio, the
density difference between the displaced and displacing fluids, and the injection flow
rate. The experiments fell into four logical groups:

(1) favourable viscosity ratio and favourable density difference;

( 2) favourable viscosity ratio and unfavourable density difference;

( 3 ) unfavourable viscosity ratio and favoﬁrable density difference;

( 4) unfavourable viscosity ratio and unfavourablé density difference.

The behaviour of these four systems at various rates of flow was determined by
measuring the length of the mixing zone which developed between the displaced and
displacing phases. The data indicated that gravity segregation could act to shorten the
mixing zone when the displacing material was the less dense phase, and lengthen the
zone for a unfavourable density difference. The magnitude of this effect was most
marked at slow injection flow rates when a sufficient residence time existed to allow
significant flow to occur. The change in the length of the mixing zone with density
~ difference, injec.;tion flow rate and viscosity ratio was plotted, and from their graph -
it became evident that the length of the mlxmg zone was dependent upon ratio of

the viscous forces to the gravity forces. The importance of the ratio of the viscous
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forces to the gravity forces was confirmed when analyzing the flow behaviour in the
vertical system studied.

In 1964, Dumoré [11] studied the stability situation in downward miscible
displacements. In his study the transition zone between the displaced and displacing
fluids was neglected, and he developed a criterion for stable displacement by
considering a small hypothetical protrusion of one of the fluids into the other. His
analysis led to the definition of the well-known critical velocity:

_rAp
U=Keg=E
L (2.1)

This result was extended by taking into account the transition zone that develops
as a result of diffusion and mixing. A generalization of the previous criterion leads
to the definition of another characteristic velocity U,, - the stable velocity, which in

actual miscible drives will be less than the critical velocity. The expression for the

stable velocity is [11]:

(Po=Pw)
U= 2 k
=t "'o( In p‘o_]n Au'u) &

In such miscible drives, the entire transition zone is stable at rates less than the
critical rate. At rates between the stable and critical rates, the displacement is only

. partly stable, i.e. part of the transition zone adjacent to the displacéd fluid is in an
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unstable position. From that part of the transition zone viscous fingers will develop.
At rates greater than the critical velocity, the entire displacement is unstable and
viscous fingers will develop more strongly. Dumoré’s results of laboratory
experiments are in agreement with the expected behaviour based on the theoretically
deduced stability of the displacement.

Unstable miscible and immiscible radial displacement were studied by Hu
et al. [12] in 1984. They simplified a theory of fingering in a miscible system.
presented by Perkins et al. [13] to calculate the total number of fingers in the radial
case. In order to eliminate unsatisfactory reproducibility of unconsolidated porous
media, a consolidated porous medium was employed.

In 19§0, Araktingi and Orr [14] examined the combined effects of gravity
segregation, viscous fingering and reservoir heterogeneity in particle-tracking
simulations of flow in vertical cross sections. The accuracy of the simulation
representation of the physical flow mechanisms was tested in their paper. For
homogeneous cross sections, simulator calculations were presented that illustrated the
transition from flow in a single gravity-dominated tongue at low viscous to gravity
ratios to flow dominated by viscous fingering at high viscous to gravity ratios.
Simulation results agreed with experimental results over a wide range of mobility
ratios, viscous to gravity ratios, and aspect ratios. Unfortunately, they did not study
the effects of buoyancy forces.

Because of the influence of diffusion on miscible displacement processes,

diffusion and dispersion phenomena in porous media are of great interest in the oil
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industry. Various authors have studied the effects of Peclet number (Pe) on the
stability of a miscible displacement. In 1961, Perrine [15] determined the marginal
stability criteria for displacements in a semi-infinite porous medium of finite
thickness and unbounded width, oriented at some given angle to the vertical
direction. In his analysis, D, and D; were assumed to be constant. In 1966, Heller
[16] undertook a similar study but assumed that the density and viscosity were varying
quantities. However, Lee et al. [17] assumed that D, and D;depended on U. Most
studies so far have been limited to porous media that were unbounded in the
direction of flow [18].

Only a few authors have studied viscous fingering phenomena in the presence
of buoyancy forces. In 1987, Hornof and Morrow [19] have studied the gravity effects
in the displacements of oil by a surfactant solution. However, this study focused on
the immiscible displacemént. They found that the competition between viscous and
capillary forces has a dominant effect on finger behaviour. A more recent
consideration of the effects of buoyancy forces in enhanced oil recovery
~ displacement processes was presented by Page et al.[20]. In this preliminary study,
miscible displacements in different four flow modes were considered. i.e. horizontal
and vertical-upward, vertical-downward and vertical-transverse mode. Significant
effects of buoyancy forces on these different flow orientation displacements were

observed.
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Chapter 3
THEORY

3.1 Driving Force

3.1.1 Pressure Difference Forces

To inject a displacing fluid such as water into a porous medjum one must apply
a force to realize the process. A pressure difference can be created by a syringe
pump between the inlet port and outlet port of the cell, which causes oil to flow from

inlet port towards to the outlet port in the model cell.

3.1.2 Buoyancy Forces

Hydrostatic equilibrium is maintained in a fluid by an upward pressure force that
exactly balances the weight of the fluid. When part of the fluid volume is replaced“
by another fluid of different density the remaining fluid continues to exert an upward
force whose. magnitude is equivalent to the'wéight of the original volume of the
replaced fluid. This upward force is called tﬁe Buoyancy Force . If the replacing
fluid ﬁas a lower density, the net force is upward. On the othér hand, if the
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replacing fluid has a higher demsity, the net force is downward [21].

3.1.3 Viscous Forces

An important characteristic of fluids is their viscosity, which is an internal
characteristic of a fluid. Because of viscosity, a force is needed whenever one layer

of a fluid slides past another, or when one surface slides past another with a layer of

fluid between the surfaces. This force is called the Viscous Force . Viscosity plays a
vital role in the flow of fluids in porous media, pipes and many other areas of

practical importance [22].

3.2 Definitions

3.2.1 Breakthrough and Breakthrough Recovery

Breakthrough occurs when the first finger of the displacing fluid arrives at the
exit port. After breakthroi'lgh, the fluid which !eavgs the exit port is a mixture of
both the displaced and displacing fluids.

Oil recovery is defined as the ratio of the volume of oil recovered to the volume
of initial oil present. The Breakthrough Recovery is the recoveiy corresponding to

the breakthrough condition. Assuming that the displacing and displaced fluids are
21



incompressible, it may be modified for a miscible system s the ratio of the volume

of glycerol solution recovered to the volume of initial glycerol solution present, i.e.,

breakthrough  recovery

_ cumulative __ volume of glycerol  solution __displaced
total imtial  pore volume of porous mediuni

It also can become the ratio of the volume of displacing fluid injected to the

volume of initial oil or glycerol solution present; therefore, the recovery is:

Breakthrough  Recovery =9IV”£
r

Where: Q = injection flow rate;
T,, = breakthrough time;

V, = pore volume of porous medium.

3.2.2 Porosity

The porosity of a porous material is the fraction of the bulk volume of material
occupied by voids. The symbol usually employed for this parameter is ¢ [23),
-where:

- pore volume of porous _medium
' bulk  volume of porous medium
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3.2.3 Permeability

Permeability is the property of a porous material which characterizes the ease
with which a fluid may be made to flow through the material by an applied pressure

gradient. Permeability represents the fluid conductivity of the porous material {23).

3.2.4 Homogeneity

Prior to the displacement experiment, a homogeneity test for the cell was
conducted by performing a displacement experiment using distilled watei' as the
displaced fluid, and distilled water dyed with methylene blue as the displacing fluid.
Because the viscosity ratio is unity and the densities of both fluids are almost the
same. A stable unperturbed displacement front should be observed if the porous
medium is homogeneous. The flow pattern was indeed observed to be perfectly radial
before ihe front reached the cell exit [24, 25, 26], and no instability or fingering

phenomena were observed, thus indicating good homogeneity of the porous medium.
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Chapter 4
EXPERIMENTAL STUDIES

4.1 Experimental Design
4.1.1 Elements of a Working System

Displacing and Displaced Fluids

¥

The experimental procedure used was based on the previous work [7, 24,27, 28].
Aqueous glycerol solution was selected as the displaced fluid and water dyed with
methylene blue was chosen as the displacing fluid. To obtain different viscosity and
density ratios (please see Appendix A for the viscosity measurement and density

measurement), several glycerol solutions of different concentrations were prepared.
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Table 4.1. The relationship between concentration, viscosity and density for aqueous

glycerol solution at 25 ° C.

G];-::ol concentration (Vol.%) ] Viscosity (m Pa.s ) __TJensity (g/ml)

36% 147.46 1.23
67% 23.41 1.19
50% 7.40 1.14

30% 3.10 1.09
10% 1.56 1.03
The displacing' fluid used in all experiments was distilled water (dyed with

methylene blue) having a viscosity of 1.00 mPa.s and density of 1.00 g/ml at 25° C.

The Square Cell

All of the experiments were conducted in a consolidated porous medium. The
reason for using a square cell rather than a radial cell is to eliminate the effects of
the boundary of the cell so that the pattern of the fingers ( gravity tongues ) can be

shown better in the cell.
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4.1.2 Manufacturing and Properties of the Cell

Manufacturing of the Cell

Three consolidated porous medium cells of nominal dimensions 15cm X 15cm
X 0.3cm were produced by lightly sintering glass beads (0.345~0.500 mm) between
two parallel glass plates at about 650°C. The glass beads had been previously treated
with 50% nitric acid in order to remove any possible organic contamination, then
washed with distilled water and dried; After annealing and cooling, six holes
(inlet/outlet ports) of diameter 0.3 cm were carefully drilled from the upper glass
plate into the porous medium. The outer edge of each cell was sealed to prevent the
fluids from leaving the cell during displacement [29]. A summary of the physical

properties of the cells is given in Table 4.2.
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Properties of the Cell

Table 4.2 Properties of the porous medium cells used in this project.

dimension (LxW)

Cell No. Vp porosity thickness
(cm3) (%) (cm) (cmz)
cell 1 21.99 31.73 0.3 152x15.2
|| cell I 19.48 28.86 0.3 15.0 x 15.0
| cell 11 2229 31.74 15.0 x 15.0

4.1.3 Specification of System

Table 4.3 Specification of the system used in this project.

NAME =Wj|
~ Water Distilled
I Glycerol BDH "
Glass Beads (0.345~0.500 mm) Rouville Inc.
» White Silicon Epoxy Lepage Inc.
" Propanol--2 BDH
“ Acetone BDH
Syringe Pump Sage Instrument Model 341A
Multifit Syringe and Methylene Blue Dye Fisher Scientific Co.
Timer Precision Scientific Co.

Camera

Minolta XG--M
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4.1.4 Apparatus

Following is a list of the main components used in all experiments:.

1. Porous medium cell.

2. Camera.

3. Constant flow rate syringe pump.

4, 20ml Syringe.

5. 1.65 mm O.D syringe needle.

6. Timer.

7. Vacuum tubing,

In the horizontal displacement model, the camera was located over head and the
cell lay above the light source. In the vertical mode, the camera was supported by a
tripod and the cell was supported by a wooden holder in the front of the light source.
The light source consisted of four fluorescent lights bulbs. The experimental set-up

is shown in Fig.4.1 and the different orientations of the cells are shown in the Fig.4.2.
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Fig.4.1 Scheme of experimental set-up.

~ (showing vértical-upward displacement experiment in progress)
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Fig.4.2 Scheme of the orientation of the cell. (a) horizontal mode; { b ) vertical-

downward mode; (-c ) vertical-upward mode.
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4.2 Experimental Method

4.2.1 Saturation Process

To ensure 100% filling of the cell by a glycerol solution, the cell was firstly
connected to a water aspirator , which was used to remove the air in the cell;
secondly, after the absolute pressure reached a certain value (30 Psi), the cell was
saturated with the glycerol solution by the pressure difference between outlet and
inlet ports of the cell. It was observed from the experiment that glycerol solution

slowly filled the cell without any bubble appearance.

4.2.2 Displacement Processes

The syringe filled with dyed water and the syringe pump were used to simulate
the injection of water station in a real oil field. The cell represented the oil
reservoir, and the several inlet/outlet ports represented the production and injection
wells. The flow rate selector was Set to provide a certain preselected flow rate.
During the displacement process, photographs were taken at different times to record
the behaviour of the fingering and displacement patterns. Finally, the breakthrough
time was recorded as soon as the displacing fluid front arrived at exit port of the cell

and the breakthrough recovery was calculated.
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4.2.3 Cleaning and Drying Process

After the displacement process was completed, the cell was firstly cleaned with
two pore volumes of propanol-2 and two pore volumes of acetone, respectively,
following which two pore volumes of water were used. The cell was dried by water
aspirator for about ten minutes and then by slowly passing nitrogen gas through the
porous medium for another ten minutes. The cell was completely dried during this

process.

4.3 Experiment Performed

4.3.1 Reproducibility Experiment

Consolidated porous media possess the inherent advantage that the constituent
particles are rigidly fixed and cannot migrate during the displacement .process,
thereby permitting a wide range of experiments to be carried out within an identical
porous medium [20]. Experiments were performed to examine the reproducibility
of the displacements. Glycerol solution (30%) and dyed water were used as the
displaced (u, = 3.10 m Pa.s and p, = 1.09 g/ml) and displacing (= 1.00 g/ml and
pw= 1.00 g/ml) fluids at the flow rate of 16.8 ml/hr. and the experiment was set on

the horizontal flow orientation.
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4.3.2 Miscible Displacements

All experiments were carried out with glycerol solution (the different volume
concentrations selected were in 10%, 30%, 50%, 67%, 86%) as the displaced fluid

and dyed water as the displacing fluid. Specifications are presented in Table 4.4.
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Table 44 Miscible System Experiments Performed

Experiment Flow Mode Glycerol ancenrratiau ( volume % ) I
No. 1 Horizontal Displacement 10%
No. 2 Horizontal Displacement 30%
|r No. 3 Horizontal Displacemen: 50 %
No. 4 Horizontal Displacement 67 %
“: No. 5 Horizontal Displacement 86 %
No. 6 Downward Displacement 10 %
No. 7 Downward Displacement 30 %
No. 8 Downward Displacement 50 %
No. 9 Downward Displacement 67 %

IL No.10 Downward Displacement 36 % I
No.11 Upward Displacement 10 % II
No.12 Upward Displacement 30 %

No.13 Upward Displacement 50 %
No.14 Upward Displacement 67 %
Upward Displacement 36 %
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Chapter 5

RESULTS AND DISCUSSIONS

5.1 Reproducibility Experiments

The reproducibility experiments were carried out in the horizontal flow mode,
where 30% glycerol solution was displaced by dyed water at an injection flow rate of
16.8 ml/hr. The pattern of these displaéements is shown in Fig.5.1. As one can
observe, these two fingering patterns are almost the same. In the first experiment,
the breakthrough time is 1282 seconds and the breakthrough recovery is 27.21%
~ (Fig.5.1a), while in the second experiment the breakthrough time is 1277 seconds and
the recovery is 27.10%. The difference in breakthrough timé is only 5 seconds, and
the difference in breakthrough recovery is only 0.1 %. The reproducibility of these
experiments in the horizontal model is entirely acceptable. Moreover, this also
confirms that the particle packing of this consolidated porous medium is uniform and

liomogeneous [24).
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(a)

(b)

3 B >
'J T i iy, e

Fig.5.1 Results of Reproducibility Experiments for Water Displacing 30 % glycerol
Solution. (a) T, = 1282 seconds, R = 27.21 %, Q = 16.8 mbhr. (b) T, = 1277

seconds, R = 27.10 %, Q = 16._mi/hr.
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5.2. Effects of Diffusion and Dispersion

Diffusion and dispersion in porous media are of considerable interest to the oil

industry. This interest arises because of the effects of diffusion on miscible
displacement processes. |

- In a recovery process utilizing a zone of miscible fluids, there is the possibility
of losing miscibility by dissipation of the miscible fluid or by channelling or "
fingering " through the miscible zone. Diffusion and dispersion are two of the
mechanisms that may lead to mixing and dissipation of the slug. On the other hand,
dispersion may tend to damp-out viscous fingers which may be channelling through
the miscible slug [30]. Hence, dispersion may be detrimental or beneficial if it
prevents fingering through the miscible zone. Therefore, it is doubly important that
we understand these processes.

When one fluid is displaced from a porous medium by another miscible fluid (in
the absence of fingers), a longitudinal mixed zone will be established. The mixed
zone results from two phenomena-diffhsion and mechanical mixing (or dispersion).
If the average velocity is not too éreat, the total longitudinal dispersion

coefficient is given quantitatively by Eq (5.1) [23]:

D .
K=25:0.5Ude .. (5.1)
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and the total transverse dispersion coefficient is given quantitatively by Eq (5.2) [23]:

b,
K =ﬁ+0. 0157 U%a

The widths of the longitudinal and transverse mixed zones in a linear system are

given by Eqs (5.3) and (5.4) [23}:

2 ST 7S S (53)

Y,-3. 625\11)0 7

X
Y,=3. 625 \IQ,—WO. 0157 do X

where

D, = molecular diffusion coefficient (cm’ /s).

F = formation electrical resistivity factor (dimensionless).

® = porosity (dimensionless).

U = average velocity (cm/s).

d, = parﬁcle diameter (cm).

X = distance measured from original position of an interface (cm).
"o = a measure of the inhomogeneity from original positibn of an interface (cm).

In this study, we modify Eqs (5.3) and (5.4) by using X, so that the maximum

widths of the longitudinal and transverse mixed zones Y, and Yy, can be obtained.

Therefore, Eqs (5.3) and (5.4) .beoome:
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Y, =3.625 \]D A ,0_ 0157 75 S (55)

) X
Y, ar =3- 625 \]D.,——U’fo- 0057 do e L (56)

From reference [23], we also have :

Y=3. 625 JK¥

Combining (5.1) , (5.5) and (5.7), the diffusion time can be obtained:

™
U

Perkins’ et al.’s experimental data [31] suggested that ¢ was 3.5 for a typical
random pack [30], and F® = 3.5. From the reference [32], Blackwell et al. gave
different diffusion coefficients from their experimental data (Table 5.1). Also from
reference [33], we obtain D, = 1.06 x 10°cm®*/s for a very dilute glycerol
solution. Comparing this data with Blackwell et al.’s data, we estimate that if
D, is 1.06 x10° cm?/s, the viscosity of the glycerol solution must be lest than 6

mPa.s, which means that the viscosity ratio between the displaced and displacing fluid
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Table 5.1. Relationship between viscosity and diffusivity

" Viscosity ( mPa.s ) 6.1 11.4 | 22.6 R
|| Diffusivity ( cm®/s ) 0.266 x 10° | 0142 x 10° I 0.717 x 10 “

is much closer to each other. Therefore, we take the maximum value of diffusivity so
that we can obtain maximum widths of the longitudinal and transverse mixed zon?s,
and dp, = 0.04224 cm and & = 0.34. We calculate the width at different average
velocities from 0.02 cm/s to 3.98 cm/s. We can also calculate the time required by the

displacing fluid to flow through the same distance Y, by:

The results were shown in Table 5.2 after all the calculations.
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Table 5.2 Results of Calculations of Widths of Longitudinal and Transverse Mixed

Zone
velocity (ct/s) | Yia (em) | Yau(em) [ 0(s) [ 6 (s)
0.02 1.19 1.03 750.00 59.49
0.03 1.19 1.03 499.99 39.66
0.04 1.19 1.03 375.00 29.75 |
| oo 1.19 1.03 250.00 19.83
0.15 1.19 1.03 100.00 793
0.34 1.19 1.03 44.12 3.50
|| 0.48 1.19 1.03 31.25 2.48
|| 1.03 1.19 1.03 14.56 1.16
|| 1.50 1.19 1.03 10.00 079 |
“ 3.98 1.19 1.03 3.77 030 |

Comparing these two characteristic times, it was found that the diffusion tine is
much greater than the time required by the displacing fluid, thus proving that the
velocity of diffusion is much smaller than the velocity of the displacing fluid. In other
words, the effects of diffusion and dispersion do not affect the displacement process
very much in this study. Also, as shown in Table 5.2, the Y,,,, and Y, keep the
same value when the average velocity is changed. This is because the diffusivity is
very small, so the first terms in the square root in Egs (5.5) and (5.6) do not affect
the total value of the square root. Therefore, it does not affect the widths of the
longitudinal and transverse mixed zones. This, again, confirms thallt the effects of

diffusion and dispersion can be neglected.
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5.3 Discussion for Horizontal Displacement

Fig. 5.2 shows the effects of the injection flow rate on the cumulative
fractional oil (glycerol solution) recovery at the breakthrough condition. Although
there is an inevitable scatter in the experimental data presented in Fig.5.2, the
relationship between recovery and injection flow rate appears to fall into two distinct
regions depending on the dominant displacement mechanism prevailing. These two
regions are the so-called gravitational region and viscous region. Fig.5.3 shows the
relationship between breakthrough time and injection flow rate. These data are in
qualitative agreement with the data given by Ni et al. [29] for immiscible system.
The two regions for each curve are located at different flow rate ranges. The first
region (for u/u,=147.46) occurs at low flow rates, Q < 900 ml/br, where
gravitational forces are dominant [9]. In this region, the oil recovery decreases as the
flow rate increases. The second region occurs at high flow rates (Q > 90.0 ml/hr),
where viscous forces are dominant in the displacements [34]. In the latter ;egion the
oil recovery increases as the flow rate increases. It is elucidating to re-plot the data
of Fig.5.2 in terms of the so-called gravity number, N,, instead of the injection flow

" rate, where:
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which denotes the ratio of viscous to gravity forces. The re-plotted data shown in
Fig.5.4 are very similar with those given by Araktingi and Orr [14]), Pozzi and
Blackwell [35] and Van Der Poel [27]. Calculations were carried out and listed
in Table 53. It can be seen that recoveries increase sharply when the
viscous/gravity ratio (N,,) is greater than 0.0193 (for u,/ ., = 147.46) (Fig.5.4). As
we mentioned before, the viscous forces completely dominate in this region. A large
number of fingers results in that displacing fluid displaces more oil (aqueous glycerol
solution), consequently, increasing oil recovery. When the viscous/gravity ratio (N,
is less than 0.0193. We can see that recoveries tend to decrease with increasing
injection flow rates. Also, the effects of gravity forces are gradually diminished with
injection flow rates. On the other hand, when the viscous/gravity ratio is very
small (i.e. N, = 0.00039) a relatively higher recovery can be obtained (Fig. 5.4). The
critical value of the viscous/gravity ratio to separate gravity region and viscous region
in this study is different from those given by previous investigators because that
depends on the geometry of the porous medium and the definition of viscous/gravity
ratio (N,).

As can be seen in Fig.5 4, there are not two regions when the viscosity ratio and
density diﬁerenw are very small (1.56 and 0.03). At this situation, the effects of
gravity forces and viscous forces can be neglected and the breakthrough oil
recoveries are almost independent of the viscous/gravity ratio. However, with
increasing viscosity ratio and dénsity difference, tﬁese two regions gradually become.

obvious.
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Table 5.3. Results of Calculations of Gravity Number, N,.

viscous/gravity ratio

injection | average
flowrate | velocity N,
(mifr) | (cms) Mol b | Bol i | Mol | Mo/t (Ko /8y
=147.46 |1=2341 =740 |=3.10 | =1.56 “
1.8 0.016056 |0.00039 |0.06048 |0.00065 |0.00102 (0.00306
29 0.025212 |0.00062 |0.00076 |0.00103 |0.00160 0.004804‘
4.7 0.041224 |{0.00102 |0.00124 |0.00168 |0.00261 | 0.00786
7.2 0.063694 |0.00158 |0.00192 |0.00260 |0.00405 |0.01214 “
16.8 0.148620 |0.00363 |0.00447 |0.00607 |0.00944 |0.02831
384 0.339703 {0.00842 |[0.01022 |0.01387 |0.02157 |0.06473
54.6 0.483015 [ 0.01197 |0.01453 |0.01972 |0.03068 |0.09204
87.6 0.774947 |0.01926 |0.02332 |0.03164 |0.04922 |0.14766
1164 |1.029723 [0.02551 |0.03098 |0.04024 |0.06540 |0.19021
169.2 |1.296815 |0.03709 |0.04503 |0.06111 |0.09507 |0.28521
“ 279.6 |2.473461 {0.06147 |0.07442 |0.10099 ;0.15710 |0.35348
4494 |3.975583 |0.09851 |0.11961 0.25251 | 0.75753

® The underlined data corresponds to flow in the viscous region.
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5.3.1 The Development of Displacement Patiern

Figs 5.5, 6,7, 8,9 show the development of the displacement pattern foralow
injection flow rate of 38.4 ml/hr. The time was recorded to show the behaviour of the
fingering pattern. During the initial stages of displacement, as shown in Fig.5.5a, b
for a low viscosity ratio, a gravity tongue starting from the inlet port can be seen.
Actually, there were some smaller fingers appearing when the oil was displaced, but
they were suppressed because of the effects of gravitational forces. Diffusion may
also serve to reduce fingers [23]. Also, one can observe that the location of the
gravity tongue was uniformly distributed over the inlet port. This further confirms
that the cell is macroscopically homogeneous. Continuously, when the time was about
522 seconds, it showed (Fig.5.5¢) that the distance in longitudinal direction was
longer than that in transverse direction. By using Darcy's Law (5-11), we can explain

it as following:

As can be seen in Fig.5.10, the distance X, is shorter than distance X,. Under
the condition of the same pressure difference (P = P, - P;), dP/dX, > dPllch2 can
be got, so the displacing fluid tends to flow in the lonéitudinal direction much faster
than ’that in transverse direction until the breakthrough is reached. As shown in

Fig.5.5d, the displacing fluid finally converged at the outlet port of the cell. At the
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breakthrough condition, it can be clearly seen that the gravity forces completely
controlled the displacement, and the gravity forces was more important in this region
than viscous forces.

With the increasing of viscosity ratio, the pattern of the displacements changes
gradually, as shown in Fig.5.6,7, 8, 9. One can observe that at the initial stage some
viscous fingers appeared and grev? with the value change of viscosity ratio from low
to high, and the ‘number of fingers also increased from small to large. During the
next stages, the fingering dévelopment was mainly in the longitudinal direction rather
than in the transverse direction and the displacing fluid was basically filling the
invaded areas. This process continued up to breakthrough of the displacing fluid, as

shown in Fig.5.6d, 7d, 8d, 9d.

5.3.2 The Effects of Flow Rate

Increasing the injection flow rate in the gravity region tends to decrease recovery
and this has two effects. Firstly, due to fhe effects of the buoyancy forces, the
macroscopic interface* between the displacing and displaced fluids is increased
(Fig.5.11); therefore, the front of the displacing fluid at the top of the cell goes
* It is the interface between two colourful fluids, this is the purpose to use the
distilled water dyed with methylene blue so that we can see the effects of buoyancy

forces. Actually, there is no interface between two miscible fluids.
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much faster than that at the bottom, and results in a decreased recovery. Secondly,
increasing flow rate will increase viscous forces {34], and one can observe (Fig.
5.12, 5.13, 5.14, 5.15, 5.16) that from relatively high viscosity ratio (23.41) to higher
viscosity ratio (147.46) some new born fingers appeared from the originai ones.
This will diminish the width of the big fingers and consequently lower oil recovery.
From the results shown in Fig.5.2, it seems that the effect of the second factor is
more important, and therefore, the oil recovery decreases with the injection flow rate
to the lowest recovery value.

Fig5.12,13, 14, 15, 16 show the development of the displacement pattern for
a high injection flow rate of 169.2 ml/hr. The behaviour of the displacement pattern
is different from that at the low injection flow rates. Fingers do not commence
uniformly at the inlet port for the high viscosity ratio. With the displacement
continuing , lots of smaller fingers were born from the original ones and the colour
densityi of these fingers was getting more dilute. In addition, comparing this with
those at low injection flow rates, these fingering patterns are wider and they cover
more areas of the cell when the viscosity ratio is higher, therefore, it results a little
higher recovery. However, when the viscosity ratio is lower, the differences of the
fingering pattern and the final oil recovery between these displacements are very
small because the gravity forces or viscous forces do not affect the displacement very
much. All the ﬁnnl stages are shown in Fig.5.12d, 13d, 144, 15d, 16d.

Increasing flow rate even more will greatly increase the viscous forces.

Meanwhile, flow resistance ((2) will decrease with the amount of pore volume of
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solvent injected when M is greater than 1. If M<1, however, ) will increase with
amount of the pore volume of solvent injected [8, 36]. Due to flow resistance
decreasing (in this study M>1), the displacing fluid flows through the porous
medium very freely, as shown in Fig.5.17a, b, the pattern of the fingers was tree-
like, branch fingers developed freely in any direction, and the tree-trunk (darker
area) was getting bigger with flow rates, which clearly indicates that viscous forces
dominate gravity forces in this region. However, for a decreasing viscosity ratio, the
pattern of the fingers seems to remain the same shape at any injection flow rates
(see Fig.5.17¢, d). Fingers became smaller and displacing fluid could occupy entire
cross-section of the cell, therefore, a high oil recovery could be obtained.

One should note the transition zone from gravity region to viscous region
should be very smoothly because the effects of viscous forces are comparable with
the effects of gravity forces in this zone. Comparing Fig.5.13a, b, fingering patterns
are very similar to each other. On the other hand, the width of fingers in Fig.5.18b
is a little smaller than that in Fig.5.18a, but the number of fingers in Fig.5.18b is
more than that in Fig.5.18a. More fingers appearing will complement the loss caused
by buoyancy forces. In addition, when the viscosity ratio was getting small, the
pattern of the fingers gradually showed the same shape (see FigS.lSc, d). Asa
result, the recovery is basically independent of injection flow rate in this transition

zone.
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5.3.3 The Effects of Density Differences

Density differences also play an important role in miscible displacements.
Decreasing density ratio will eliminate the effects of gravitational forces and diminish
the span of macroscopic interface between the displacing and the displaced fluids
(Fig.5.11). It is clear that the displacing fluid will occupy more space of the cell at
a low density ratio than that at a high density ratio, not only at the top of the porous
medium, but the entire space as well. The change of the colour density will also
prove this assertion. One can simply find that reducing the effects of the
gravitational forces in the horizontal mode will improve oil recovery. As shown in
Fig.5.2, one can see that the recovery increases as the density ratio decreases. When
the density ratio is close to 1, the recovery is almost independent of injection flow
rates, which indicates that the influence of gravitational forces is negligibie. Thus, one
can conclude that reducing. the density difference can greatly improve the efficiency

of oil recovery.

5.3.4 Comparison of the Effects of Gravity Forces and Viscous Forces

Comparing Fig.5.7 with Fig.5.14, one can also observe the influences of
gravitational forces and viscous forces, respectively. Even though the recoveries are
close to-each othér, the patterns of the fingers are completely different, ‘which

strongly proves the explanation about the gravitational region and viscous region we
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mentioned before.

50
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Fig.5.2. Horizontal Mode, the relationship between flowrate and breakthrough.
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HORIZONTAL DISPLACEMENT

c) : d)

Fig.5.5 The development of the displacement pattern for a low injection flowrate of

384 ml/hr. g, /u, = 156, p,/p, = 1.03, (a) time = 122 seconds, ( b ) time = 287

seconds, { ¢ ) time =522 seconcis, ( d) time = 638 seconds, Recovery = 30.53 %...
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HORIZONTAL DISPLACEMENT
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Fig.5.6 The de:velopment of the displacement pattern for a low injection flowrate of
38.4 mlhr. g/, = 3.1, p,/p,, = 1.09, (2 ) time = 58 seconds, ( b ) time = 112

seconds, ( ¢ ) time =210 seconds, ( d ) time = 264 seconds, Recovery = 22.61 %.
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Fig.5.7 The development of the displacement pattern for a low injection flowrate of 38.4 ml/hr.
B /p.= 74, po/p.= 1.14, ( @) time = 45 seconds, (b ) time = 109 seconds, ( ¢ ) time =231

seconds, ( d ) time = 305 seconds, Recovery = 16.70 %.
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HORIZONTAL DISPLACEMENT

c) d)

Fig.5.8 The development of the displacement pattern for a low injection flowrate of

38.4 mi/r. u, fu, = 23.41, p,/p, = 1.19, (a ) time = 33 seconds, (b ) time = 76

seconds, { ¢ ) time =127 seconds, ( d ) time = 178 seconds, Recovery = 9.25 %.
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HORIZONTAL DISPLACEMENT

.oy

d)

Fig.5.9 The development of the displacement pattern for a low injection flowrate of
38.4 ml/hr. g, /u, = 1475, p/p, = 1.23, (a) time = 19 seconds, ( b ) time = 44

seconds, ( ¢ ) time =90 seconds, ( d ) time = 117 seconds, Recovery = 6.41 %.
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HORIZONTAL DISPLACEMENT
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Fig.5.10 Flow stream line in the diSplacement
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HORIZONTAL DISPLACEMENT
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Fig.5.11 Gravity over-ride in horizontal displacement
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HORIZONTAL DISPLACEMENT

c) d)

Fig.5.12 The development of the displa;ément pattern for a high injection flowrate

of 169.2 mifr. p, /s, = 1.56, p,/p, = 1.03, ( a) time = 30 seconds, (b ) time = 69

seconds, ( ¢ ) time =114 seconds, ( d ) time = 139 seconds, Recovery = 29.31 %.
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HORIZONTAL DISPLACEMENT
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c) d)
Fig.5.13 The development of the displacement pattern for a high injection flowrate
of 169.2 mi/hr.. p, /it = 3.1, P /Py = 1.09, (') time = 23 seconds, ( b ) time = 41

secohds, ( ¢ ) time =78 seconds, ( d ) time = 92 seconds, Recov;:ry = 22.20 %.
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HORIZONTAL DISPLACEMENT

c) d)

Fig.5.14 The development of the displacement pattern for a high injection flowrate

of 169.2 ml/r. g, /i, = 74, p,/p, = 1.14, (a) time = 13 seconds, ( b ) time = 28

seconds, ( ¢ ) time =42 seconds, (d ) time = 60 seconds, Recovery = 14.48 %.
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HORIZONTAL DISPLACEMENT

c) | d)

Fig.5.15 The development of the displacement pattern for a high injection flowrate

of 169.2 ml/hr. , fu, = 23.41, p,/p, = 1.19, (a ) time = 9 seconds, (b ) time = 18-

seconds, ( ¢ ) time =27 seconds, ( d ) time = 32 seconds, Recovery = 7.72 %.
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Fig.5.16 The development of the displacement pattern for a high injection flowrate
of 169.2 mi/hr. u, /i, = 1475, p,/p, = 1.23, (a ) time = 7 seconds, ( b ) time = 16

seconds, ( ¢ ) time =26 seconds, ( d ) time = 30 seconds, Recovery = 7.24 %.

65



HORIZONTAL DISPLACEMENT

d)

Fig.5.17 The effects of viscous forces. (a ) p, /i, = 147.5, Q = 681 ml/hr., t,, = 12
seconds, R= 10.32%; (b ) 1, /u, = 23.41, Q = 681 ml/hr,, t,, = 19 seconds, R =
16.34%; (¢ ) #o/pe = 74, Q = 681 ml/hr., t,, = 30 seconds, R = 25.81%:; ( d ) u, /it

= 3.1, Q = 449.4 ml/hr., t,, = 48 seconds, R = 27.25%.
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Fig.5.18 The behaviour from gravity region to viscous region. (a ) /it = 147.5, Q
= 54.6 ml/r., t,, = 102 seconds, R= 7.04%; (b ) ./, = 147.5, Q = 1164 ml/hr.,
t,, = 50 seconds, R = 7.35%; ( ¢ ) g, /i, = 7.4, Q = 16.8 ml/hr,, t,, = 907 seconds,
R

= 10.25%; (d ) po /ity = 7.4, Q = 38.4 ml/hr., t,, = 394 seconds, R = 19.11%.
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5.4 Discussion for Vertical Downward Displacement

In experiments 6-10, the displacements were conducted in the vertical-
downward flow mode. Similarly, the main variables in these experiments, besides
wide range of injection flow rates, were the density difference and the viscosity ratio
between the displacing and displaced fluids. The results of these experiments are
summarized in Fig.5.19, 20, which show the stabilizing effects of gravity (buoyancy)
forces on miscible, vertical-downward displacement processes. Meanwhile, the reverse
effects of viscous forces can also be observed. Three regions may be identified at
different flow rates according to Dumoré’s theory [11]. They are (1) stable
region; (2) transition (partially stable) region; (3) unstable region. In each of these
regions, buoyancy forces and viscous forces play a different role during displacement

processes.

5.4.1 The Development of the Displacement Pattern

In the vertical-downward displacements, the fingering pattern is completely
different from that in horizontal displacement. The effecfs. of buoyancy forces seem
to be very important and vary on different injection flow rates, density differences

and viscosity ratios. For a low density difference (p,/ p, =1.03) and a low viscosity
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ratio (i, / g1, = 1.56), as shown in Fig. 5.21 (Q= 38.4 ml/hr), the displacing fluid was
uniformly distributed around the inlet port of the cell, and tended to occupy the top
of the cell during the first two stages (Fig.5.21a, b), where the time is 153 seconds
and 594 seconds, respectively. Due to the low injection flow rates, the effects of
buoyancy forces have ample time to influence the displacement, and entire top of
the cell was occupied by the displacing fluid. When the time is up to 1100 seconds
(breakthrough condition) the front of the displacing fluid arrived at the outlet port
of the cell. In this case, the effects of buoyancy forces played a very significant role
in displacement and led to a higher oil recovery (Fig. 5.21d).

However, increasing viscosity ratio and density difference, the behaviour of the
development pattern gradually showed different. When the injection flow rate was
kept the same (Q = 38.4 ml/hr), as shown in Fig.5.22, 5.23, 5.24, 5.25, the area
covered by displacing fluid gradually decreased with the change of viscosity ratio and
density difference, and fingering started to appear, even at the initial stage.
Meanwhile, the number of fingers was increased. This phenomenon indicates that the
effects of buoyancy forces gradually diminish and the viscous forces become
predominant. Altkough the viscous forces dominate the whole displacement, the
buoyancy forces still have their own effet;ts on the fingering pattern. One can see that
the fingers moved much wider rather than went downward directly. Finally, the
breakthrough of displacing fluid was approached. From the pictures one can see that
the total area covered by the displacing fluid is getting less from a lower viscosity

ratio (1.56) and a density difference (1.03) to a higher viscosity ratio (147.46) and

69



a density difference (1.23). It is also shown in Fig.5.26, in which the oil recovery
decreased with increasing viscosity ratio and density difference.

For the high injection flow rate of 169.2 mi/hr, the fingering pattern is totally
different from that at low injection flow rates. From Fig.5.27, 5.28, 5.29, 5.30, 5.31
one can observe that viscous forces completely controlled displacement, even at a low
viscosity ratio and a low density difference. Some smaller fingers appeared, and
displacing fluid no longer occupied the whole top of the cell, fingers moved in all
directions. Unlike the phenomena happened at a low injection flow rate, the
displacing fluid went very faster, as could be seen in Fig.5.20, the breakthrough time
decreased with the injection flow rates. The number of fingers was increased and the
width of fingers was decreased. This resulted in less oil (aqueous glycerol solution)

being displaced and consequently low recoveries.

5.4.2 The Effects of Injection Flow Rate

~ According to theory [11, 30}, Dumoré defined two characteristic rates, which are

(1) the stable rate:

- ( po—pn) 1@
¥ opflmp,cinp) (512)

(2) the critical rate:
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(Botd e (5.13)
and the ratio between the stable and critical rates was given by:
Usr - (,U.o-}.!.“)
7y 4y Ty R R R (5.14) or
1
g U
U M i (5.15)

where M is the viscosity ratio g, / i, Since M > 1, the ratio of these two
characteristic rates is always less than 1. Dumoré also proposed a simple way to judge
whether the displacement is stable or not, i.e.,
(1) U/U,<U,/U,, corresponds to astable displacement (in stable
region);
(2) U,/U,<U/U,<1, corresponds to a partially stable displacement
(in transition region);
(3) U/U,> 1, corresponds to an unstable displacement (in unstable
region).
In this context, at lower injection flow rates, i.e. U/ U, < U, / U, (stable

region), as shown in Fig.5.32, the displacing fluid tended to occupy the entire top of
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the cell and remained there due to the effects of the buoyancy forces, and then
gradually formed a pronpounced gravity tongue {6]. These buoyancy forces stabilized
the displacement and no fingers were observed; therefore it resulted a higher
recovery. This result is in good agreement with tkeory [11). In addition, the
agreement between these experiment results and Blackwell et al's experiment results
[8] is also excellent. At relatively high injection flow rates, i.e. U,/ U < U/ U, <
1 (partially stable region), fingers were obsewgd and poor displacement efficiencies
resulted. In this range, buoyancy forces were comparable with viscous forces, as
mentioned by Dumoré [11]. This process belongs to partly stable displacement, as can
be proved by Fig.5.32, in which some fingers appeared, but a big gravity tongue still
could be observed, which indicated the buoyancy forces still pla;(ed a role in these
displacements, and at the same time the viscous forces were also destroying the stable
situation. In other words, the effects of viscous forces increase with the injection flow
rate. Conversely, increasing injection flow rate will drastically increase viscous forces
and buoyancy forces will no longer dominate the viscous forces, and more fingers will
appear (see Fig.5.28d, Fig.5.29d, Fig.5.30d, Fig.5.31d). This is completely unstable
displacement (where U/ U, >1). As shown in Fig 5.33, the recoveries were plotted
against a dimensionless parameter U/ U, . One can clearly see that the recovery
decreased rapidly after U/ U>1.

Comparing Fig.5.19 with Fig.5.2, the recovery is higher in vertically-downward
~ displacement than that in horizontal displacement in each corresponding case. In the

horizontal mode, for example, the lowest recovery (2, / @w= 1.23, Q = 54.6 ml/hr) is
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7.04% and the highest recovery (g, / 0,=1.03) is 33.85% (average value); however,
in vertical-downward flow mode, the lowest recovery (g,/e,=123, Q =384
ml/hr) is 9.09%, the highest recovery (g, / @.=1.03, Q = 1.8 ml/hr) is 90.25%. This
comparison obviously shows that buoyancy forces play a pronounced role and a

better recovery can be approached in miscible downward displacements.

5.4.3 The Effects of Viscosity and Density

The dependence of recovery on the viscosity ratio was shown in Fig.5.26, in
which the recovery at the breakthrough condition was plotted as a function of the
viscosity ratio. At higher viscosity ratios increased instability caused both the
breakthrough time and recovery decreasing. The trends of breakthrough recovery in
this study are in good agreement with the data published by Blackwell et al. [8].
On the other hand, due to the difference of densities, the dimensionless parameter
U, / U, increased as the densitie; decreased, as shown in Table 5.4, where g, /
0,=1.23, and U, / U=0.2064, U, is only 0.1254x10" cm/s. However, when g, /
0,~1.03, and U, / U.=0.8073, U_is 0.3494x10? cm/s. From these data, one also
can see that because of viscosity ratio increasing, the displacement reached the
unstable process earlier; furthermore, the density difference would‘increasé with
viscosity ratio (it does not vary independently in this study). Therefore, with the
increase of density ratio, the effects of buoyancy forces to stabilize the fingering

process was diminished, and viscous forces predomihated the displacement, resulting
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in a lower recovery.

Table 5.4. Dimensionless parameter U/U,_ versus concentration.

[ Conc. (%) " 86% 67% 50% | 30% 0% |
F(cm/s) 000013 | 0000ss | oools | ooo28 | 00035 |
U, /U, 0.21 0.30 0.43 0.60 081 |
0.89 * 0.20 0.07 0.04 003 |
229 * 0.52 0.20 0.10 0.08
354 * 0.81 0.30 0.16 0.13
827* 1.89* 0.71 0.37 0.30
U/U. |7 iggo+ | 432 162* 0.84 0.68
4310* |  9.86* 3.70* 191* |  155°
5727+ | 1310* | 492* 2.54* 2.06*
8324* | 1904*| 7.15* 3.69 * 2.99* |
137.56* 31.47* | 1182* | 6.0 4.94*
221.10* 5058* | 19.00* | 9.80*

* indicates data in the viscous region.

e in this study, K = 7236 pm® [3].

Jt should be noted that there is no stable region when u/p,= 147.46 in this study
because the viscosity ratio is very high and the injection flow rate is not low enough. -
From Fig.5.21, one can see that more fingers exist in the entire displacement , which
confirms that the viscous forces completely control the displacements when the

viscosity ratio is high and the injection flow rate is not very low.
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VERTICAL DOWNWARD DISPLACEMENT
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Fig.5.19. Vertical Downward Mode, the relationship between flowrate and

breakthrough recovery.
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VERTICAL DOWNWARD DISPLACEMENT
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VERTICAL DOWNWARD DISPLACEMENT

|

Fig.5.21. The de\ielopment of the displacement pattern for a low injection flowrate
of 38.4 mb/hr. p Ju, = 1.56, p,/p, = 1.03, (a) time = 153 séconds, (b ) time = 594

seconds, ( ¢ ) time =1100 seconds, ( d ) time = 1294 seconds, Recovery = 70.86 %.
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VERTICAL DOWNWARD DISPLACEMENT

c) d)

Fig.5.22. The development of the displacemeht pattern for a low injection flowrate

of 38.4 ml/hr. g, Ju,, = 3.1, p,/p, = 1.09, ( a ) time = 145 seconds, ( b ) time = 530

seconds, ( ¢ ) time =930 seconds, ( d ) time = 1116 seconds, Recovery = 61.11 %.
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VERTICAL DOWNWARD DISPLACEMENT

Fig.5.23. The development of the displacement pattern for a low ‘injection flowrate
of 38.4 ml/hr. u /i, = 74, p,/p, = 1.14, (a) time = 96 seconds, (b ) time = 327

seconds, ( ¢ ) time =606 seconds, ( d ) time = 760 seconds, Recovery = 41.62 %.
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VERTICAL DOWNWARD DISPLACEMENT

Fig.5.24 The development of the displacement pattern for a low injection flowrate
'of38.4_'ml/hr. Bofi, = 23.41, p,/p. = 1.19, { a ) time = 59 seconds, (b ) time = 118

second, ( ¢ ) time =183 seconds, ( d ) time = 257 seconds, Recovery = 14.07%.
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VERTICAL DOWNWARD DISPLACEMENT

c) | | d)

* Fig.5.25 The development of the displacement pattern for a low injection flowrate
of 38.4 ml/hr. p, fu,, = 1475, p,/p, = 1.23, (a ) time = 52 seconds, ( b )time = 90

seconds, (¢ ) time =137 seconds, ( d ) time = 166 seconds, Recovery = 9.09%. |
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VERTICAL DOWNWARD DISPLACEMENT

1000
" LEGEND
4 =Q = 4494 ml/hr,
+=Q = 279.6 mlthr.
x =Q = 169.2 ml/r.
¢=0Q=1[164 mlr.
v =Q = §7.6 mi/hr
« =} = 38.4 mlhr.
© =Q = 16.8 ml/hr.
100} 0=Q=72mlr
2 X X . w = Q = 4.66 mlhr.
»o : o o . * = Q L815 mhr.
p‘) 4 L ] o
5 ¥ .
U : . -
18 - v o
O E
2 “ : )
4 [
-
10 |- .
- -
1 I S P IR N | i N eSS N | i i hetdeidnded
1 100 1000

10
VISCOUS RATIO

Fig.5.26. Qil recovery versus viscosity ratio



VERTICAL DOWNWARD DISPLACEMENT

Fig.5.27 The development of the displacement pattern for a high injection flowrate
of 169.2 ml/hr. i, /ut, = 1.56, p,/p, = 1.03, (a ) time = 31 seconds, (b ) time = 46

seconds, ( ¢ ) time =98 seconds, ( d ) time = 178 seconds, Recovery = 41.73 %.
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VERTICAL DOWNWARD DISPLACEMENT

Fig.5.28 The development of the displacement pattern for a high injection flowrate

of 169.2 mhr. , fie, = 3.1, po/py = 109, ( a) time = 21 seconds, (b ) time = 68

seconds, ( ¢ ) time =120 seconds, ( d ) time = 168 seconds, Recovery = 40.53 %.
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VERTICAL DOWNWARD DISPLACEMENT

Fig.5.29 The development of the displacement pattern for a high injection flowrate

of 169.2 mi/hr. p fu, = 7.4, p./pw = 1.14, (a ) time = 16 seconds, (b ) time = 43

seconds, { ¢ ) time =74 seconds, ( d ) time = 101 seconds, Recovery = 24.37 %.
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VERTICAL DOWNWARD DISPLACEMENT

c) d)

Fig.5.30 The development of the displacement pattern for a high injection flowrate

of 169.2 ml/hr. g, /i, = 23.41, p,/p, = 1.19, (a ) time = 10 seconds, (b ) time = 24

seconds, ( ¢ ) time =40 seconds, ( d ) time = 55 seconds, Recovery = 13.27%.
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VERTICAL DOWNWARD DISPLACEMENT

Fig.5.31 The development of the displacement pattern for a high injection flowrate

of 169.2 ml/hr. /i, = 147.5, p,/p.= 1.23,(a ) time = 8 seéonds, (b ) time = 17

seconds, ( ¢ ) time =31 seconds, ( d ) time = 33 seconds, Recovery = 9.41 %.
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VERTICAL DOWNWARD DISPLACEMENT

c)
Fig.5.32 In the partial stable region, the fingering pattern show the different effects
of gravity forces and viscous forces. For o, =1.58, (a) Q = 876 mllhr._\;}{w b)Q

= 116.4 ml/hr.; for g, = 3.1, (¢ ) Q = 87.6 ml/r; (d ) Q = 116.4 ml/br..
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VERTICAL DOWNWARD DISPLACEMENT
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5.5 Discussion for Vertical Upward Displacement

In experiments 1115, the experiments were conducted in the vertical-upward
flow mode. Injection of displacing fluid (water dyed with methylene blue) with a low
viscosity into a vertically oriented cell that contained oil (glycerol solution) more
dense than the displacing fluid tends to lead to the formation of a gravity tongue if
the flow rate is low enough that vertical transport by gravity segregation dominates
the viscous forces that induce instability. However, if the viscosity ratio is high, the
result will be totally different. On the other hand, unlike the phenomena that
occurred in vertical-downward displacement, (in which the buoyancy forces can
suppress viscous fingers developing), the buoyancy forces can promote viscous fingers
developing and magnify the size of viscous fingers. The results of these experiments
are shown in Fig.5.34; 35. As the flow rate increases, gravity forces play a
diminishing role, and éventually viscous forces dominate the buoyancy forces. This
can also be seen from Fig.5.36, in which the oil recovery is plotted as a function of
the viscous/gravity ratio, N,.. The oil recovery increases as this ratio increases, which
also means that viscous forces play a very important role in vertical-upward

displacement.
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5.5.1 The development of the displacement pattern

Fig.5.37, 38, 39, 40, 41 show the development of the displacement pattern fora
low injection flow rate of 4.7 ml/hr. Time intervals were measured starting from the
'moment that the displacing fluid first entered the porous medium. During the early
stages of displacement for a low viscosity ratio (1.56), as shown in Fig.5.37a, the
displacing fluid invaded the displaced fluid in only one direction, gradually forming
a small gravity tongue. This gravity tongue moved upwards and no fingering occurred
under this condition. During the next 700 s, as shown in Fig.5.37b, the gravity tongue
grew only in the longitudinal direction rather than transverse direction. This indicates
that the buoyancy forces promote upwards motion of the displacing fluid and
suppress it from moving transversely. After approximately 1165 s, the top of the
gravity tongue was getting a little wider and the bottom part near the inlet port still
kept the same shape as shown igj_l“i_gﬁ.?:?c. In the final interval, the displacing fluid
converged at the outlet port. Throughout the whole displacement process one can
observe that the displacing fiuid was basically filling the invaded area because the
gravity tongue was almost displaced by the darker colour (displacing) fluid. Also, due
to the effects of buoyancy forces, the width of the gravity tongue was very narrow,
as shown in Fig.5.37d, which resulted in a low recovery.

With increasing viscosity ratio, the pattern of the displacements would be
diffefgnt. One could clearly see that af the first stage the viscous fingers gradually

appeared as the viscosity ratio increased (Fig.5.38a, 5.39a, 5.40a, 5.41a), especially at
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high viscosity ratios. Even though the fingering began during the first stage, the
fingers could not get wider because of the effects of buoyancy forces. During the
next two stages, as shown in Fig.5.38b ,c, 39b, c, 40b, ¢, 41b, c, tree-like fingers
appeared, but the moving speed of the displacing fluid in the longitudinal direction
‘was still greater than that in the transverse direction. More small fingers were born
from the original ones. However, these fingers could not grow wider and bigger
because the buoyanmcy forces suppressed them. This process continued until
breakthrough of the displacing fluid. as shown in Fig.5.38d, 39d, 404, 41d.

Fig.5.42, 43, 44, 45, 46 show the development of the displacement pattern fora
high injection flow rate of 169.2 ml/hr. As indicated in Fig. 5.42a, for a given low
viscosity ratio (1.56) the initial displacement pattern is completely different from
those at low flow rates. At the beginning of the displacement the displacing fluid
entered into the porous medium in a radial direction and was uniformly distributed.
Some smaller dendritic fingers appeared as shown in Fig.5.42b, ¢, and could not
become bigger fingers due to the very small density difference between these‘two
fiuids ((, - 4)/ 0, = 3%). At the final stage, as shown in Fig.5.42d, the displacing
fluid gradually converged to the outlet port until breakthrough occurred. One can
observe from Fig.5.42 that at the front of the displacing fluid there were some
smaller fingers, but due to.the low density difference, the fingers could not grow
bigger, and resulted in a good oil récovery. @mpa@g this with higher viscosity
ratios, it showed that more fingers came out and the width of these fingers increased

as the viscosity ratio increased (see Fig.5.43,44, 45, 46). On the other hand, the-

Al
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darker coloured area was getting smaller, which means the fraction of the porous
medium occupied by the displacing fluid became much less and consequently
lowered the recovery. Furthermore, increasing the injection flow rate will increase
the viscous forces. In this case, the viscous forces completely coatrolled the
displacement, and we can see that more fingers developed and some of them were
getting bigger. Therefore, one may conclude that the higher the flow rate, the lower.

the density difference and viscosity ratio, the higher the oil recovery.

5.5.2 The Effects of Injection Flow Rate

Fig.5.34 shows the effects of the injection flow rate on the oil recovery at the
breakthrough time. In the situation of a low injection flow rate, the buoyancy forces
sﬁll played an important role in displacement, but it was a negative effects because
the direction of the buoyancy forces was the same as that of the jjressure difference
applied in the experiment. When the flow rate was lower, the pressure difference
between inlet port and outlet port of the cell was smaller so that the buoyancy forces
could be comparable with the pressure difference. As shown in Fig.5.37, 38, 39, 40,
41 one can observe that the pattern of viscous fingering (14 /4w =147.46) or gravity
tongue (4, /i, =1.56) was very narrow, the displacement pattern developed much
more in the longitudinal dlrectlon than in the transverse d:reetmn This shows that
the inverse effects of the buoyancy forces happened in a low ﬂow rate displacement.

* As a result of this negatwe effects, only a lower oil recovery could be obtained. The
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lowest recovery in these vertical-upward flow experiments is 3.66% (i, /i, =147.46,
o./e,, =1.23, Q = 0.91 ml/hr). However, these phenomena were completely different
from those when the injection flow rate was increased. The buoyancy forces no
longer played an important role in these displacements, and viscous forces completely
controlled the displacement. One can see from Fig.5.42, 43, 44, 45, 46 that more
fingers appeared and the pattern of the viscous ﬁngers was much wider compared
with what happened at low injection flow rates, and the fingers not only developed
in the longitudinal direction, but also in the transverse direction. Comparing these
patterns with those in horizontal displacements, one can observe that the patterns of
the fingers (Fig.5.47a, b) are totally different from each other at lower injection flow
rates. The same phenomena happened at high viscosity ratios. The recovery, for
example, is 11.43% for 1, /4, =i47.46, 0,/0, =1.23, and Q =1.8 ml/hr in horizontal
displacement but is only 3.74% for y,/u, =147.46, g,/e, =1.23, and at the same
flow rate in vertical-upward displacement (see Fig.5.47c, d). This indicates that
buoyancy forces played a megative role in vertical-upward displacement at fdwer
injection flow rates, and this point can also be seen from the comparison of oil
'recoveries, i.e. 5.71% for the vertical-upward displacement (u,/u, =156, @./0.
=1.03,Q=1.8 ml/hr) and 32.13% for the horizontal displacement (1,/i, = 1.56, p, /0.
=1.03, Q=1.8 ml/hr). ‘When the injection flow rate is high, the patterns of the
fingers are very close to each other | (see Fig.5.48a, b). For a given low viscosity ratio
' and density ratio (i,/ s, =1.56, @,/e, =1.03, Q = 449.4 mi/hr), the recovery is 33.49%

for the horizontal displacement and 34.72% for the vertical-upward displacement.
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For a given high viscosity and density ratio (u,/p. =147.46, 0, /0, =1.23, Q = 4494
ml/hr) the recovery is 10.22% for the horizontal displacement and 8.96% for the
vertical-upward displacement (sec Fig.5.48c, d). This also proves that the viscous
forces dominate the gravity forces ‘and control the entire displacement process. In
addition, the breakthr(;ugh recoveries in this study (Fig.5.34) are in good agreement
with data published by Araktingi et al. [14] in miscible displacements. Those results
discussed above can be proved by comparing the results of Fig.5.2 and Fig.5.34.
The dependence of recovery on the viscosity ratio is shown in Fig.5.49. In this
figure the recovery at the breakthrough condition is plotted as a function of viscosity
ratio. The recovery at the breakthrough condition decreased from 10.64% for a
viscosity ratio of 1.03 to values as low as 4.26% for a viscosity ratio of 147.5 at the
injection flow rate of 4.66 mY/hr. Similar trends were observed for other injection flow
ratés. In addition, early breakthrough of displacing fluid was obtained when the
viscosity ratio was high because at high viscosity ratios increased instability caused
both the breakthrough time and recovery decreasing [8]. The lowest values of the
breakthrough recovery were observed when adversé viscosity ratio augmented the
negative effects of buoyancy forces, i.e. when the viscosity ratio is high and the

injection flow rate is low. .
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VERTICAL UPWARD DiSPLACEMENT
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Fig5.34. Vertical Upward Mode, the relationship between flowrates and
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VERTICAL UPWARD DISPLACEMENT
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VERTICAL UPWARD DISPLACEMENT
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VERTICAL UPWARD DISPLACEMENT
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Fig.5.37. The development of the displacement pattern for a low injection flowrate
of 4.66 ml/br. /s, = 1.58, p,/p.= 1.03, () time = 260 seconds, (b ) time = 700

seconds, ( ¢ ) time =1165 seconds, ( d ) time = 1503 seconds, Recoverv = 8.73%.
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VERTICAL UPWARD DISPLACEMENT

Fig.5.38 The development of the displacement pattern for a low injection flowrate
I ‘ '
of 4.66 ml/br. g /i, = 3.1, p,/p. = 1.09, (@) time = 186 seconds, (b ) time = 419

seconds, ( ¢ ) ime =689 seconds, ( d ) time = 841 seconds, Recovery = 5.59%."
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VERTICAL UPWARD DISPLACEMENT

Fig.5.39. The development of the displacement pattern for a low injection flowrate

of 4.66 mI/br. st fin, = 74, Po/p.= 1.14, (2 ) time = 135 seconds, (b ) time = 317

seconds, (¢ ) time =582 seconds, ( d ) time = 788 seconds, Recovery = 5.24%.
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VERTICAL UPWARD DISPLACEMENT
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Fig.5.40 The development of the displacement pattern for a low injection flowrate

/p, = 1.19, (a) time = 101 seconds, (b ) time =

2341, p,

of 4.66 ml/hr. p, /s,

= 4.24%.

204 second, ( ¢ ) time =466 seconds, ( d ) time = 638 seconds, Recovery
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VERTICAL UPWARD DISPLACEMENT

o

Fig.5.41 The development of the displacement pattern for a low injection flowrate

of 4.66 . 1,/ = 1475, p,/py= 123, (a ) time = 80 seconds, (b ) time =i94

seconds ( ¢ ) time =355 seconds, ( d) time = 598 seconds, Recovery 3.97%.
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VERTICAL UPWARD DISPLACEMENT
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Fig.5.42 The development of the displacement pattern for a high injection flowrate

of 169.2 mUhr. u, fir,, = 1.58, p./py= 1.03, (a ) time = 22 seconds, ( b ) time = 87

seconds, ( ¢ ) time =139 seconds, ( d ) time = 161 seconds, Recovery = 33.95%.
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VERTICAL UPWARD DISPLACEMENT

c) d)

Fig.5.43 The development of the displacement pattern for a high injection flowrate.

of 169.2 ml/hr. g, i, = 3.1, p./p. = 1.09, (@) time = 17 seconds, (b ) time = 43

seconds, ( ¢ ) time =62 seconds, ( d ) time = 76 seconds, Recovery = 18.34%.
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VERTICAL UPWARD DISPLACEMENT

Fig.5.44 The development of the displacement pattern for a high injection flowrate

of 169.2 ml/hr. p, /i, = 7.4, p,/p, = 1.14, (2 ) time = 11 seconds, (b ) time = 25

seconds, { ¢ ) time =43 seconds, (d ) time = 55 seconds, Recovery = 13.27%.

3
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Fig.5.45 The development of the displacement pattern for a high injection flowrate
of 169.2 ml/hr. p,,lu.= 2341, p/p.= 1.19, (a) time = 11 seconds, (b ) time = 25.

seoonds, ( ¢) time =39 seconds, ( d ) time =50 seconds, Recovery = 12.06%.
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VERTICAL UPWARD DISPLACEMENT

Fig.5.46 The development of the displacement pattern for a high injection flowrate

of 160.2 mU/hr. i, = 1475, po/py= 1.23, (@) time = 8 seconds, (b ) time = 19

seconds, ( ¢ ) time =28 seconds, (d ) time = 33 seéonds, Recovery = 7.96%.
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VERTICAL UPWARD DISPLACEMENT
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Fig.5.48 Comparison horizontal mode with vertical-upward mode at flowrate of 449.4
ml/hr. (a)time = 62 seconds, R = 34.72%; (b ) time = 59 seconds, R = 33.49%;

(¢) time =16 seconds, R = 8.96%; (d ) time = 18 seconds, R = 10.22%.
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VERTICAL UPWARD DISPLACEMENT
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Chapter 6
CONCLUSIONS

1. Tt is very convenient and useful to study the effects of buoyancy forces by using 2-
dimensional consolidated porous medium cells. During the experiments, we can
observe the different development of the viscous fingering patterns with various
injection flowrates, viscosity ratios and density differences.

2. In the horizontal flow mode, the effects of buoyancy forces can be significant,
which cause the displacing fluid to over-ride the displaced fluid.

3. In the vertical flow mode, the effects of buoyancy forces play a very significant role
in displacement.' In vertical downward flow, p,/p,, > 1 is favourable to oil recovery
efficiency due to the effects of buoyancy forces. In vertical upward flow, the buoyancy
forces play a negative role in displacement when p,/p, > 1.

4. From the overall point of view, for all flow modes, a small density difference is

always favourable for efficient oil recovery.
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Chapter 8
APPENDIX A

8.1 Viscosity Measurement

The viscosity was measured by using a Brookfield Viscometer with a U.L.
adapter (provided by Brookfield Engineering Laboratories). This viscometer operates
by measuring the torque necessary to overcome the viscous resistance to the induced
movement. The accuracy of this viscometer is about 1--2% of the full scale range
employed. Sixteen ml of the solﬁtion was 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 [37).

Fig.8.1 shows the’ relationship between viscosity and concentration of the glycerol

solution (at room temperature).
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VISCOSITY MEASUREMENT
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Fig.8.1 The relaﬁopship ‘between viscosity and volume concentration of aqueous
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8.2 Porosity Measurement

To measure porosity of the cell. the cell was first weighted (Mg after perfectly
drying, then slowly filled the cell with water until the cell was completely saturated
and weighted (M_yume;) 2g2iD; therefore, pore volume and porosity were obtained

with the following calculations:

Y SIS Y PSS ¥ S (8.1)
Ve = Veuer

= Maier / Quater

= (Moo~ Mot ) / Quter <+ ovmneveencnenns (8.2)
V=LXWXH iiiiirrenirrnnienenens .. (83)
B=Viu/V et (84)

8.3 Density Measurement

The density was measured by using the DMA 48 density Meter manufactured
by PAAR in Austria. It determines the density of liquids and gases by electronically
measuring the period of oscillation of a glass-U shaped tube. After the sample is
injected into this tube, the oscillation is influenced by tﬂe mass of the sample. The
tube, up to its mounting points on the instrument wall , is 6alled the oscillation cell.
The volume of the cell is fixed; therefore, once calibrate with known slubstanees such

as air and water. The mass of the sample can be taken as proportional to its density
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(38].

Here is the specifications of this Density Meter:
e measuring range is 0 to 3 g/cubic am. Accuracy is =1 X 10 g/cubic am.
e the temperature accuracy is 0.1 °C. The temperature range for
measurement is usually between -10 to +70°C.
e sample size of cell is approximate 0.7 cubic cm.

In this study, the temperature was set at 25 °C. Fig.8.2 shows the relationship

between the density and concentration of the glycerol solution.
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DENSITY MEASUREMENT
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Fig.8.2. The relationship between the density and volume conceniration of aqueous

glycerol solution at 25°C.
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