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ABSTRACT

The Hall pliot was original ly developed for the
evaluation of waterflood injection wells. It has also been
applied to the injection of non—-Newtonian fluids, which is
quite different from the conditions for which the Hall plot
was original ly developed. A two-phase numerical reservoir
simulator in radial coordinates was developed to model the
injectivity of non—-Newtconian fluids in porous media. The
simulator was used to verify the Hall plot for non-Newtonian
fluids. Analytical methods were alsc used where appropriate
to evaluate the injectivity of non-Newtonian fluids. The
simulator was applied to hypothetical examples and also used
to history match field injectivity data. Based both on the
field injectivity data and the hypothetical examples
analyzed with the simulator, guideilines are presented for
the preparation and analiysis of non—-Newtonian injectivity

data using the Hall plot.
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NOMENCLATURE

A = adsorption, milligram/gram

Am = maximum adsorption, milligram/gram

B = formation volume factor, dimensidnless
c = compressibility, psi—1

C = polymer concentration, PPM

Cy = wellbore storage coefficient, ft3/psi

e = 2.718282, dimensionless

fy = fractional flow of water, dimensionless

Fe = tnacessible pore volume factor, dimensionless

g = gravitational constant, 32.2 Ft/sec2

h = formation thickness, feet

k = absolute permeability, md

gr = relative permeability, dimensiontess

kwi = initial virgin absolute permeability to water, md

K = consistency index for power law fluid, cp

K_, = adsorption coefficient, me—1

—
1

hole depth, feet

3
]

slope of the Horner or injecticn plot, psi/cycle

my = slope of the Hall plot, (psia—-days)/barrel

M = mobility ratio, dimensiontess

n = rheoclogical siope parameter, dimensioniass
NCa = Capiliary number, dimensionless

Neg = Ellis number, dimensionless

xii
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p = pressure, psia
Pewo = capillary pressure, water-oil, psi

Pe = Pressure at the external drainage radius, psia
P; = initial reservoir pressure, psia

P,f = bottomhole injection pressure, psia

Pg = surface tubing pressure, psia

q = rate, barrels/day

Q = cumulative injection, barrels

R.¢g = residual resistance factor, dimensionless

RF = resistance factor, dimensionless

r = radius, feet

o1 = radius, bank one, feet

b2 = radius, bank two, Feet

Fre = external drainage radius, feet
ry = wellbore radius, feet

S5 = saturation, dimensionless

5 = skin, dimensionless

T = transmissibility, FeetS/le—day
t = time, days or hours

u = interstitial velocity, feet/day
v = Darcy velocity, feet/day

xiii
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Greek Symbols

dpg = pressure loss due to friction, psi
Y = shear rate, s~ !
r(x) = Gamma Function, f§ t* le ™% dt, x>0

Y = rock specific gravity, dimensionless

A Carreau rheological parameter, sec
NI = 3.141593, dimensionless
p = fluid density, lbm/ft3

¢ = porosity, dimensionless

o = surface tension, dynes/cm

2

T shear strss, dynes/cm

Bt = characteristic fluid time, sec

¥ = viscosity, cp

My = apparent viscosity, cp

Mg = effective viscosity, cp

u, = apparent viscosity at an infinite shear rate,
ug = apparent‘viscosity at zero shear rate, cp

Subscripts

c = capillary pressure

d = displacing phase

e = external drainage radius
e = effective viscosity

i = initial, investigation

o = oil

xiv

cp
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p = injection time or polymer
r = relative permeability

w = water, wellbore radius

wf = injecting pressure at T
wi = water initial

ws = shut in pressure at r

W

XXV
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CHAPTER 1

INTRODUCTION

Agueous polymer and micellar solutions are currently
used for the enhanced recovery of oil from porous media.
Polymer flocods, micellar—-polymer floods, and injectivity or
productivity profile modification treatments are the most
common applications of polymer and micellar solutions. The
behavicor of polymer and miceilar solutions in porous media
is complex because the solutions have non—-Newtonian
rheological properties. Adsorption/retention and
permeabi ity reduction also occur with polymer and micellar
solutions, which also cause additional complexities.
Polvmer solutions tend to deviate more from Newtonian
behavior than micellar solutions. There are usually other
phases present beside poiymer, such as oil, which are an
additional complication.

The interpretation of injection pressures and rates
associated with polymer and micellar solution injection are
important to the efficient application of the solutions. In
theory, the determination of reservoir plugging, fracturing,
fluid viscosity changes, and permeabil ity changes can be
made from the fluid pressures and rates. The economic
success of enhanced oil recovery projects is very dependent

on how rapidly additional oil recovery occurs. The rate of
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oil recovery is directly related to the rate of enhanced
recovery fluid injection. Therefore, it is essential that
injectivity be maintained at optimum rates to ensure the
economic success of enhanced oil recovery projects. The
AHal% plot (Hall 1963) is a useful tool for evaluating
performance of injection wells.

The Hall plot is one method for analyzing injection
pressures and rates. It was originally developed for single
phase, steady state, radial flow of Newtonian liqgquids.
Since the advent of polymer and micellar solutions for
enhanced oil recovery, the Hall plot has also been applied
to the injection of these solutions. Several of the
assumptions made in the original development of the Hall
Eiot are violated for poiymer and micellar solutions. The
Hall plot was not derived for non-Newtcnian or multiphase
flow. When polymer and micellar solutions flow through
porous media, adsorption and retention occur which reduces
permeability. In additicon, the flow of the fluids is non-
Newtonian. Multiphase flow may also occur. This work will
verify the validity of the Hall plot for the injection of
polymer and micellar solutions. The Hall plot is a steady-
state approach, and is therefore not valid for transient
flow conditions. However, it will be demonstrated in

Chapter 6 that the transient period is relatively short for
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most polymer and micellar soiution injection situations, and
therefore does noct significantly influence the Hall plot.

Because of the complex nature of polymer and micellar
solution flow through porous media, exact analytical
solutions are generally not possible. However, some
retlatively simple approximate analytical solutions can be
developed. To realisticly analyze polymer or micellar
solution injection, 2 two—-phase, radial, numerical,
reservoir simulator was developed. The simuiator includes
the following phenomena and effects: transient and steady
state flow, two-phase (oil-aqueous phase) flow, non-
Newtonian rheoclogy, adsorption/retention, residuatl
resistance factors, concentration effects, skin, and well
bore storage. The simulator is designed to consider ail the
important phenomena and effects which occur when
polyacrylamide or polysaccharide polymer solutions are
injected in porous medisa. It should be noted that the
interfacial phenomena occurring when micellar solutions are
injected are not considered in the simulator. Even with
this simplification, the simulator still does an adequate
job as will be shown in Chapter 5.

The simulator was used to histeory match several field
injectivity data sets. Once a good history match was

obtained, the in-situ viscosities and resistance factors are
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known. If the Hall pilot is a valid method for analyzing
injectivity of polymer and micellar solutions, it should be
possible to calculate permeabilities, resistance factors,
and in-situ viscosities from the Hall plot which closely
agree with those found in the reservoir simulation history
match. This is the methodolégy which was empioyed to verify
the Hall plot.

This thesis is composed of six chapters. Chapter 2
develops the physical relations which exist when non-
Newtonian solutions flow through porous media. The
mathematical representations of the phenomena is given where
appropriate. The following physical relations are discussed
in Chapter 2: rheology, adsorption/retention, shear rate-
velocity relations, polymer degradation, resistance factors,
and inaccessiblie pore volume. Chapter 3 reviews
alternatives to the Hall plot for analyzing injection well
pressure data for both Newtonian and non—-Newtonian fluids
using falloff tests, type curves, and reservoir simulation.
The Hall plot is derived in Chapter 4. Chabter 4 also
develops simple approximate analytical methods for
injection of non-Newtonian solutions based on theoretical
considerations. Chapter S presents the results from the
simulator for three welis. Two of the wells are field tests

and one is a hypothetical example. Various methods of
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integrating the Hall plot are presented. Simulator results
are compared with the approximate analytical solutions.
Chapter 6 presents ceonclusions regarding the validity of the
Hall plot and the best methods of preparing and analyzing
the Hall plot.

Appendix A presents the development of the reservoir
simulator which forms the basis for the history matching and
conclusions. The eguations used in the simulator are
presented and then given in finite difference form. The
procedure for solving the finite difference equations, and
the assumptions and limitations of the simulator are
reviewed. Methods used to test and verify the simulator are
also presented. Appendices B, C, and D summarize the data
used in the threes wells simuiated. To understand how
injection well analysis fits into the operational scheme in
enhanced oil recovery, a brief review of polvymer and

micellar—polymer flooding follows.

1.1 Poivmer Flocding

Polymer flooding is often referred to as an improved
waterflooding process. Polymer flooding is quite similar to
waterflooding, the principle difference being that the
injected fluid has been made more viscous by a high

molecular weight polymer. The increase in viscosity of the
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injected fluid improves the mobility ratio. Some poliymer
solutions reduce permeabilty, which also improves the
mobility ratio. The mobility ratio is defined in equation
(1.1}, where "d" denctes the dispiacing phase.

k 4k u
M = dtrd Yo (1.1)

Kokro Hd

It should be noted that when adsorption/retention occurs, as
with polymer, that kd may not be egqual to ko. An
improvement (reduction) in the mobility ratioc resulits in
increased areal and vertical sweep efficiency. It is
primarily through improved sweep efficiency that polymer
flooding recovers additional oil. Figure .1 illustrates
the relation between mobility ratio and areal sweep
efficiency.

In general, polymer flooding does not significantly
reduce residual oil saturation. Polymer flooding does not
mobilize largé amounts of residual oil, making recoveries
from polymer flooding relatively small as a percentage of
the remaining oil-in-place when compared with cther enhanced
oil recovery processes.

There are two polymer types which are in wide use in
enhanced oil recovery. 0One polymer is synthetic

polyacrylamide, which is typically used in concentrations of
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Areal Sweep Efficiency at Breakthrough, Five-Spot Pattern

(Craig, F. F., 1971, The Reserveoir Engineering Aspects of
Waterflooding, Society of Petroleum Engineers, Dalilas,

p.122)
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250 to 2000 ppm in aqueous sclutions. The mean molecular
weight of polyacrylamide is usually on the order of several
miltlion. The standard deviation and the mean of the
molecular—-weight frequency—-distribution significantly
influences the properties of the polymer. In general
narrow (small standard deviation) molecular weight
distributions are desired. Polyacrylamide typically has
about 30 percent hydrolysis, and is thus referred to as
partially hydrolyzed polyacrylamide (PHPA). PHPA improves
the mobility ratio by increasing viscosity and by
permeability reduction. The second and less commonly used
polymer is polysaccharide, the biopclymer made from xanthan
gum. Biopolymers do not significantly reduce permeability,
but do decrease the mobility ratio primarily by increasing

the displacing phase viscosity.

1.2 Micellar—Poiyvmer Floeoding

Micellar solutions are typically composed of a
petroleum sulfonate, water, a cosurfactant (usually an
alcohol), a hydrocarbon, and etlectroiytes or salts. The
micellar solution is usually displaced by a mobility buffer,
i.e., a polymer solution. Figure 1.2 illustrates the
micel lar-polymer displacement process. The mobittity buffer
is then displaced by water. The micellar sclution is

capable of solubilizing fluids it contacts. A miceile on



T-3147

[X1]

INJECTION PRODUCTION
SECONDARY
DRIVE § MOBILITY BLUJ OiL ‘}
ATER} BUFFER WATER ]
STABILIZED BANK OIL
OlL AND WATER FLOW FLOW
INJECTION PRODUCTION
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WATER{ BUFFER WATER 4
WATER
FLOW
Figure 1.2
Microemulsion Flooding
(Poettmann, F. H., 1983, Improved 0il Recovery, Interstate
0il Compact Commission, Oklahoma City, . 175.)



T-3147 10

the order of 1078 meters in size when it has solubilized a
fluid (Poettmann 1983). When the fluids contacted by the
micellar solutions are solubilized, the miceliar polymer
ficod is, in effect, a miscible displacement process. After
dissipation of the micellar slug, it may no longer miscibly
displace the contacted fluid, but will instead immiscibly
displace the fluids at greatly reduced interfacial tension.
A significant reduction in interfacial tension will also
mobilize large amounts of residual oil. The amount of
residual oil left by a displacement process is related to
the capillary number. The higher the capillary number, the
less the residual oil saturation. It can be seen from
equation (1.2) that a large reduction in interfacial tension
can greatly increase the capillary number.

Vi

Ne =

{(1.2)
. :

Micel lar—-polymer Fldoding, in contrast to polymer
flooding, has the abitity to greétly reduce residual oil
saturations. Micellar-polymer flooding has the capability
to produce large portions of the remaining oil in place by
improved vertical and areal sweep efficiency and by reducing

residual oil saturations.
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CHAPTER 2

BEHAVIOR OF NON-NEWTONIAN SOLUTIONS IN POROUS MEDIA

2.1 Rheological Models

A Newtonian fluid exhibits constant viscosity for
steady—-state, isothermal shearing, which means for any shear
rate the viscosity does not change. Throughout this work
all processes are assumed to be isothermal, so changes in
temperature do not cause changes in viscosity. The
classical definition for a Newtonian fiuid is given in

equation (2.1).

dv
1= 4 — (2.1)
dx .
The term dv/dx is referred to as the shear rate, and will be

denoted by vy from here on. The viscosity of a Newtonian
fluid is u. For non-Newtonian fluids, the apparent
viscosity is not constant, but a function of shear rate.
Polymer scilutions used in enhanced 01l recovery are aguecus
solutions. Concentrations of polymer also affect viscosity.
In general, increasing concentration fesults in increased
apparent viscosity, all other things remaining eqgual.
Micellar solutions can form oil or water external emulsions
and liquid crystals. The concentration of surfactants and
cosurfactants, and the structure of the micellar solution

influence the apparent viscosity. The viscosities of
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polymer and micellar solutions are a function of both
composition and shear rate. Figure 2.1 iltlustrates the
relation between a Newtonian fluid and various types of non-
Newtonian fluids. The majority of polymer and micellar
solutions applied in enhanced oil recovery are
pseucdoplastic (shear thinning). This means that most
polymer solutions have less viscosity at higher shear rates.

There are three rheological models which have been
widely used to describe polymer and micelfar soluticns. The
models are the Ostwald-de Waele, Ellis, and Carreau, each
named after the respective developer. It should be
remembered throughout the discussion of the rheclogical
models that follow, that all model parameters are functions
SF concentration. The Ostwald-de Waele is more commonly
known as the power law. The Ostwald-de Waele 1s a two-
parameter model and the Ellis is three-parameter model. The
Carreau model is based on four parameters. The theoretical
basis for each of these models is weak, and it is

appropriate to think of them as empirical models.

2.1.1 Ostwald-de Waele Model

The most popular rheological model used in enhanced oil
recovery is Ostwald-de Waele. The model is given in

eguation (2.2).
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-Slope at
onigin = u g

Slope at
ongin = A/B’

Two-parameter models Three-parameter models

Figure 2.1
Rheograms for Some Non-Newtonian Rheological Models

{Bird, R. Byron; Stewart, Warren E.; and Lightfoct, Edwin
N., 1960, Transport Phenomesna, John Wiley, New York, p. 10.)
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1= Kyl (2.2)
The coefficient, K, is referred to as the consistency of the
fluid. The larger the value of K the more viscous the
fluid. The exponent n is a quantitative measure of the
degree of non—-Newtonian behaviors; the larger the deviation
from 1.0, the more non-Newtonian the fluid behavior.
Pseudoplastic fluids have n values between zero and 1.0,
while dilatant fluids have n values larger than 1.0.

For most reservoir engineering computations, the
apparent viscosity of the non-Newtonian fluid is the value
required. Apparent viscosity can be defined for a non-
Newtonian fluid by equation (2.3).

T = Ug Y (2.3)
where u, is the apparent viscesity at a particular shear
rate. For a pseudoplastic fluid, u, will decrease with
increasing shear. By substituting equation (Z2.3) into
equation (2.2), the apparent viscocsity for a power law fluid
can be defined by equation (2.4).

wg = Ky (2.4)

For flow-through porous media, it is sometimes useful
to define an effective viscosity for use in a modified
Darcy’s law. It should be noted that effective and apparent

viscosities are not the same. Apparent viscosity is the

shear stress divided by the shear rate at any point on a
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rheogram. Effective viscosity is defined so as to satisfy
some form of Darcy’é law. The definition of effective
viscosity is different for each rheological model, while the
definition of apparent viscosity is always given by equation
(2.3) regardless of the rheological model. The effective
viscosity is a constant for power-law fluids at any shear
rate and is defined (Chistopher and Middleman 1965) as

W = (K/50) (12/m™ (150k¢)(17N)/2 (2.5)

The modified Darcy’s law can be written as in equation
(2.6) for power—-law fluids.
k Ap 1/n .

v = [———] power law fluids (2.6)
Both Vogel and Pusch (1981) and Huh and Sncw (1985) have
pointed out that the power law mode!l is inadequate to
describe accurately the rheology of polymer solutions. One
of the obvious problem with the power law is that as the
shear rate approachs zero, the apparent viscosity approaches
infinity. This is an unrealistic result for poiymer and
micellar solutions. At very low shear rates, real polymer
and micellar solutions have finite viscosities. Figure 2.2
illustrates the rheological behavior of a real polymer
sciution. Because of the problems as discussed above, the
power law is not considered to be a suitable rheological

model to have in the reserveoir simulator.
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2.1.2 Ellis Model

The Ellis rheological model overcomes some of the
short-comings of the power law model. The Ellis rheoclogical
model is given in equation (2.7).

I/ug = (1/ug)[1+ (t/1y,5)77 1] (2.7)

The slope of the power law region is given by n—-1. The
coefficient u, corresponds to the viscosity at zero shear,
and 1,,, is shear stress where the apparent viscosity has
dropped to half of u;. Sadowski and Bird (1965) developed a
relation for effective viscosity for use in Darcy’s law.
The effective viscosity for an Ellis fluid is given in

equation (2.8).
l/ug = 1/ug (1 + (4/(n+3))Ctppn/t1,2)™ (2.8)

The coefficient Trn 1S equal to R Ap/L, where Ry is the
mean hydraulic radius. A form of Darcy’s law can also be
written for the Ellis model using effective viscosity, as

shown in equation (2.9).

vV T e———— Ellis fluids (2.9)

The general form of the Eilis model is not very
convenient for reservoir simulation. To be consistent with

other models, it is preferable to have the apparent
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viscosity defined in terms of shear rate rather than shear
stress. For computational convenience in the reservoir
simulator, rather than using the Ellis model directly, a
small modification to the power law will result in a
rheological medel which is guite similtar to the Ellis model.
Below some specified shear rate, the power law has a
constant viscosity. [t is this modification of the power law
that is used for Ellis fluids in the simulator. The Ellis
model still has some shortcomings when applied to real
polymer and micellar solutions. As can be seen in Figure
2.2, polymer solutions have a 1imiting viscosity at very
high shear rates. Both Eliis and power law fluids approach

Zzero yiscosity at high shear rates.

2.1.3 Carread Mode]l

The rheological model which most accurately matches the
behavior of polymer solutions is the Carreau model {(Carreau
1968). The apparent viscosity of Carreau fluid is given by

equation (2.10).

Mg = we + (uo - m) [1 + (ay)21{n-13/2 (2.10)

The coefficient, n-1, is the slope of the power law
region for a Carreau fluid, g is the viscosity at zero
shear, and u, is the viscosity at infinite shear. The

intersection of the zerc shear viscosity and the power law
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region occurs at 1/3. Figure 2.3 compares the curve shapes
for a pseudoplastid fluid using the power law, modified
power law, and the Carreau models. [t can be seen that the
curve shape generated by the Carreau model compares most
favorably with the behavior of real polymer solutions as
illustrated in Figure 2.2. The Carreau model is the
recommended rheological model for polymer and micellar
solutions. However, the modified power law (Ellis} is an
available rheological option in the program.

It is not possible to easily define an effective
viscosity for a Carreau fluid. However, it is possible to
write Darcy’s law if a shear-rate, velocity relationship is
used. For equation {(2.11) Savins’s (1969) shear-rate,
velocity relation was used, this relation is discussed in
section 2.2.

k Ap

v = WE J— Carreau (2.11)
Boslug-ug {1+ (x (v/(ké)))Z)N~ L fluids

Z.1.4 - Viscoelastic Effects

The rheological models described above assume
viscometric flow; that is, no-time dependent elastic effects
are considered. If the fluid relaxation time is small
compared with the time of deformation, no elastic effects

will be observed. The deformation time s approximated by
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time required to pass through a constriction in the porous
media. The Fiuid relaxation time is the time reguired for a
fluid to recover from a deformation. Relaxation time is a
function of shear and normal stresses and the modulus of
elasticity of the fluid. When elastic forcas start to
become significant in comparison to viscous forces, this is
referred to in the 1iterature as the viscoelastic effect.

The importance of viscoelastic effects are best determined

from the El11lis number, which is defined in equation (2.12).
et characteristic fluid time
Ne - = (2.12)
Dp/u characteristic flow time

Characteristic fluid time (8;) relations have been published
by several researcheré, including TrQesdeil (1564) and
Marshall and Metzner (1967). The variable Dp is the
diameter of the particles for a packed bed. Viscoelastic
effects become significant when Ne exceeds 0.10. The onset
of viscoelastic effects resuits in increased apparent
viscosity of polymer and micellar solutions. Viscoelastic
effects offset the shear thinning behavior of pseudoplastic
fluids. A model to consider viscoelastic effects
explicitly is not included in the reservoir simulator. A
‘convenient method to include viscoelastic effects is to
input the poiymer or micel lar solution apparent viscosity in

a table as a function of interstitial velocity and
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cencentration. The simulateor can then model viscoelastic
effects, even though a rigorous theoretical treatment of
viscoelastic effects is not built into the simulator. If
the information is available, the input of apparent
viscosity as function of interstitial velocity and
concentration into the simulator is the most accurate.
Laboratory measurements are usuatlt ly reguired to generate

this data.

2.2 Shear Rate - Interstitisl]l Velocity Relations

The previous section discussed rheolcgical models used
in the simulator in terms of shear rates. To apply the
rheclogical models, it is necessary to determine some
representative shear rate within the porous media. A number
of researchers have pubblished equations that relate
interstitial velocity to shear rate. Savins (1969) derived
a shear rate-interstitial velocity relation based on a
capiliary model, which is given in equation (2.13).

$ u

vy = (2.13)
2.828 (C'k$) /2 '

The variable u Is interstitial velocity and C’ is a
constant that varies between 25/12 and 2.5. Gogarty (1967)
developed g relation using statistical fit of laboratory
data. Gogarty flowed surfactant stabil ized water in

hydrocarbon dispersions (micel lar solutions) through
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conscl idated sandstone cores to develop his relation. The

Gogarty equation is

b u v
¥y = [ 172 ] (Z2.14)
f(k) (k/¢)
where f(k) is defined as
f(k) = m log (k/kr) + p (2.15)

The constants m and p must be determined for the
particular fluid system. The constants B and y must be
determined for the particular reservoir reock. Because of
the four constants to be determined based on laboratory
measurements, the Gogarty equation cannot be applied unless
core flow experiments are conducted,

Jennings, Rogers, and West (1971) presented a shear
rate-interstitial velocity reiation based on a capillary
bundle, given in equation (2.16).

u

y = (2.16)
[1/72 (k/8)3'7?

Chistopher and Middieman (1965) developed a relation
for power law fluids based on the Blake—~-Kozeny equation:
3n + | 12 u ¢

y = (2.17)
4n (150 k¢)'’?

The constant, 12, was determined for a packed bed of uniform
spheres; for consolidated porous media the constanmt is

typically taken as 50. The Christopher-Middleman equation
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(2.17) was derived specifically for power law fluids. For a-
Carreau fluid, it fs necessary to use eguations (2.13),
(2.14), or (2.16). To date there has been nothing published
on the subject of which relation yields the most accurate
results. The Gogarty equation is probably the most
accurate, since it is based on a fit of laboratory data.
However, laboratory data is rarely available. Figure 2.4
compares the Savins, Jennings, et al., and the Christopher
and Middleman equations. It can be seen in Figure 2.4 that
for a given interstitial velocity, the calculated shear rate

can vary considerably depending on the relation used.

2.3 Degradation

Degradation, when referring to polymer sclutions, means
a loss of screen factor and viscosity. The screen factor is
defined as the time it takes for the fluid to flow through
five 100-mesh stainless screens divided by the time it takes
for water to flow through the same screens. The screen
factor is a good measure of mechanical degradation. Therea
are four principle types of polymer solution degradation:
mechanical, thermal, chemical, and microbial.

Microbial degradation occurs only with the
polysaccharides since they have a biologic origin.
Polyacrylamides do not experience microbial attack.

Microbes present in the injected water simply eat the
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polymer. If the polymer is consumed by microcbes, there is
obviously a loss ¢of viscosity. A well designed pclymer
application will inhibit microbes using some type of
biccide. The removal of oxygen from the injected fluid will
also help to minimize microbial aftack.

Thermal degradation occurs rapidly for polyacrylamide
above 200°F, and for polysaccharide above 160°F, These
temperatures are considered to be the safe 1imit for the
application of these polymers (Poettmann 1985). Even at
temperatures below the safe 1imit, there will be some loss
of viscosity over a period of weeks and months. Thermal
degradation is greatly accelerated by the presence of
oxygen, microbes, and divalent ions.

Chemical degradation can occur because of the presence
of calcium, sodium, and iron caticns. Oxygen and an acidic
pH will aliso accelerate chemical degradation.
Poiyacrylamide is much more sensitive toc cations thanm is
polysaccharide. Polyacrylamide is much more sensitive to
divalent caticns than to monovalent cations. An acidic pH
will greatly reduce viscosity. The result of chemical
degradation is to ball up the polymer molecules and reduce
viscosity (Chauveteau 1981). To cobtain maximum viscosity
the polymer chain has to be ful iy extended.

Mechanical degradation occurs at high pressure
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gradients, which causes the polymer molecules tb4be ripped
apart. Polvyacrylamide is very sensitive to shear
degradation; polysaccharide is not. A number of researchers
have published critical shear rate relations. When the
¢critical shear rate is reached, some percentage of the
screen factor or viscosity has been lTost. 7The critical
shear rate is often set at the point where ten percent of
the screen factor has been lost. Maerker (1975, 1976),
Seright (1980), Morris and Jackson (1978) have published
relations to predict Qhen shear degradation begins. The
best way to 1imit shear and mechanical degradation is by
lTimiting the pressure gradients.

As can be seen from the discussion above, there are
many other factors, determining viscosity besides
concentration and shear rate. It has been assumed for
simplicity that the parameters in the rheological model have
been appropriately adjusted for all types of degradation.
If the viscosity is defined ina tabular formas a function
of interstitial velocity, the appropriate corrections for
degradation are also assumed to be made. It should be
obvious that these assumptions do not take into account the
fact that all types of degradation can be functions of both

space and time.
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2.4 Adsorption - Retention

When polymer and micel lar soluticons flow through porous
media, some of the polymer or sulfonate will become trapped
or lost to the rock. There are three basic causes of
losses: adsorpticon, mechanical entrapment, and hydrodynamic
entrapment. Figure 2.5 il lustrates mechanical entrapment
and adsorption. When mechanical entrapment occurs, the
polymer is actually physically trapped. Hydrodynamic
entrapment occurs because the pressure gradient in the
region of the molecules keeps them trapped.

Adsorption is a surFace phenomenon, and {s usually
model led with a Langmuir adscrption isotherm. The form of
~ the Langmuir adsorption isotherm is given below.

Kg C Ag

A = (2.18)
1 + KC

The variable A is the amount of adscrption. The coefficient

A_ is the maximum amount of adsorption that will occur. The

m
variable C is the concentration, and Kg is a constant.
Adsorption is normal ly expressed in micrograms per gram of
rock or in pounds per acre foot of reservoir. Figure 2.6
illustrates a typical adsorption isotherm.

Since data on the various polymer loss mechanisms are

usual ly not available, it is difficult to determine exactly

how much each mechanism is contributing to polymer and
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micel lar solution loss. Adsorption and hydrodynamic and
mechanical enfrapment are therefore, lumped together. Cohen
and Christ (1986) have developed an experimental method to
distinguish polymer loss due to adsorption versus mechanical
and hydrodynamic losses. The Cohen and Christ procedure has
been applied to packed sand beds only, and not formation
cores. Their experiments on sand packs indicated that 35
percent of the polymer losses were due to adsorption and 65
percent of the polymer losses were due to mechanical and
hydrodynamic effects. For computation in the simulator, atl
polymer losses can be lumped into the Langmuir adsorption
isotherm, or polymer loss can be input in a tabular form as
a function of concentration. All polymer and micel lar
solution losses are assumed to occur instantaneouslys; that
is, thermodyrnamic equilibrium is assumed to be attained
immediately.

Adsorption/retention losses of polymer can range from
25 to 500 pounds per acre foot, while sul fonate may exhibit
losses up to 1500 pounds per acre foot. Mungan (1969},
Hirasaki and Pope (1974), and Cochen {(1983) have published
results of polymer adsorption studies. Polyacrylamides
adsecorb much more than polysaccharides (Castagno 1984). Al
losses to the reserQoir rock are also assumed to be

irreversible. While some desorption of surfactants may
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occur, in reality the amount is usually small. The
desorption of polymer is also insignificant (Fanchi 1984).
When adsorption and retention occur, the permeability of the
rock is reduced. The consideration of permeability
reduction is discussed in the next section.
Adsorption/retention denudes the polymer solution or
micellar slug of polymer or surfactant at the flood front.
Because of the denuding at the flood front, the polymer or
surfactant concentration will eventual iy be reduced to zero
at the flood front. Adsorption/retention delays the time to

breakthrough of polymer or surfactant.

2.5 Resistance Factors and Residual Resistance Factor

Resistance factors are used to measure the combined
change in mobility due to viscosity and permeabilty effects.
The resistance factor is defined in equation (2.19).

Mobility of Water (KyKpw) /8y

RF = = (2.19)
Mobility of Polymer (kpkrp)/up

The relative permeabil ity of the water and polymer solution
is usually assumed to be the same. The absclute
permeability to polymer can be gquite different from the
absolute permeabil ity of water, due to adsorption. The
resistance factor can be related tc the improvement in the

mobility ratio. Improvement in the mobility ratio increases
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conformance as shown in Figure 1.1.

A measure of the permeability alteration due to
adsorption and retention of polymer and sulfonate is the
residual resistance factor. The residual resistance factor
is deFined in equation (2.20).

Water mobility before polymer (Ryi Krwi?

Reg = = (2.20)

Water Mobility after polymer (kwp krwp)

The viscosity of water can be omitted from this computation
since it remains constant before and after polymer
injection. The retative permeabilities are usual ly assumed
to be the same before and after polymer injection. The
residual resistance factor is then the ratio of absolute
permeabilites before and after polymer injection. For
computational purposes in the reservoir simulator, RrF is
taken to be a linear function of adsorption/retention, as

shown in egquation (2.21).

Reg = 1 + (Rep_max—1) (A/AL) | (z.21)

The constant RrF is the maximum amcount of

—-max
permeabi lity reduction attainable. It should be ncted that
the amount of permeability reduction is not necessarily the
same for oil as it is for the agueous phase. Equation

(2.21) would then be written for each phase if the amount of

permeability reducticon was different. For a polysaccharide,
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R is quite close to 1.0: for a polvacrylamide the Rpg-

rf—-max

max may be as high as 15.0. Using equation (2.21), it is

possiblie to calculate the amount of permeabil ity reduction

for a given amount of adsorption/retention.

2.6 Inaccessible Pore Volume

The term inaccessible pore volume is considered by many
to be a misnomer, but it is a term that has gained common
usage. Dawscn and Lantz (1974) were the first to propose
the inaccessible pore volume theory. Dawson and Lantz
prepared cores by flooding the cores with polymer sclutions
until the effluent concentrations had stabilized, which
indicated no more adsorption/retention was occurring. It
was neccesary to have no adsorption/retention occurring in
the rock because adscorption/retention slows the propagation
of the polymer flood front, since the rock strips polymer
from solution. They then flooded the cores, in which ail
adsorption/retention had been completed, and observed that
if a polymer solution was prepared with salt water, the
polymer breakthrough would occur before the breakthrough of
the salt in the water solvent. Dawson and Lantz concluded
that the interstitial wvelocity of the poliymer is greater
than that of the water solvent. The higher interstitial
velocity of the polymer was attributed to a reduced flow

area for the polymer molecules because of thelr Yarger size.
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That area unavailable to flow for the polymer is called the
inaccessible pore volume.

While this phenomenon was originaily attributed to
inaccessible pore volume, it is now recognized that it is
also due to several other phenomena. Lecourtier and
Chauveteau (1984) have proposed a pore wall exclusion theory
based on thermodynamic considerations to account for the
higher interstitial velocity of the polymer. Other
researchers have also proposed theories to explalin this
phenomenon.

In terms of reserveoir simutation, the inaccessible pore
volume only modifies the polymer flow equation. The
inaccessible pore volume factor, denoted by F., is equal to
1.0 Tess the pore volume fraction which is not accessible to
po ]l ymer. Fc takes on valtues less than one and increases the
interstitial velocity of the polymer. For all cases in this
study, FC has been set to 1.0; that is, the velocity of the
polymer has not been increased. The option exists however,

to make FC less than 1.0, and increase polymer velocity.
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CHAPTER 3

ALTERNATIVES TO THE HALL PLOT FOR ANALYZING INJECTION WELLS

3.1 Falleff Testing

Falloff tests record the transient pressure behavior of
injection wells. A falloff test consists of shutting in an
injection well and observing the decrease in pressures as a
function of time. The pressures in a falloff test are
usual ly méasured down hole at the injecting interval. The
method of anaiysis for Newtonian fluld injection is the same
as that used in the buildup analysis of producing wells,
except that there are some sign changes. Nowak and Lester
(1955) were the first to develop the mathematical |
expressions for Newtonian fluid injection. They based their
development on the work of Horner (1951) and Van Everdingen

(1953), and derived eqguation (3.1).

70.6 qBu 948 rZéuc
Pws — Pj = Eq (- )
k h k At
948 rZ¢uc
- E; (- )y (3.1)
K (at+ty)

Equation 3.1 is for analyzing the infinite-acting, transient
period, following shutin after an injection period. The
value At is the time since shutin, and tp is the injection

time. The usual method of analysis of fal loff and bui Idup
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tests is the Horner plot which can bg developed from
equation (3.1). The recorded pressures are plotted versus
Horner time, where Horner time is (tp+At)/At. on semi-
logarithimic»scales. The slope of the straight line portion

of the plot is defined by equation (3.2).

162.6 gBu
m = (3.2)
kK h
The sign convention that injection is positive will be used

throughout the thesis. The skin factor from the Hormer plot

can be determined from equation (3.3).

2

P =0y~ P : PUCET
s = 1.1511 ¢ wf(At=0)"Fws(At) ) + Iog(——————z—)
m k At
tp + At
+ log(————) + 3.23 (3.3)
te

The term log[(tp+At)/tp} is usualiy negligible and omitted.
injection wells can also be tested by méasuring injection
pressures when injection is commenced from a stabilized
condition. This is analogous to the drawdown in producing
wells, andwill be referred toas a injection test for
injection wells. The injection test can be analyzed by
plotting the flowing bottom hole pressure versus the
logarithim of time. Equation (3.2) stilil applies to the

straight 1ine portion of the injection test but the skin
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factor is calculated using equation (3.4),

2
P -P; duc,r
s = 1.151 ( wF(at) ] ) + log(————~—ﬁ—) + 3.23 {3.4)
m k At

The analytical equations (3.1)-(3.4) are developed in detail
in the well testing literature (Matthews and Russell 1967;
Earlougher 1977; Smith 1978; Lee 1982). The equations as
discussed above are valid for the time period when the
reservoir is still infinite aéting during both the injection
and shut-in periods, i.e. the transient has not yet reached
the drainage radius. The equations assume the wel 1bore
storage period is over. It is also assumed in these
equations that the reservoir is homogeneoUs and there ié
single phase, Newtonian flow. Equations (3.1)—-(3.4) are
useful for testing and verifying the reservoir simulator as
shown in Appendix A.

Researchers have also developed analytical expressions
for transient, non-Newtonian, single-phase liquid flow.
Odeh and Yang (1972) and lkoku and Ramey (1979, 1980) have
developed analytical expressions for the transient pressure
behavior when power law fluids are injected in porous media.
Van Pool len and Jargon (1969) were some of the first
researchers to investigate transient non-Newtonian flow in
porous media. Odeh and Yang derived the fol lowing partial

differential equation for the flow of power law liguids
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through porous media.

2

3cp 1 ap ap

) — + (1 - 1/n) — — =r'/NB (3.5)
ar2 r ar idt

B is defined in equation (3.6).

.. ueff¢(1 + 1/2n) cpl/n .6
T k(1 —1/2m) q(1/n) '

Odeh and Yang solved equation (3.5) for an injection test,
assuming a single, homogeneous, power—law fluid bank
extending to the drainage radius. The result is given in

equation (3.7).

Pwf = Pj (3.7)

70.6 qu, (2n=1)/(2n+1) 2/(2n+1) _1/(2n+1)
W n t

Bl/(2n+1)

(2n+1)
k h rizn/(zn+t)y rit/m

- N

<+

wWhere I'{x} is the gamma function. For injection tests a

plot of p,-p; versus £1/42n+1) 411 yvield a straight line

with a siope given by equation (3.8).

1 +
m = Zn+l (3.8)

21 T (2n/2n+1)

182 q(2n=1) n2n-1 (2n+1)2 J1/(2n+1)

(hk)(Zn—l) c

The sliope of the straight 1ine portion of the plot for a
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fal loff test with a power law fluid is also given by
equation (3.8). The falloff test is plotted with (Pys—Pwe)
versus [(t+at)!/7(2n+l) _ pe1/{2n+1) 1 since the in-situ
value of n is usual ly unknown, it is usually necessary to
iterate on the value of nuntil a straiaght Iine is obtained.
[t can be seen that this procedure would become rather time-
consuming if attempted by hand. lkoku and Ramey went
through a development which is quite similtar to that of Odeh
and Yang, aithough their results are in a slightly different
form. The work of Ikoku and Ramey and Odeh and Yang both
assume there is single-phase flow of a power law fluid.
While their work is theoretical ly correct, it is often
difficult to unambiguously apply it to field dafa sets.
Their work atlso fails to accéunt for mulitiphase flow and
multiple fluid banks.

The falloff and injection test provide information on
the reservoir at an instant in time, since most of the
transient data is obtained over less than a day for polymer
and micel iar sofution injection. The Hall plot, in
contrast, proVides informaticn about the reservoir on a
continuous basis. However, to effectively apply the Hall
plot it is necessary to have information that is best
obtained from a faltloff or injecticn test. For example, the

Hall plot can identify a combined change in transmissibility
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and skin factor, but cannot identify how sach has changed.
For water injection, the transmissibility usually remains
relatively constant, but the skin factor may change.

Polymer and micel lar scolution injection may change both the
transmissibility and skin factor. It is therefore necessary
to run an injection or fal loff test periodical ly to
determine the skin factor and transmissibility. It is then
possible to determine how each parameter is changing from

the Hall piot.

3.2 Tvpe Curves

Type curves accomplish the same result as the fal loff
or injection test. Rather than making a Horner or injecticn
piot,/the field data is compared with dimensiconiess piots.
For non—-Newtonian fluids, a dimensionless non-Newtonian
pressure is usually plotted versus a non—-Newtonian
dimensionless time to generate a type curve. The field
pressures are then matched with the type curve. Based on a
match point, it is possible to calculate varicus reservoir
or fluid parameters. Lund and Ikoku (1980) and Gencer and
Ikoku (1984) presented type curves for non-Newtonian
/Newtonian composite reservoirs. Vongvuthipornchai and
Raghavan (1984) presented type curves for the injection of
power—law fluids into vertical ly fractured wells.

Vongvothipornchai and Raghavan (1285) also presented type
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curves for wells dominated by skin and storage. The tvype
curves are an alternative method of analyzing injection and
falloff data. However, additional complexities can be
considered in the type curve approach that are not
considered in falloff and injection test analysis methods of
the previous section. If 8 suitable type curve is
available, parameters obtained.From a type curve match can

effectively complement the Hall plot.

3.3 Reserveoir Simulation

Reservoir simuiation can be used to predict and history
match the performance of a reservoir when non-Newtonian
solutions are injected. When a suitabie history match is
obtained with field data, the simulator parameters should
reflect the in-situ reservoir parameters. Reservoir
simulation has the distinct advantage of considering all
important phenomena occurring when non—-Newtonian fluids are
injected into the reservoir. The assumptions which are made
in the analytical solutions and type curves often do not
reflect what cccurs in the field. Uniform polymer
concentrations, no adscorption, and specific rheoclogical
mode ls are the assumptions tvpical of the analytical and
type curve solutions for non—-Newtonian fluid injection.

These types of assumptions are usually invalid for field
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injectivity situations, and are not necessary in reservoir
simulations. In general, reserveir simulaticns have the
potential to more accurately determine reservoir parameters
than type curves and analytical sclutions. The principle
disadvantage of reserveoir simulation is that it is by far
the most time and capital intensive of the anmalysis
techniques. Also, a reservoir simulator may not alwavys be
available.

Bondor, et al., (1973} presented one of the first
reservoir simulateors for polymer flooding. Huh and Snow
{1985) presented a simulator that will automatical iy find a
"hest fit" history match. Fanchi (1985} developed a
reservoir simulator for the Department of Energy to simulate
polymer and micellar polymer flooding. Where appropriate,
the simulator develeoped in this study has drawn on the

simulation work done by these authors.



T-3147 | 44

CHAPTER 4

DEVELOPMENT AND ANALYSIS OF THE HALL PLOT

4.1 Derivation and Development of the Hall Plot

A less common way to analyze injectivity data is the
Hall plot. The Hall plot was original ly proposed to analyze
the performance of waterflood injection wells (Hall 1963).
Hall simply used Darcy’s law for steady—staté flow of a well
centered in a circular reservoir, which is given in
equation (4.1). Equaticn (4.1) alsoc assumes singlie phase,
Newtonian f1ow. Hall integrated both sides with respect to
time (egquation {4.2]) to obtain equation (4.3).

kh (P — Pg)

q = (4-1)
141.2 B8u (ln(re/rw} + s)

kh [(p,e — Pgldt

141.2 Bu (ln(re/rw) + s5)

kh f(p,e - Pgldt
Q = ad ° (4.3)
141.2 Bu (In(rg/r,) + s)

Separating the integral of equation {(4.3), Hall then
rearranged equation (4.4} to get eguation (4.5).
kh

Q = {fpyedt - fpgdt} (4.4)
141 .2 Bu (]n(re/rw) + 5)
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141.2 Bu (In(rg/r,) + s)
fppdt = . Q + Pt (4.5)
kn

Hall made a number of very important assumptions in
deriving the Hall plot. Equation (4.6) defines the relation
between surface and bottomhole pressures for steady-state
vertical flow. Where L is the depth of the well and Apg is

the pressure loss due to friction.
PuF = Pg ~ Ape + ogl (4.6}

Hall substituted equation (4.6) into equation (4.5) to
arrive at eqguation (4.7).
141.2 Bu (In(r /r) + s)

fpgdt = Q + JIPgtape—pgL] dt
kh

(4.7)
Hall simply dropped the second term on the right hand side
of equation (4.7) and plotted the integral of wel |lhead
pressures with respect to time versus cumulative injection.
This is what has come to be known as the "Hall plot." What
Hall observed by plotting in this format was that if an
injecticn well was stimulated, there would be a decrease in
slope, and if awell was damaged, the slope would increase.
While Hall’s conclusions are valid regarding changes in
s lope, the second term on the right hand side of equation

(4.7) is often not negligible in comparison to the other
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terms and therefore cannot usually be dropped. The pressure
at the drainagé radius and the hydrostatic head of the
injection column are usually a significant percentage of the
bottomhole injection pressure. If the sum of the hydrostatic
pressure, friction pressure, and external drainage radius
pressure are small when compared to the bottom hole

injection pressure, then quantitative calculations can be

made from the slopes of the Hall plot as originally proposed
by Hail. DeMarco (1968) and Moffitt and Menzie {(1978) have
used the Hall plot as originally proposed by Hall to ané}yze
injection well performance.

Injection data must be piotted in the form of equation
(4.4) to make valid gquantitative calculations, or some
correction must be made to the analysis method. There are
two correction procedures which will be developed in the
next section of this chapter to allow gquantitative analysis
of theHall plot to be made when the Hall integrals jpsdt or
fpwfdt are used. If no corrections are made, J (B Pldt
must be plotted versus cumutative injection. The slope of
the plot from equation (4.4) is then given by equation
(4.8).

141.2 Bu (In(rg/r.) + s)

k h

Equation (4.8) assumes there is a single-phase, homogeneous
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fluid bank that extends to the drainage radius. Equation
(4.8) may not be appropriate when muitiple fluid banks Qith
significantly different properties exist in the reservoir.

The Hall plot is a steady-state analysis method,
whereas the fal loff tests, injection tests, and type curve
analysis are transient methods. As stated previcusly the
transient pressure analysis methods determine the reservoir
properties at a point in time. The Hall plot is more of a
long term monitoring method; that is, reservoir properties
are measured ovef a period of weeks and months. The Hall
rlot can therefore help to identify when some change in
injectivity has occurred, such a&s plugging or near well bore
damage or fracturing.

Hall’s method has several advantages. Integrating the
pressure data with the Hall method has a smoothing effect on
the data. Smoothing the injection data over several weeks
or months results in more accurate answers, as opposed to
taking a single instant in time to calculate reservoir
properties. Acquisition of the data for the Hall plot is
inexpensive, sihce all that is required is the recording of
cumulative injection and surface pressures. The surface
pressures are then converted to beoettomhole pressures,
correcting for hydrostatic head and friction losses.

Injection and fal loff tests normal 1y require running gauges
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to the bottom of the hole on wireline, which is an
additional expense. The analysis of a Hall plot is
relatively simple. The Hall plot can be used to
gualitatively interpret what is happening in the reservoir
when changes occur in the sliope of the plot. The greatest
disadvantage of the Hall plot is that the skin and
transmissibility are lumped together in the slope obtained
from the plot, which can make quantitative calculations
difficult. That iswhy it is necessary to run a falloff or
injection test periodical iy to determine the

transmissibil ity and skin.

4.2 Quatitative Analysis of the Hall Plot

The Hall plot has been prepared several ways by various
investigators (Hall 19583; DeMarco 1968; Mo#Fitt and Menzie
1978). The most common method for preparing the Hall plot
is to plot the integral of surface pressure, Ipsdt, VEersus
cumuiative injection. Bottomhoie pressure, or bottomhole
pressure |less pressure at tne external drainage radius, can
also be integrated and plotted versus cumulative injection.
For gualitative analysis, the objective is to recognize that
a change has occurred in the injective capacity of awell.
The change could be due to a change in the transmissibility
or a change in the skin. A change in the injective capacity

of awell is recognized by & change in slope of the Hall
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plot.

If the integrals, fpsdt or Iprdt, are pldtted Vversus
cunulative injection, erronecus conclusions can be drawn
based on changes in the siope of the Hall plot. Figure 4.1
isaHall plot based on the data for well A, where the
integral Ipwfdt has been plotted versus cumulative

injection. Several changes in slope can be seen on the

plot, but there has been no change in transmissibility or
skin. The changes in slope are due to changes in rate.
The changes in slope occur because the integral, jpedt has

been ignored. The changes in slope can be understood as
follows: with a pressure at the external drainage radius of
1000 psia and a bottomhcle injection pressure of 1500 psia,
there would be some rate X. I[If the bottomhole injection
pressure was increased to 2000 psia then the injecticn rate
would increase to 2X. When jpwfdt is plotted versus
cumutative injection, a doubling of the injection rate
results in only a 33 percent increase in the pressure
integral. At higher injection rates, the slope of the Hall
plot will decrease, and the Hall plot slope will increase at
lower injection rates. Plotting other than f(pr—pe)dt
versus cumulative injection will violate the proportional ity

inherent in Darcy’'s 1aw.
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In field situations, plotting the [pgdt or [p,edt

versus cumulative injection has been found to work
satisfactorily. There are two reasons why these plots will
work in field situations. First, if the injection rates are
relatively constant, no changes in slope will occur untiess
the transmissibility or skin change. Second, if the fpedt
is negligiblie in comparison to the fprdt, no changes in
siope will occur unless the transmissibility or skin change.
When plotting fpsdt versus cumulative injection, then
f(pe+ApF~ng}dt must be neglible. The value Apg is the
pressure loss due to friction, and pgl is hydrostatic
pressure. Figure 4.2 is for the same data set as shown in
Figure 4.1, but the pressure at the external drainage radius
has been decreased to (00 psia from 1000 psia. The integral
}pedt is now smaller in comparison to fprdt. It can be
seen in Figure 4.2 that the changes in slope due to rate are
now smal ler. The plot using Iprdt versus cumuiative
injection agrees more closely with the plot of }(pr—pe}dt
versus cumulative injection.

Figure 4.3 is aplot prepared by Moffitt and Henzie
(1978) for the Bradford field using fpsdt. The wvarious
slopes indicate changes in transmissibility. It can be see

from Figure 4.3 that an increase in viscosity of the
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Figure 4.3
Hall Plot for the Bradford Field

{Moffitt, Pgul! D. and Menzie, Donald E., 1978, "Well
Injection Tests of Non-Newtonian Fluids," Society of
Petroleum Engineers, paper no. 7177.)
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injected fluid results in an increase in the sltope of the

Hall plot.

To correctly interpret a change in the Hall plot sliope,
f(pr—pe)dt must be plotted versus cumuiative injection. If
one of the other plotting methods is used, then one of
assumptions as discussed in the previous paragraphs must be
satisfied or a correction to the Hall integral must be made.
To make guantitative calculations when jpsdt or Ipwfdt is
plotted versus cumulative injection, it is necessary to
correct the integrations. One method to correct the Hall
integrals is toc simply subtract that term which was omitted
in the original integraticon. To correct fpgdt, the quantity
I(pe+ApF—ng)dt needs to be subtracted from the integral.
For most probliems the quantity j(pe+ApF—PgL}dt can be
estimated by (pe+ApF—ng)At to correct the integral, since
for most situations the integrand is relatively constant
with time. The same logic can be applied to Ipwfdt. the
correction to be subtracted being pebt.

An alternative method to correct the Hall plot, is to
correct the slope directly, since the slope is the gquantity
used in most quantitative calculations. When the integral
plotted is Iprdt, it can be easily shown that the corrected

slope is equal to equation (4.9).
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pa(t; - to)
_ ertl1 2 (4.9)

Q - Q

mH-’-_-m':{

The slope mgis the Hall plot slope calculated using the
integratl Ipwfdt. The siope My is the corrected slope, which
is eguivalent to using f(pwf—pe)dt.
A similar correction scheme can easily be developed using for
the Hall integrail, Ipsdt. as given in equation (4.10)}).

(Pe — &pg + pglb) (£ - t3)

_ (4.10)
Q - Q

mH=mé

It has been assumed in equation (4.3) that pg fs constant
with respect to time for the period of slope correction and
likewise for eguation (4.10) that Par APgs and pglL are
constant with respect to time for the period of slope
correction. From this peoint on, altl Hall piots will be
assumed to be suitably plotted (f(pys-Peldt versus Q) for
quantitative analysis unless otherwise stated.

An increase in the slope of the Hall plot indicates a
decrease in transmissibility and/or an increase in skin. A
decrease in the slope of the Hall plot indicates an increase
in transmissibility and/or a decrease in skin. The next two
sections will develop methods to quantitatively interpret

the Hatll plot.
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4.3 Quantitative Analysis of the Hall Plot
for Newtonian Fluids

When f(pr—pe)dt is plotted versus cumulative
injection, the slope of the Hall plot is equal to equation
(4.8). This slope assumes single-phase flow with only one
fluid bank. It is also possible to analyze the Hall plot
using the concept of multiple fluid banks. Analysis methods
for the Hall plot using the concept of muitiple fliuid banks
will be developed in this and the following section. Based

on the slope of the Hatll plot, if the skin is known, the

transmissibility can be calculated, and if the
transmissibility is known, the skin can be calculated. For
single—-phase flow, the transmissibility will not change

significantly with time; therefore, any change in the slope

of the Hall plot will e due to skin effects. Assuming no
change in transmissibility, the new skin can be calculated
as follows for water injection if the transmissibility is

already known. The subscript 1 denotes the old siope and

the subscript 2 the new slope.

kK ke D
52 = Sl + (mHl - mHZ) (4.11)
141.2 Bw Uy
When a waterflood is commenced, there will be two—-phase

flow in the near wel lbore region. The development
presented in section 4.1 assumed there was single—-phase flow

of a homogeneous fluid. As the water moves away from the
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wel lbore, a water bank and oil bank form. A simplified
method to anaiyze this situation is to apply Darcy’s law in
a series manner. If the reservoir and fluid properties are
assumed to be constant within each bank, then the slope of
the Hall plot is given by equation (4.12).

B, (1n(ry/ry,} + s) uBoIn(ra/rp;)
my = (141.2/kh) { — " bl’ w 4 o070 " Te/Tbl

Krw Kro
{(water bank) {oil bank} (4.12)
Since the oil displacement is governed by the Buckley-
Levrett (1942) equation, the saturations and relative
permeabilities are not constant within each fluid bank. The
interface between the oil and water bank is ry,. The
i'nterface of the oi 1l and water banks can be estimated using

equation (4.13), which results from the Buckley-Leverett

equation.

)F + rey {(4.13)
¢ 1 h as,,

The quantity (afw/asw)F is the derivative of the
fractional flow curve at the flood freont. The water
saturation and the derivative of the fractional flow curve
at the flood front are determined using Welge’s method
(1952). Additional development of the Buckley-Leverett

equation is given in Appendix A. Since the saturations and
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relative permeabilities in the fluid banks are not constant,
résuits from equation (4.12) will only be approximate. As
the oil bank s pushed away from the wel |bore the water bank
term will dominate in equation (4.12) and the single phase
flow solutionlcan be used.

4.4 Quantitative Analysis of the Hall Plot
for Non-Newtonian Fluids

The analysis methods for non-Newtonian fluids are
simi lar to the methods developed in the previous section,
except that the non-Newtocnian rheology and permeability
reduction must be considered. All equations developed in
this section will degenerate to singie fluid bank equations
when the terms for banks away from the wel Ibore are dropped,
and the fluid bank in contact with the wel lbore is assumed
to extend to the drainage radius. Equation (4.14) is for an
injection sequence of polvmer and then water. The reservoir
is assumed to be initially oil saturated. Three fluid banks

will be created: oil, polymer, and water.

1. B (In{(rp-/r )} + s) LB In(rni/rhno)
my = 141.2 W W b2/" w + pPw bl/ b2
h kwp Krw h kp Krw
{water bank) (polymer bank)
HoBoIn(rg/rypy)
+ ) (4.14)

h kwi kro

(oll bank)
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Equation (4.14) can be rewritten with Jjust one absolute
permeabi l ity and one aqgueous phase viscosity after the
introduction of resistance factor (Rg) and residual
resistance factor (R.g). Since residual resistance factor
and resistance factor are useful in the evaluation of
polymer performance, equation (4.14) has been rewritten in
equation (4.15).

Rpepu, B, (1N{rps/r,) + s) . Reu, Byln(ry/rpa)

my = 141.2

h k,q k h ki K

rw rw

(water bank) {polymer bank)

v B In{r./ro}
o-o 2/ "'bl (4.15)

h Kyi Kro
(oil bank)

In general, the bank in contact with the wel lbore will
dominate the other terms. When the bank in contact has
moved out a substantial distance, the other terms, in some
situations, can be dropped; and the bank in contact with the
wel Ibore can be assumed to extend to the drainage radius
without substantial error in the calculations. When the
fluid bank in contact with the wel lbore has moved out a
short distance, the dropping of the terms for the other
banks can result in large errors. In Chapter 5,

calculations will be made to determine the amount of error

resulting in dropping all but the nearest wel ibore term.
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The calculations assume the bank at the wel 1bore extends all
the way to the external drainage radius.

If the original transmissibility and skin are known
pricr to polymer injection, when polymer injection is
commenced the in-situ resistance factor can be calculated,
When water injection is commenced, the resistance factor is
known and the residual resistance factor can be calculated.
The terms in eqgquation {4.15) can be rearranged to account for
any injection sequence. The position of each fluid bank can
be located by using equation (4.13), or the fluid bank
position can be approximately located by assuming piston
displacement. In equations (4.14) and (4.15) the apparent
viscosity of the polymer bank is assumed to be constant in
;pace. There will be less shear-thinning away from the
wel lbore, and the apparent viscosity of the polymer will
increase if the concentration is constant. It is possible
to take into account the variation of apparent viscosity in
space by applying equations (2.6}, (2.9), or (2.11) to
Darcy’s taw in the same series manner used to develop
equations (4.14) and (4.15). For the simple case of a
power—-law fluid bank occupying the whole reservoir, the
Hall plot would be altered to the f(pr—pe)dt versus
qu/”dt. The sTope of the Hall plot would be be given by

equation (4.16), where u_ is defined by eguation (2.5).
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141.2 B u, {(In{r_/r ) + s)
mH = w e € hd <4.l6)

Kp Ky B

The addition of the non-Newtonian rheology makes the
equations more difficult to handle for hand computations,
particularly for multipie fluid banks. It wilil be
demonstrated in chapter 5 that the variation in apparent
viscosity through space is relatively small for the actual
field behavior of polymer solutions, and a constant
viscosity approximaticn for the polymer bank is reasonable.

The Hall plot could aiso be used to analyze transient
flow. The transient flow period can be viewed as a series
of steady-—-state flows. When fhe Haltl plot is applied to the
transient flow period the current radius of investigation
must be used for Tae The radius of investigation is
defined in egquation (4.17), for t in hours.

k t

reo= [ 1172 (4.17)
948 ¢ u C

While it is possible in thecory to analyze the transient fiow
period with the Hall plot, this is not recommended. The
‘FalloFF and injection testing methods presented in section
3.1 are much better suited to analyzing the transient flow
pericd. Once the pressure transient reaches the drainage

radius, a pseudo steady-state or steady-state flow condition
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is reached, depending on the boundary condition at the
drainage radius.

For most field situations where a reservoir is under
water, polymer, or micel lar—-polymer flooding, the transient
period usual ly does not last more than a day or two. During
the transient flow period, the slope of the Hall plot is
changing, given constant reservoir properties. Using reai
field data, it is usually not possible to observe this
changing slope pericd on the Hall plot. The reason that the
transient pericd is not usually observed on the Hall pliot is
that pressures in the field are typical ly recorded only once
or twice per day. Since the transient period lasts only a
few days it isdifficult toobserve infield data with such
infrequent pressure readings. [t is possible to observe the
transient flow period on the Hall plot when pressures and
rates are recorded frequently at eariy times. The transient
flow period will be examined in additional detail in chapter

5'using field examples.
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CHAPTER 5

HALL PLOT ANALYSIS RESULTS

This chapter will analyze simulator results for three
wells in which non-Newtonian fluids and water were injected.
Well A is a hypothetical example; wells B and C are actual
wells. Each of the field examples has three months of daily
injection data. The two field examplies have been history
matched with the reservoir simulator. Based on these three
wells, the effect of transient flow , multi-phase flow,
shear thinning, and permeability reduction on the Hall plot
are investigated. 7The analysis methods developed in chapter
4 will be applied to the examples in this chapter. Resuits
obtained by analysis with the reserveoir simuiator will be
compared with the analysis methods of chapter 4. Based on
this comparison, the validity and accuracy of the methods

developed in chapter 4 will be evaluated.

5.1 Analysis of Well A (Hypothetical)

Well A is a hypothetical example. The data for Well A
is given in Appendix 8. Figure 5.1 illustrates the
injection history of the well. Water was injected for 51
days, then injectibn of 1000 ppm polvymer solution commenced
and continued for the remainder of the injection.

Figure 5.2 iliustrates the Hall plot for the transient
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flow period. The injection rate during this period is 500
STB/day. The oil saturaticn was set at residual, so the
plot is for single—phase flow. The wel lbore storage period
ends after 25 minutes, i.e. wel lbore storage ends after 3
barreis of fiuid have been injected into the formation and 9
barrels have been injeéted at the surface. The time to
steady state flow is 24 hours using equation (4.17). For
this case the end of the transient period occurs when 494
bbl have been injected. It can be seen that there is a slow
continuous curve in Figure 5.2 because of the changing
radius of investigation. When 50 STB have been injected,
the time is 2.7 hours and the radius of investigation is 333
feet. The slope of the Hall pliot will be given by egquation
(5.1) during the transient pericd.

14i.2 Bu, (In{rg;/r,) - 0.5 + s)

m = (5.1)
H kK K h

rw
it should be noted that -0.5 has been added to the
equation since the flow is no longer a'true'steady state,
but what is referred to in the 1iterature as pseudo-steady
state. Using 333 feet for Fajs it should be possible to
back calculate the permeabil ity taking the slope of the
curve at a cumulative injecticon of 50 bbl. The slope of

Figure 5.2 at a cumulative injection of 50 5TB is 1.77

{psia-days)/STB. The calculated permeability to water
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slope calculation for two-phase flow. The Hall plot stitl!
generates a straight line for water injection when two-phase
flow is occurring in the reservoir.

At the end of the polvmer injection, the siope of the
Hall plot is 58.1 (psia—-days)/STB for single-phase flow.
The curve for two-phase flow has a slope of 63.1 (psia-
days)/STB. The difference between the two slopes is 8.6

percent. As time continues, the slope to the two—-phase Hall

plot curve will approach the slope of the single-phase
curve. These curves il lustrate that for situations where
the mobil ity contrast is not tcoco great two-phase flow

effects can be neglected without appreciable error in the
Hall plot slope. As the oil bank is pushed farther from the
wel lbore, there will be less error with the single-phase

flow assumption.

5.2 History Matching and Analysis of Well B

Weil B is based on the data published by Miiton,
Argabright, and Gogarty (1981). The data was used to
evaluate a reservoir in the Big Horn Basin, Wyoming, for
polymer flooding. The Milton, et al., data set was selected
because they provided detailed reservoir data, daily
pressures and rates, and rheclogical data. The injection
pressures and rates were also controiled to prevent

excessive fracturing. Two fal loff tests were alsco run to
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determine skin and permeability. The data provided by
Milton, et al., is summarized in Appendix C.

The polymer injection sequence consisted of water
injection followed by polvacrylamide polymer solution. The
polvacrylamide polymer solution was displaced by water. The
details of the injection seguence are given in tables C.4
and £.5. When history matching the performance of this
well, all the parameters supplied by Milton, et at., were
used as input for the simulation runs, with the exception of
two. The rheclogical data and resistance factor estimates
provided by Milton et al., were used as a first approximation,
and were then adjusted to obtain the best possible match.
Al 1l pressure data was recorded at the surface. For history
matching purposes, ail surface pressures were corrected to
bottomhole pressures with the inclusion of friction.

Because of the high rates, the pressure drop due to friction
was as high as 250 psi.

The Taboratory measurement of apparent viscosity of the
poiymer solution as a function of interstitial velocity and
concentration is given in Figure 5.5. The residual
resistance factor was originally estimated to be 1.05. To
obtain the best possible match with the field data, it was
necessary to reduce the polymer solution viscosity and

increase the residual resistance factor. The best history
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match was obtained using the rheology given in Table C.2 and
a max imum residuaf resistance factor of 1.35. Based on the
assumed | inear relation adsorption/retention isotherm and
residual resistance factor, the in situ residual resistance
factor is calculated tco be 1.33. Table b.1 compares the
laboratory apparent viscosity with the apparent viscosity
used in the best history match at a concentration of 1000
and 500 ppm.

Two types of history matching runs were made on Well B.
The first type of history matching was done using the rate
control (Neumann) boundary condition at the wel lbore. The
field injection rates were used to predict bottomhole
pressures. The history match was obtained by matching fietld
pressures with predicted pressures. The second type of
history matching run was made using the pressure control
(Dirichlet) boundary condition at the wel lbore. The field
bottomhole pressures could then be used to predict injection
rates. The history matching was then performed by matching
field injection rates with simulator predicted rates. The
history matching runs used 20 and 50 radiatl cells. There
was no significant difference between the results using 20
and 50 cells. The reservoir had been waterf looded
extensively prior to the collection of the Hall plot data.

Milton, et al., considered the reservoir to be at residual
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Table 5.1

Comparison of Simulator and Laboratory Apparent Viscosities,

Weil B

Concentration 1000 ppm

Interstitial Laboratory Simulator
Velocity (ft/day} Viscosity (cp) Viscosity (cp)
0.0l - 10.0
0.10 38.0 10.0
1.00 9.5 5.5
10.00 3.0 2.0

106.00 G.7 0.7

1000.00 0.7 0.7

Concentration 500 opm

Interstitial LLaboratory Simultator
Velocity (ft/day) Viscosity (cp) Viscosity (cp)
0.01 - 5.0
0.10 10.0 5.0
1.08 5.0 3.0
10.00 2.0 1.8

1060.00 0.7 0.7

100G.00 0.7 0.7



T-3147 75

oil saturation at least in the vicinity of the well. The
reservoir was therefore model led using single-phase flow.
Using the rate control (Neumann) boundary condition and
matching pressures, Figures 5.6 and 5.7 were obtained. The
match based on the Hall pleot is quite close except between
the injecticon volumes of 80,000 and 120,000 barrels (Figure
5.6). This interval corresponds to 40 to 70 days on the
pressure plot (Figure 5.7). It was not possible to obtain a
better match over this interval. One reason for a problem
with the match over this interval is due to the fact that
both fresh water and brine were injected. The injectivity
of fresh water is higher than brine, which can be obsearved
in the injectivity index between 60 and 65 davs. The
‘njectivity is calcultated in a manner analogous to the

productivity index (see equation [5.2]).

Injectivity Index = [.I. = (5.2)

The injectivity of fresh water is 1.753 bbl/day/psi and the
injectivity of brine is 1.367 bbl /day/psi. The simulator is
not designed to handlie differing injectivity of water due to
varying chemical composition. Some tvype of chemical
reaction is occurring due to the water chemistry to cause

the change in injectivity. Another problem with the field
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data is the injectivity of the polvmer Jjust prior to water
injection is highér than brine injectivity at 1.578

bbl /day/psi. A polymer solution having a higher injectivity
than water does not make physical sense. For example it was
observed that to obtain a better match in the poiymer
injection region a poorer match was cbtained in the water
injecticn region. The opposite would occur if a better
match was obtained in the water injection region.

Figures 5.8 and 5.9 are for a history match using the
pressure control (Dirichlet) boundary condition at the
wel lbore. The same gual ity of match is obtained using the
pressure control boundary conditon as the rate control
boundary condition. The error between the two methods is of
the copposite sign at any particular point in time.

For example, when using the rate control boundary
condition and the history match pressure is too low, a
switch in boundary condition to pressure control will result
in a rate that is too high. When using the pressure control
boundary condition one problem that can occur is that =a
sudden drop in the wel lbore pressure will actual ly cause the
well to backflow into the wel ibore. This occurs because the
pressure in the wel ibore is actually less than the pressure
in the first resevoir cell. What this means, is that for

history matching, when the well is shutin, the pressures
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must be decreased slowly to prevent backflow into the
wel Ibore of the simulator.

In the history matching process, the matching of the
initial water injection period was useful For‘veriFing the
reservoir properties. The history matching of the polymer
injection period was control led by rheclogy and residual
resistance factor. The history matching of water injection
fol lowing polymer was controlled by the residual resistance
factor.

There was no polymer adsorption/retention data
available for this weil. Two history matching runs were
mace at different adsorption/retention levels. The Langmuir
adsorption/retention isotherm was estimated to have a
maximum adsorption of 0.02 mg/g, and intermediate values
were also estimated as a function of concentration to
generate a smooth curve. The adsorption/retention was then
increased 250 percent to a maximum of 0.05 mg/g. The
adsorption jsotherms were constructed such that there would
be the same in-situ residual resistance factor of 1.33. The
two history matching runs are compared in Figure 5.10. It
can be seen from Figure 5.10 that changing the adsorption
between 0.02 to 06.05 mg/g has no effect on the Hall plot.
The residual resistance factor is much more importént than

the amount of adsorption in determining the pressure
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behavior of a well.

Using the Hafl plot generated from history matching,
the analytical procedures developed in Chapter 5 will now be
applied to the Hall plot. The Hall plot shown in Figures
5.6 and 5.8 has three distinct portions: the first section
being water, the second section being polymer, and the
third section being water injection. Applying Darcy’s law
in a series manner, an equation can be written for each
section. for this example, four unknowns will be assumed:
kwikrw’ RrF‘ Reys and RFE' Al 1l other parameters are
assumed to be known. [t should be noted that Rg; and Reo
will usually not be equal, principal ly because adsorption
will reduce polymer concentrations as the polymer slug
propagates through the reservoir. A reduction in polymer
concentration results in less polymer solution apparent
viscosity and less permeability reduction. The unknown RFI
is the resistance factor of the polymer bank, while pcoclymer
sclution is being injected. The unknown Res is the
resistance factor of the polymer bank, after polymer
injecticon has stopped and water injection has commenced.
The slope of the Hall plot for the first water injection
period is given by equation (5.3).

| 141.2 u B, (In(r_/r) + s)
My = (5.3)

h kwi k
{water bank)
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The slope of the Hall plot for the polymer injection period

is given by equation (5{4).

ReHy By (Inlrpp/ry) + 3)

h K

wi krw

(polymer bank)

u, B, Tn{r_/rys)
W W e’ b2 (5.4)

h k k

wi rw

(water bank}
The slope of the Hall plot for water injection following

poclymer injection is given by eguatien (5.5).

RrFuwa(1n(rb2/rw) + s)

Mys = 141.2
hkwikrw

{water bank)

Rezdw Byln(rp /Tpp) HyByln(re/rp;)
+ (5.5)

k h Kk

W wi k

h oKy rw
{polymer bank) {water bank)

The permeability of the reservoir can be calculated
with equation (5.3). The sliope of the Hall plot during the
initial water injection period is 0.338 (psia—-days)/bbl.
From this sliope, a permeablity to water of 90.9 md is
calculated using @ skin of 7.2, where the permeability to
water is given by kwikrw . The permeabil ity to water used

by the reservoir simulator is 91.0 md. A Darcy skin of 7.2
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is used for all time steps by the simulator. Having

el iminated one unknown, there are now three unknowns, and
only two equaticons. To sclve for all the unknowns it is
necessary to have another equation. The residual resistance
factor can be estimated by taking the ratio of my; to mys-.
As injection proceeds, the slope mys3 will appreoach the value
given by equation (5.6). The contribution from the banks
farther away from the wel lbore become smaller and smal ler as

injection continues when using equation (5.%).

141.2 Rpgu B (In(r/r) + s)

My3 = (5.6)
h kwi krw
{water bank)
The latest straight 1ine portion of water injection

following polymer is used to estimate my3 SO that the
influence of the other banks will be at aminimum. By
combining equations (5.3) and (5.6) it is possible to soive
for RrF' quuation (5.6) is used to estimate the slope given
by equation (5.5). The residual resistance factor can be

estimated wusing equation (5.7).

Rrf = MH3/My) (5.7

The lTatest straight line slope for water injection following

polymer is 0.479 (psia-davys)/bbl. The residual resistance
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factor is computed to be 1.42. The in-situ residual
resistance facteor calculated in the simulator is 1.33.
There are now two equations, (5.4) and (5.5) and two
unknowns to find Rgy and Rey. Since this problem was
simuiated using one phase flow, all displacement processes
are miscible and therefore, piston~1ike displacement occurs.
The location of the interface between banks can be
calculated by veolumetric calculations accounting for polvyvmer
adsorption. The accuracy of the bank positions is not that
important to the computations since the logarithim of the
ratio of the radii is taken. At the end of the polymer
injection period, the polymer bank has reached a radius of
123 feet. The slope, my,, taken from the plot is 0.684
(psia—-davys)/bbl. Substituting numerical values, equation

(5.4) becomes

0.684

0.2843 Rg; +  0.0521 | (5.8)

{polymer bank) + (water bank)

My 2

The resistance factor is calculated to be 2.22 for the
polymer bank when polymer is being injected. It can be seen
that the water bank is less important than the polvmer bank,
supporting the conclusion that the bank in contact with the
wel lbore will dominate. The water bank away from the

wel lbore can be assumed to be negligible, and the single
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Fluid bank assumption used. Assuming the polymer bank
extends to the external drainage radius, equation (5.8) can

be rewritten as equation (5.9).

0.684 0.3319 Rgy (5.9:

(polymer bank)

M2

Using the single-fluid bank assumption, the resistance
factor is calculated to be 2.06. The single-fluid bank
assumption will always underestimate the resistance factor
because the polymer bank is assumed to extend to the
drainage radius when it actually only extends some fraction
of the drainage radius. The apparent viscosity in the
simulator varies from 0.70 cp at the we i lbore to as high as
4.12 cp at a radius of &3 feet. The residual resistance
factor is almost constant at 1.326. The simulator provides
pressures for each cell. Using these pressures, it is
possible to back calculate an average resistance facter for
the polymer bank. The pressure dreop across the pelvymer bank
is 846 psi at a rate of 1473 STB/day, when the polvymer bank
is at 123 feet. The average resistance factor is calculated
to be 2.17 for the polymer bank using the simuiator data.
The slope of the late time water injection fol iowing
polymer is 0.479 (psia—-days)/bbl and is used to solve

equation (5.5). For the late time water injection, the
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polymer bank is between 104 feet and 237 feet. Substituting

numercial values fnto equation (5.5) results in

0.479 = 0.3774 + 0.0081 Rgsy + 0.0441 (5.10)

M3 =(water bank)+ (polymer bank) +{water bank)

The resistance facter oF‘the polymer bank away from the
wellbore is calculated to be 4.19. The pressure drop across
the polymer bank is 107 psi at a rate of 1706 3TB/day. The
average resistance factor of the polymer bank is calcutltated
to be 3.51 using the simulator data. The resistance factor
calculated for the polymer bank away from the wel lbore can
be significantly in error. The reason for the larger errors
is that the pressure drop due to the polymer bank, is small
away from the wel lbore. A small error in the determination
of the slope, results in a magnified error in the calculated
resistance factor. For example, if the siope was 1| percent
in error, and the pressure drop across the polymer bank away
from the wel Ibore was 5 percent of the total pressure drop
across the system, the calculated resistance factor would be
25 percent in error. Table 5.2 compares the approximate
anafytical methods with the simulator resuits. The
analytical methods developed in Chapter 5 give reasonable

estimates of the in situ parameters.
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Tabtle 5.2

Comparison of Analvtical Method with Simulator Results,
Well B

Parameter Anaiytical Method Analytical Method Simulator

Multiptle Banks Single Bank
kwikrw 90.9 390.9 91.0
RrF 1.42 1.42 1.33
RFI 2.22 2.06 2.17
RFZ 4.13 - 3.51

Figure 5.11 compares the three different methods of
integrating the Hall plot. For each method of integration,
the slopes of the curves are quite different. Quantitative
calculations can be made with each curve if the appropriate
corrections are made. The correction peAt must be
subtrécted from Ipwfdt toc vield I(pwf—pe)dt' The correction
(pe—ng+ApF)At must be subtracted from Ipsdt to vield P~
pPgldt.

An example correction will be done on the water
injection period given in Figure 5.11. The corrected slope
of the Hall plot will be calculated using two points, one at
a cumulative injection of 125,000 STB and another at 100,000
STB. The pressure at the external drainage radius is

constant at 1180 psia. The combined hydrostatic head and
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the pressure loss due to friction average about 1700 psi.
The data for the Hall plot corrections are given in Tables
5.3 and 5.4. When the corrections have been applied to the
other integrations, the corrected vaiues should agree
closely with the slope of 0.600 (psia-davs)/STB when using
j(pr—pe)dt. The integrail jpsdt is corrected to calculate a
Hall plct slope of 0.612 (psia-days)/5TB, and Iprdt is
corrected to calculate a Hall plot slope of 0.600 {(psia-
days) /STB. The difference in the corrected siopes and the
slope from j(pr—pe)dt is due to the accuracy with which
values can be picked from Figure 5.11. Once the slopes have
been corrected, all calculations proceed exactly the same.
Equations (4.9} and (4.10) can also be used to correct
the slope directly. When the integral plotted is Ipwfdt,
equation (4.9) is used. Using the data given in Table 5.4,
the slope using fprdt is 1.440 (psia—-days)/STB and the
slope correction is 0.840. The corrected Hall plot siope,
My is calcuiated to be 0.600 (psia—-days)/STB. If the
integral Ipsdt is plotted equation (4.10) is used to correct
the slope. The slope mh is egqual to 0.24C (psia—-davs)/STB
when the integral jpsdt is used. The slope correction is
calculated to be -0.370 (psia-days)/STB using eguation
(4.10), which yields a corrected sliope of 0.610 (psia-

days) /STB.
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Tablie 5.3
Hall Plot Integration Correction Example for (pgdt, Well B
Cum. Injection Time Ipsdt (pg—pgl+tApg) Corr. Integral
(STB) {days) (psig-days) (psia—-days) {psia—-days)
125,000.0 71.3 21,000 -37,100 58,100
100,000.0 53.5 15,000 -27,800 42,800
58,100 - 42,800
my = = 0.612 {(psia—-days)/STB
125,000 - 100,000
Table 5.4
Hall Piot Integration Correction Example for {pwfdt, Well B
Cum. Injection Time IryfFdt pRAL Corr. Inmtegral
{(STB) (days) (psig—days) (psia-days) {psia—-days)
125,000.0 71.3 142,000 84,10C 57,900
103,000.0 53.5 106,000 T .63,100 42,3500

57,900 - 42,900

my = = 0.600 (psia-days})/STB
125,000 - 100,000
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5.3 History Matching and Analvsis of Well C

Well C was uséd to evaluate the injectivity of micel lar
and potiymer solutions. The reservoir data and injection
history are given in Appendix D. The daily injection data
consisted of micel tar solution injection followed by polymer
solution injection. The polymer solution was displaced with
water. The rheological data was limited for the injected
fFluids. Tabte 5.5 gives the apparent Brocockfield viscosity

of the polymer solution at 6 RPHM.

Tablie 5.5
Apparent Viscosity and Screen Factor, Well C
Concentration Apparent Viscosity Screen Factor

{PFPM) (cp)

2300 37.0 11.8
2800 55.0 15.0
3100 70.0 17.5
3430 L 110.0 18.7

The injection pressures were [imited to prevent fracturing
of the reservoir. A falloff test was run prior te
commencing micel lar scolution injection, which indicated a
water mobility of 27 md/cp and a skin of -l1l.14. The skin
and permeabil ity calculated from the fal loff test are used

in the simulator. This reservoir had been extensively
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waterflooded prior to the injection testing. The reservoir
was estimated>to be at residual oil saturation, therefore
the history match was done using only single-phase flow.

The history match was conducted in the same manner used
for Well B. The best history match was obtained by
adjusting rheology and resistance factors. All other
parameters were input from available data and assumed to be
correct. The Carreau model was used to approximate the
rheology of the polyvmer and micel lar solution. History
matching was done using both the rate and pressure control
boundary conditions. For history matching purposes, all
surface pressures were converted to bottomhole pressures.

Using the Neumann (rate control) boundary condition,
Figures 5.12 and 5.13 were obtained. The overall match is
not as good as obtained for Well B. There are several
possible reasons for the poorerbmatch. The simulator does
not model the interfacial effects which occur with micel lar
solutions. The rheology of the micel lar solution was
estimated by assigning a polymer concentration to the
micel tar solution. The micel lar siug was relatively small at
556 STB. The polymer concentrations could have varied with
time. The rheology of the polymer solution used to obtain
the best match is given in Tables D.3 and D.4 of Appendix D.

It can be seen from these tables that if the concentration
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varied plus or minus 10 percent, significant changes in
viscosity could occur. There could also be inaccuracies in
the recorded rates and pressures, which would result in a
poorer match. Some of the data is suspect because as the
injection rate is increased, and all other things remaining
equal, there is no change in pressure. The amcunt of
permeabil ity reduction was much larger than for Well B. The
maximum residual resistance factor used in the best match
was 11.3. The history match using the pressure control
boundary condition is shown in Figures 5.14 and 5.15. The
match using the pressure control boundary condition is about
the same as the match cbtained using the rate contro!
boundary condition. This can be seen when Figures 5.12 and
5.14 are compared. Reasons for problems with the match are
the same as with the Neumann boundary condition. The
max imum residual! resistance factor uéed on the best match
was 11.5. The rheclogy given in Tabies B.3 and B.4 was
used. Using the rate control boundary condition, cases were
run with varving levels of adsorpton/retention. The
resuits, as with Well B, were found to be very insensitive
to the amount of adsorption/retention.

Figure 5.16 compares three different methods of
integrating the Hall plot. For each method of integration,

the slopes of the curves are quite different, as in the
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previous section. An example correction will be done. as
was performed in the previous section, on the water
injection period given in Figure 5.16._ The corrected slope
of the Hall plot will ke calculated Qéing two points, one at
a cumulative injection of 5000 STB and another at 7000 STB.
The pressure at the external drainage radius is constant at
300 psia. The combined hydrostatic head and the pressure
loss due to friction is egual to 800 psi. The data for the
Hall piot corrections are given in Tables 5.6 and 5.7. When
the corrections have been applied to the other integrations,
the corrected values should agree closely with the siope of
16.50 (psia-days)/STB when using [(p e-Pgldt. The integral
Jpgdt is corrected to calculate a Hall plot slope of 16.60
{psia—days)/STé, and jpwfdt is corrected to calculate a Hall
plot slope of 16.45 {(psia-days}/STB. The difference in the
corrected siobes and the slope from f(pwf—pe)dt is due to
the accuracy with which values can be picked from Figure
5.16. Once the slopes have been corrected, all calculations
proceed exactly the same.

Equations (4.9) and (4.10) can also be used to correct
the siope directly. When the integral plotted is fpwfdt,
equation (4.9) is used. Usihg the data given in Tabkle 5.7,
the slope using Iprdt is 19.50 (psia—-days)/STB and the

slope correction is 3.06. The corrected Hall plot slcpe,
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Table 5.6

Hall Plot Integration Correction Example for jpsdt, Well C

Cum. Injection Time fpgdt (Pg—pal+Apg) Corr. Integrat

(STB) {(days) (psig—days) (psia-days) {(psia—-days)
7000.0 87.8 96,000 -43,900 139,900
5000.0 67.4 73,000 -33,700 106,700

139,900 - 106,700
My = = 16.60 (psia—-days)/ST8
7000.0 - 50006.0

Table 5.7

Hall Plot Integration Correction Example for Jfp, edt, Well C

Cum. Injection Time fpwfdt peAt Corr. Integral
(57T8B) A {days) (psig—-davys) {(psia-davys) {(psia-days)
7000.0 87.8 166,000 26,300 139,700
5000.0 67.4 - 127,000 20,200 106,800

139,700 - 106,800
my = = 16.45 (psia—-days)/STB
7000.0 - 5000.0




T-3147 ‘ 103

My, is calculated to be 16.44 (psia—-days)/STB. If the
intearal jpsdt is plotted equation (4.10) is used to correct
the slope. The siope my is equal to 11.50 (psia—days)/STB
when the integral fpsdt is used. The slope correction is
calculated to be —-5.10 (psia-days)/S5TB using eguation

(4.10), which yields a corrected slcope of 16.60 (psia-

days)/STB.

The Hall plot for Well C can Ee analyzed in a manner
similar to what was done for Well B. There was no initial
water injection data for this well. However, the slope

prior to polymer and micellar solution injecticon, can be
calculated since the skin and transmissibility are known,
The Hall plot slope for water injection is calculated to be
1.6844 (psia—-cays)/STB based on the fal loff testing data
prior to polymer injection. The slope for the late water
injection period is 16.50 (psia-days}/STB. Equation (5.7)
can now be used to calculate a residual resistance factor of
9.80. The in situ residual resistance factor calculated in
the simulator is 11.10 for this case. Table 5.8 compares
the analytical solutions with the simulator results.
Equations (5.4) and (5.5) can now be used to calculate
the average resistance factor of the polymer—-micellar
solution banks. At the end of polvmer—-micel lar sclution

injection, the bank is at 54 feet and the Hall plot has a
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slope of 35.3 (psia-days)/5TB. The average resistance
factor wusing equafion (5.4) is 29.53. The average

- resistance factor can also be approximated by assuming a
single bank which extends to the drainage radius, which
results in an average resistance factor of 20.95. The
pressure drop across the polymer bank is 1541 psi at a rate
of 44.5 5TB/day when the bank has reached a radius of 54
feet. The average resistance factor when applying Darcy’s
law is 29.4.

After water injection, the polymer—-micel lar bank is
between 48 and 95 feet. The pressure drop across the bank
is 325 psi at a rate of 05 STB/day. Applying Darcy’s law
again, an average resistance facter of 14.7 is calculated.
Using equation (5.5), a resistance factor oF 16.6 is
calculated.

Table 5.9 i1 lustrates the effect of shear thinning
rhecleogy. The apparent viscosity is given as a function of
radial distance, concentration, and intersfitial velocity.
As can be seen in Table 5.9, the change in the apparent
viscosity within the polymer bank is small. This indicates
that the effect due to non-Newtonian rhecliogy is relatively
small on the Hall plot for Well C. Small changes in
apparent viscosity within the polymer bank also occurred

with Well B. Based on the history matching of Wells B and
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C, it appears that the non-Newtonian flow effect is

relatively small.

Table 5.8

Comparison of-Analytical Method with Simulator Results,

Well C
Parameter Analvytical Method Analytical Method Simulator
Multiptle Banks Single Bank
RrF S.80 S.80 11.10
RF! 29.83 20.95 29.40
Tabie 5.9

Apparent Viscosity as a Function of

Concentration and Radial Distance, Well C

Profile at 42.875 days, Cumulative Injecticn = 2807 BBL

Node Distance Concentration Inter. Vel. App. Visc.
No. (Feet) (ppm) (ft/day) (cp)
i 0.59 3430.0 22.06 2.47
2 0.99 3430.0 18.02 2.49
3 1.25 3430.0 13.53 2.52
4 1.40 3430.0 12.07 2.54
5 1.57 3430.0 16.77 2.55
) 1.75 3430.0 9.61 2.57
7 1.97 3430.0 8.57 2.59
8 2.20 3430.0 7.65 2.56
9 2.47 3430.0 6.82 2.55
10 2.77 3430.0 6.09 2.56
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Table 5.9 (continued)

Node  Distance Concentration Inter. Vel. App. Visc.
No. (Feet) (ppm) (ft/day) (cp)
11 3.10 3430.0 5.43 2.58
12 3.48 3430.0 4.84 2.60
13 3.90 3430.0 ( 4.32 2.62
14 4.37 3430.0 3.85 2.65
15 4.90 3430.0 3.44 2.67
16 5.49 3430.0 3.07 2.69
17 6.15 3430.0 2.74 2.72
18 6.89 3430.0 2.44 2.75
19 7.72 3430.0 2.18 2.78
20 8.66 3430.0 1.94 2.81
21 9.70 3430.9 1.73 2.85
22 10.87 3430.0 1.55 2.89
23 12.18 3430.0 1.38 2.93
24 13.66 3430.0 1.23 2.97
25 15.30 3430.0 1.10 3.01
26 17.15 3430.0 0.98 3.06
27 19.22 3430.0 0.87 3.11
28 21.54 3427.4 0.79 3.17
29 24.15 3410.7 0.69 3.24
30 27.06 3346.2 0.62 3.31
31 30.33 3181.3 0.55 3.41
32 33.99 2867.3 0.49 2.79
33 38.09 23€5.6 0.44 1.77
34 42.69 1684.3 0.39 1.72
35 47.85 965.5 0.35 1.55
36 53.62 421.6 0.31 1.31
37 60.10 135.7 0.28 1.11
38 67.35 31.8 0.25 1.03
39 75.49 5.4 0.22 1.00
40 84.60 0.7 0.20 1.00
41 94.81 0.1 0.18 » 1.60
42 136.26 0.0 0.16 1.00
43 119.09 0.9 0.14 1.00
44 133.47 g.0 0.13 1.00
45 145.58 0.0 0.11 1.00
46 i67.65 0.0 0.10 1.00
47 187.89 0.0 0.09 1.00
48 210.57 0.0 0.08 1.00
49 235.99 0.0 0.07 1.00
50 264.99 0.0 0.06 1.00
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CHAPTER &

CONCLUSTIONS

Using a numerical reserveoir simulator, it has been
demonstrated that quantitative analysis can be performed on
the Hall plot when non—-Newtonian solutions are injected into
petroleum reservoirs. The best method for analyzing the Hall
plot would be to use a reservoir simulator as developed for
this study. However, for the practicing engineer a
simulator may not be available. The simulator is also the
most time—-consuming type of analysis. Two approximate
analysis methods for the Hall plot have been developed which
can be implemented easily by the practicing petroleum
engineer.

One analysis method is based on a single-filuid bank
that extends to the drainage radius, and a second method is
based on multiple-fluid banks. While neither analysis
method will vield results as accurate as those obtained from
the simulator, the appropriate method will vield results
which are of acceptable accuracy for most oilfield
engineering computations. The methods developed can be used
to calculate permeabilities, resistance factors, and
residual resistance factors.

The conclusions of this study are now summarized.

. The Hail plot will generate the correct gqualitative
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response when the Hall integral jpsdt is used, if the

rates are relatively constant and/or the integral
I(pe+ApF—ng)dt is neglible. The Hall plot will
generate the correct gualitative response when the Hall

integral jpwfdt is used, if the rates are relatively

constant and/or the integral jpedt is neglibte. The
correct gual itative response will always be generated
when the Hall integratl I(pr—pe)dt is used. The slope
of the Hall plot will increase when the mobil ity of the
injected fluid decreaées, and the slope wil] decrease

when the mobility of the injected fluid increases.

To perform guantitative analysis using the Hall pleot,
the integral plotted should be f(p, -pgldt. It is
possible to perform quantitative analysis using jpsdt
or jprdt. but it is necessary to correct the integrais
such that they are equivaient to J{p,e—Pgldt. In some
situations, it may be possiblie to make a quantitative
analysis of the Hall plot when the Hall integral is
Ipsdt. if the gquantity j(pe+ApF—ng)dt is approximately
equal to zero. In general, the gquantity J(Patdpe-
pglL)dt will not be negligible. The Hall integrat
Ipwfdt can be used for guantitative calculations conly
when the Ipgdt can be considered to be zero or the

appreopriate correction is made to the Hall plot slope.
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In general, the multibank analysis method will yield
more accurate answers than the single-bank method.

When the fliuid bank in contact with the wel lbeore has
moved cut a short distance, the multibank analysis
method should be used. When the fluid bank in contact
with the wel lbore has moved ocut a substantial distance,
the single-fluid bank analysis method can be used with
good accuracy. The single-bank analysis method has
probiems when fluid banks of very different properties
exist in the reservoir.

It is possible to calculate the resistance factor of a
polymer bank as it moves away from the wel lbore, but
the calculated resistance factor is very sensistive to
small errors in the Hall plot slope.

The non—-Newtonian rheology effect is small based on the
two wells which were history matched; that is, the
change in the in-situ apparent viscosity of the polymer
solutions through space is relatively small.

The amount of permeability reduction has a significant
effect on the Hall plot and simulator results. The
Hall plot and simutator results are very insensistive
to the amount of polymer adsorption/retention.

The transient flow period has little effect on the Hall

plot because, in most field situations, the transient
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period rarely lasts more than a few days. During the
transient flow period, the Hall plot slope rapidly
approaches the steady state slope; therefore, the slope
during the transient period is usually quite close to
the steady state slope after a short periocd of time.
Since most Hall plot data is usual ly recorded on a
daily basis, it is usually not possible to observe the
transient flow period on the Hall piot.

8. In a reservoir which has been extensively waterflooded
prior to polymer injection, that is, the reservoir is
close to residual oil saturation in the vicinity of the
wal lbore, muitiphase flow is not significant. A gdod
history match was obtained for Wells B and C, ignoring
multiphase fiow where the reservoir had been
extensively waterflooded. For a reservoir that is
initially oil saturated, the importance of considering
multiphase flow is dependent on the difference in the
mobitity of the two flowing phases. For example, if
water is displacing a high viscosity oil, then
multiphase flow is very important. As the injected
?iuid displaces oil away from the well, muitiphase flow
will become less significant. The shape of the

relative permeability curves can also have an important

effect on the importance of multiphase flow.
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10.

1t.

When history matching fField injectivity data, there was
no significant difference found in assuming that field
rates were correct and matching pressures (Neumann), or
assuming field pressures were correct and matching
rates (Dirichlet). The history match obtained using
the field rececrded rates to control the wellbore
boundary condition yields basical ly the same polymer
solution parameters as using the field recorded
pressures to control the wel lbore boundary condition.
Comparing the in-situ apparent viscosities for the
polyacrylamide solutions used in Wells B and C, the
polymer used in well B performed better. Using
approximateiy 25 percent of the polymer concentration
as used in Well C, the Well B polymer solution
developed more apparent viscosity. The in-situ
apparent viscosities of the two polymer solution can be
seen in Tables 5.1 and 5.9. It should be noted that
the molecular—-wejight distributions were different for
egch polymer. The Well Breservoir was also at a
higher temperature than the Well C reservoir,

The number of celis required to obtain convergence of
the numerical soclution generated by the simuiator is a
function of the residual resistance factor. As the the

residual resistance factor becomes larger, more cells
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are required to obtain convergence of the numerical
solution., More cells are reguired to obtain
convergence at higher resistance factors because a
small amount of numercial dispersion in the
concentration front, can result in large permeability

changes in the cells in which the dispersion occurs.

There are several areas in which additional research
coulid be performed to extend the work done in this study. A
more elaborate reservoir simulator could be developed.
Multiple communicating layers and fracturing occur
fregquently in field situations. The simulator used for this
study is not designed to handle multipie communicating
layers or fractured wells in a rigorous manner. The
reservoir is assumed to be above the bubble point at a1
times for this study. However, a three-phase simulator
could be used to consider the presence of a gas saturation
when the reservoir pressure dropped below the bubble point.
The simulator used for this study considers only three
components. A more elaborate simulator would allow
consideration of additional components such as: sodium,
calcium, and magnesium ions. The influence of other

components such as sodium and calcium ions was demonstrated
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in the analysis of Well B, with the differing injectivity of

brine and fresh water. Another useful extension of this

work is the development of dimensionliess Hall type curves as

a method of analysis.
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APPENDIX A

SIMULATOR DEVELOPMENT

A.l Governing Equations

The simulator built for this study was designed to
model the injectivity of non—-Newtonian solutions. In the
general case, the flow of three substances - oil, water, and
polymer solutions, are of interest. The,surFactant
concentration in a micellar sclution will be treated in the
same way as polymer in solution. Three analytical flow
equations are therefore required to describe the flow of the
three substances. The equations for radial axisymmetric

flow are as fol lows:

0il Phase
12 T Kkro Poy L@ (¥ (A1)
ror RrFOHOBo ar ot BO

Water Phase
1 3 r kk a ] S
0 rw %Py 3 (#5 (A.2)
FAr RppyiyBy OF at B,

Folvmer Species

13 Ckk 3
_ L rw Pv ) (A.3)
r ar RerFCuwa ar
$CS, 3 A
= — { N]‘ + (1—¢O)YT' {___}
et B at

W

In equation (A.3) ¢o is a base porosity which is not a
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function of pressure, and Y. is the specific gravityboF the
rock. For these three coupled, second-order, partial
differential equations, there are five unknowns. The
unknowns are water and oil pressure, water and oii
saturation, and surfactant/polymer concentration. It is
necessary to introduce two additiconal relations related to
two-phase flow to solve the flow equations. One eqguation is
related to capil lary pressure and the other to the sum of
the saturations (equations [A.4] and [A.5]).

S. + 5, = 1.0 (A.4)

Po =~ Pw = Pcwo(Sy) (A.5)
Equations (A.1)})-(A.5) result in five equations and five
unknowns. When a problem is discretized in space and time,
these five equations must be solved at each node. Before
equations (A.1}-(A.5) can be solved, it is necessary to put
equations (A.1)-(A.3) in finite-difference form. The
develiopment of the finite difference egquations is discussed
in the next section. In equation (A.3) there is no
dispersion term. The transport of the surfactant/polymer is
assumed to complietely dominate dispersion.

To be able to simulate pressure injectivity and falloff

tests, another expression for the wel lbore is needed. The

flow in and out of the wel lbore can be described as fol lows:
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C. dP
s wf
B dt
(surface rate) {sand face rate) (wel lbore accumulation)

Where CS is the wellbore storage coefficient.

4.2 Finite Difference Equations

The finite difference equations are based on a block-
centered grid. In a block centered gecmetry the blocks are
selected first, and then the nocdes are centered in the
biocks. The alternative method to the block centered grid
is the point centered grid. The point centered grid is
mathematical ly more rigorous, but for almost all petroieum
engineering problems the type of grid makes no practical
difference. The block centered geometry is the standard
geometry used in the petroleum industry for simulators in
radial coordinaies {(Weinstein, Nolen, and Chappelear [586).
Figure A/l il1lustrates the geometry of the simulator. The
finite difference equations can be thought of as a statement
of the material balance on sach cell, which is expressed by
equation (A.7).

{Rate of Material In) - (Rate of Material Out)

+ (Sources + 5inks) = (Rate of Accumulation) (A.7)

We use the central-difference approximation for the
left hand sides of equations (A.1)-(A.3). For instance, the

left hand side of the water equation takes the form given by
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equation (A.8), with the exception of being multiplied by

the formation thickness h.

1 3 rhkkrw apw
— —— { } =
r ar Reruwa ar
+1 +1 +1 +1
T?+1/z(p?+1 - p? ) - T?__ljz(p? - D?_l)

' > 7 (A.8)
M (r§e172 — T5-1/2)

The n superscript denotes the current known time tevel,
while the nt+l superscript denotes the unknown time level.
The transmissibilities for oil, water, and polymer are given
in equations (A.9) through (A.11}), respectively. The radii

are as given in Figure A.l.

2N kk h r; 172
ro ol
To,i,1/2 = [ ] hd (A.9)
BoRrfoto i+172  (Ti,n — Ty)
20 kk 2] r;: 1
i /2
Ty to1s2 = [ LN * (A.10)
? 4
ByRrewkw  i+172  (Mi,1 — Ty)
2N kk h r:
rw jLl/2
To,igtr2 = 1 ] ks (A.11)
FBwRrewdw  i+1/2 (rj,1 — my)
All relative permeabilities, resistance factors, and
viscosities in the transmissibilites are calculated at the

upstream ltocation to ensure convergence to the Buckley-

Leverett solution. The right hand sides of equations
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(A,1}-(A.3) can be approximated as in equation (A.12)., The
subscript 1 indicates the cell number. The rock
compressibility is assumed to be negligible and the porosity

can therefore be assumed to be constant.

l n
ha ¢S, hé Sw.i T Sy
— Yy = [ { } - { }oo] (A.12)
By At Buw, i By, i
The pore volume of a cell is given by equation (A.13).
VP = hell (ré.,,; - ri_y,2) (A.13)

Using the definition of pore volume for a cell, and eguation
(A.11) and {(A.12), eguation (A.2) can be written in the
compact, finite-difference form of equation (A.14), with the

addition of a source/sink term.

n n+1 n+l n n+l _ _n+l
vai+1/2(pwvi+1 - pwqi) B TWai"'liz(qui pW,i“—I) + qui
n+l n
= __ _ [ {1 } - { } o] (A.14)
At Bw.i Bw,i

The development of finite difference equations for oil
and polymer is exactly the same as for water. The source
term in equation (A.l14) is used to implement the boundary
conditions. The transmissibilities of the reservoir are
taken as zero at the external drainage radius and at the
wel lbore. Any flow in or out of the reservoir is then

control led by the source term. The source term at the
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wellbore is written as in equation (A.l53),

K
ro Tw
r = L * P

{Rrgorol {(Rrfutw?

0.007082 kh(plE! - pT*h

(A.15)

Bw ( (r%1/2/(rT1/2—r5)) In(rji,2/ry) — 0.5 + 5 )
The injectivity at the well must be written in terms of
total mobility. 1f @8 negative skin exists at the wel lbore,

that is a stimulated condition; it is possible for the
apparent wel lbore radius to exceed the ocuter radius of the
first cell in contact with the wel lbore. The apparent
wel lbore radius due to skin is equal to rwe“s. When the
apparent wel lbore radius exceeds the outer radlius of the
first cell, a negative pressure drop results. To overcome
the problem of the negative pressure drop in a stimulated
well, the skin factor is set to zero, and the permeability
of the first few cells is increased. The permeability in
the first few ceils is increased using a retation developed

by Hawkins (1965) to yield an equivalent skin factor, which

is given in equation (A.16).

s = (K/kg — 1.0) In(rg/ry) {(A.16)
The subscipt s denotes the radius and permeability of the

skin zone, and k is the permeability of the virgin
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formation.

The productivity at the external drainage radius s
written onily in terms of the mebility of the phase. The
water boundary condition at the external drainage ié given
in equation (A.17). The subscript I denotes the last cetll
at the drainage radius.

k

rw
Ow,re T [ ]
{RegyBokyl}
n+1l n+1
0.007082 kh (p7*! - p OF1)

5 > (A.17)
((rf1,2/(rg&-rf)) Inlry/ri_1,2) - 0.5 + s)
Equations (A.15) and (A.17) are used for either the Neumann
or Dirichlet boundary conditions. For the Neumann boundary
condition the rate is specified and for the Dirichiet
boundary condition the pressure Pywf OF Pre is specified.
The final finite difference equation to develop is For
wel ibore storage. The finite difference form of equation
{A.6) is given in equation (A.18).
Cs '(pa$l - PQF)

B At

Equation (A.15) would be substituted for gg¢ in eguation

(A.18).
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A.3 Solution Procedure

The solution 6F equations {(A.1)-(A.5) uses a sequential
IMPES (implicit in pressure—-—explicit in saturation)
procedure. Water and oil equations are combined to obtain a
pressure equation in terms of water pressure only. This
pressure equation, having a parabolic form, is solved to
obtain the pressure surface. This pressure is substituted
in the water equation to calculate the water saturation
explicitly. Finally, water pressure and saturaticn are used
in the surfactant/polymer flow equation to obtain the
polymer concentration implicitly. Performing the
manipulations as outlined and putting the resutt in the form
of a tridiagonal matrix results in eguations (A.19)~-(A.22).
The coefficient a; is equal to Bw,i/Bo,i' At
transmissibilities, capillary pressures, and a; are
calculated at the n time level. The inclusion of wel lbore
storage simply adds one more equation to the matrix, based

on equation (A.18).

Superdiagonal :

By = aiTy,i+172 * To,i+1/2 (A.19)

Main Diagenal s

VP,
Ay = -B; - C; - — [a

; i S, iCw + (1-5] i)ecol (A.20)
At ,

i°w, i
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Subdiagonal:

E; = aiTw,i—-UZ + TO,T—1/2 (A.21)

Right Hand Side Vector:

VP .
1
Dy= I At]{aiss.icw+ <1'53,i>co} = To,i+172 (Pewo, 141 Pewo, 1)

+ To,i—llz (Pewo, i Pewo,i-1) T ¢jay t 9 (A.22)

The values E;, A;, and B; are the coefficients for the
pressures Pw,i-1' Pw,i" and Pw,i+1° respectively. This
system of equations is easily solved directly using the
Thomas algorithim for the implicitly unknown water
pressures. The water saturations can then be calculated
explicitly at the n+l time level using equation (A.14).
Using equations {(A.4) and (A.5), the o©il pressures and
saturations can be calculated at the n+l1 time level, if the
water pressures and saturations are known. At this point
all pressures and saturations are known.

The poilvymer flow eguation can now be solved. When
originally formulated the polymer equation (A.3) was solvead
explicitly. The explicit solution of the poclvymer egquation
becomes unstable when more than one pore volume is injected
into 8 cell during a time step; the concentration profile
then begins to oscillate. To alleviate this problem, the
pol;mer equation was solved implicitly. The implicit

solution of the polymer equation al lows much larger time
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steps. The implicit formulation of the polymer equation
results in a bi—-diagonal matrix, since the polymer eguation
is solved with a backward difference formulation. The bi-
diagonal matrix can be solved by either back substitution or
by the Thomas algorithim. The form of the bidiagonal matrix

is:

Main diagonal:

1 n

$S,, VP, ADTL - AT

Ay = [— 1™ - )Y —————
B At cp+tl — cn

= Tp, 1,1 [PRT{ 1 -POTE) (A.23)

Subdiagonal:

+1 +
€; = Tp,i-1 (Pati — Py Tl] (A.24)
Right Hand Side Vector:
¥S, | VP; ADFL —oaD
D; = CRI—1""" —— + C1-4 )y, (A.25)
B8 At cqtl - cf

W

The values A; and E; are the coefficients for the
concentrations C?+1 and C?tl, respectively. The guantity
(AR*I_aly /(cM*lc?) is the chord slope of the
adsorption/retention curve, and is taken to be a constant
for the time step. I[If the concentration in a cell starts to
drop, the chord slope is set to zero, and the concentration
is recomputed. Setting the cord slope to zero for

decreasing concentrations makes the adsorption/retention
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irreversible.

Having reached this point, eguations (A.1) through
{A.5) have been solved. The interstitial velocity, apparent
viscosity, adsorption, and resistance factor are now updated
for all cells. The next time step can now be computed.

A.4 Capabilities, Limitations and Assumptions of the
Simulator

Based on the discussions of Chapters 2 and Appendix A
thus far, the capabilities of the simulator have been
stated. Tabhle A.l briefly reviews the capabilities of the
simulator. What‘the simulator is not designed toc consider
, will also be discussed. With a simulator formulated in

radial coordinates, there are some |imitations and

advantages. The radial coordinate system is well suited to
transient radial well testing. The radial cocordinate system
cannot rigorously handle fractured weills. If the fracture
length is gquite small then appreciable error will probabily

not result using this simulator; however, no testing has
been done to verify the amount of error.

The radial system does not rigorousiy handle the
boundary condition at the external drainage radius for many
situations. For example, in a five- or nine—-spot pattern,
there will be fingering toward the sinks (producing wel is).

'Fingering towards the sinks is not accounted for in the
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Table A.1l

Summary of Simulator Features

Geometry
One dimensional, radial coordinate system. Block

centered nodes, logarithmically distributed.

Boundary Conditions
1. Wellbore - pressure specified (Dirichlet) or rate
specified (Neumann)
2. Drainage radius — pressure specified or closed

Completion Effects
1. Skin
2. Wellilbore Storage - a. full fluid column
bh. rising/falling fluid level

Phase Options
1. Single phase, water—-polymer flow
2. Two phase, o0il and water-poivymer flow

Relative Permeability
1. Pirson’s eqgquations
2. Tabular input of relative permeability

Polvmer Flow Effects
1. Langmuir adsorption isotherms

2. PResidual resistance factor - permeability reduction
3. Inaccessible pore volume
4. Polymer concentrations
Rheology
i. Carreau fluids

2. Modified power law fluids

3. Newtonian fluids

4. Viscosity table as & function of interstitial
velocity

Shear—~Kate, Velocity Relations
1. Savins
2. Jennings, Rcgers, and West
3. Christopher - Middleman
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simulator. The simulator is a single-layer radial
simutator. In a réservoir which is highly stratified, the
effect of multiple layers could cause the simulator to be
significantly in errer. It is not possible to handle
gravity effect for a tilted reservocir in a meaningful way
using a radial ccordinate system; therefore, the effects of
underrunning or override are not considered in the
simulator.

The simulator is designed for single-phase (water
polymer) or two—-phase (oil and water-polymer) flow. This
obviously assumes that the reservoir is above the bubble
point, and there is nco free gas saturation. The upstream
weighting built into the simulator is currently designed
cnly for injecticn. Erroneous results will be obtained if
production occurs. For miceltar solutions, only the
rheology is modelled and not the interfacial tension
effects. Capillary pressure is not considered in the modei,
other than to relate the oil and water pressures.
Degradation is not directly considered in the model;
rheclogical data is assumed to be appropriately corrected
for all types of degradation. All adsorpticon/retention is
considered to be irreversible; in some cases,
adsorption/retention may have socme reversibility.

Simulators in radial coordinates can have stability
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probhiems if the time steps are too large, unless the
simulator is fully implicit. Since this simulator is not

fully implicit, some caution must be exercised in selecting

time—step size. The principal scurce of instability is the
small size of the near wellbore celis. Once the near
wel lbore cells have stabilized at some condition, larger

time steps can be taken. What this means is that whenever
there is a shock to the system, small time steps should be
taken. Examples of shock inciude, when water injection is
commenced in a reservoir at irreducible water saturation or
when polymer injection is commenced.

After a shoft period of time, the near wellbore cetls

have stabilized at residual oil saturation for water

injection. In the polymer injection case, concentrations in
the near wel lbore cells stabilize rapidly. Ususally a day of
injection is enough to stabilize the near wel lbore cel ls.

Time steps are distributed logarithmically to minimize any
stability problems at early times.

After the initial stabilizing period, time steps can
typical 1y be taken as large as 5 days with no instability.
The number of time steps required to see virtually no change
in the results depends on the changes in concentrations and
injection rates. If the rates and concentrations do not

change on a day to day basis, one or two time steps per day
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is adequate, with additional time steps causing no change in

the result. Significant changes in the day to day rates and

concentrations will reguire additional time steps;
typically, 5 to [0 time steps per day is adequate.

The simulator is currently dimensioned toc handle 100
radial cells. Runs were made for the same cases at 10, 20,
50 and 100 cel 1s, The number of cel 15 required to obtain
convergence of the numerical solution is a Functioh of the
residual resistance factor. Small amounts of numerical
dispersion in the polymer ccnhcentration front can cause
large reductions in the reservoir permeabil ity when the
residual resistance facteor is large. When the residual
resistance factor is close to 1.0, mproved answers were

obtained when going from 10 to 20 cel 1s; however, no

significant change was obtained between 20 and 50 cells when

comparing wel ibore pressufes and rates. fFfigure A.Z2 compares
29 and 50 cells for Well B, when the residual resistance
factor is 1.35. When the residusl resistance factor was
11.3, as for Well €, 50 cells were required to for con-
vergence of the wel 1bore pressures and rates. Figure A.3
compares 20, 50, and 100 cells for Well C. The more radial
cells, the better the identification of the flood front
location for any displacement process. If flood front

location is of importance,the maximum number of cells should
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be used. If just wel lbore pressures and rates are

important, between twenty and fifty cells is adeguate.

A.B Simulator Verification

The principal method of testing the simulator was the
comparison of simulator results with analytical solutions.
The simulator results were compared to analytical solutions
for the fol lowing situations:

1. Injection test

2. Falloff test

3. Steady-state flow

4. Hall plot

5. Wellbore storage

6. Buckley-Leverett displacement

7. Miscible polymer—-water displacement

The comparison of simulator resuits with analytical
sotutions was done using & hypothetical data set, called
Well A, The data for Well A is given in Appendix B. The
data for Well A was applied to single- and two-phase flow.
Abrief reviewof a portion of the tests run fol Tows.

Figure A.4 gives the simutator results for a fal loff
test using 20 cetls. The input skin and permeability is 3.0
and 100 md. respectively. Based on the slope of the falloff
test plot, a permeability of 99.7 md is calculated. The

skin is calculated to be 3.030. Figure A.5 is for the same
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data plotted in Figure A.4, but the results are plotted in a
dimension]ess form. Dimensionless pressure is plotted
versus dimensionless time. The dimensionless plot in Figure
A.5 compares the analytical solutions of Van Everdingen and
Hurst (1949} with the simulator results. The definition of
dimensionless pressure and time are as follows.

0.000264 kt
tp = (A.26)

du c r%

0.007082 kh Ap
Py = (A.27)
qBu

Figure A.6 illustrates an injecticon test run with using
20 cellis. The input skin and permeability are 3.0 and 100.0
md respectively. The calculated skin is 3.030 and the
calculated permeability is 99.6 md based on the injection
plot. Figure A.7 is a comparison with the Van Everdingen
and Hurst dimensicnless solutions. Figure A.8B is for the
same data as in Figures A.6 and A.7,‘except the outer
boundary has been closed. The closed outer boundary case
serves as amaterial balance check. Based on the amount of

material added to the reservoir, the simulator should

converge to a new stabilized reservoir pressure. The new
stabilized reservoir pressure calculated by the simulator

when the well is shutin was used to verify material balance.

In Figure A.8 1000 barrels of water was injected during two
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days. The new average reservoir pressure calcultated by the
simulator after shutin is 1099.3 psia. Based on material
balance and the compressibility relationship the new average
reserveir pressure is 1099.3 psia. Tests 1ike those
mentioned above, and others, were used to verify the
transient behavior of the simulator. The equations as
developed in section 3.1 were used to calculate skin and
permeability.

It was also necessary to verify the steady state
solution of the simulator. Water injection was maintained
at a constant rate for a single phase to establish steady
state flow. The simulator will calculate the same solution
as the steady state Darcy eguation. Hall plots were also
prepar~d and analyzed using equations (4.8) and (4.12). The
simulator matches the siope of the Hall piot as calculated
using equation (4.8). Figure A.9 iilustrates a Hall plot
test case. The Hall slope based on simulater input is 0.400
{psia—-days)/STB and the slope from the Hall plot is 0.399
(psia—-days) /STB.

The two phase flow calculations made by the simulator
were verified by comparison with the Buckley-Leverett
solution. The Buckley—-iLeverett eguation for a 1inear system

is given in equation (A.28).
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dx 5.615 q df

(—)g = ( W)Sw (A.28)
at ~ W Ad ds,,
Where the value A is the cross sectional area of the 1 inear
system. Equation (A.28) can also be solved for flow in

radial coordinates, when the space coordinate {s changed to
r, and A is set equal tec 2l¢éh. Eqgquation (A.28) changed for
radial coordinates is given equation (A.29).

dr 5.615 g df

(—)g = (—Jg (A.29)
dt % 2N dhd ds w

The solution to eguaticn (A.29) for tracking a particular
saturation in radial! ccordinates, 1s given by equation

(A.30) (Cellins 1975, p. 1439).

CI'.»W\
¥

<
ds,,

¢nh [ri - r%]sw = 5.615{Q¢ - Qgl {

Sw (A.30)

The subscript 0 denotes time zero, and the subscript t
denotes some time in the Futufe.‘ The subscript 5, s for
some constant saturation. Figure A.I0 i1l lustrates a
comparison of the Buckley-Leverett analytical soclution with
the simulator using 20, 50, and 100 cells. In Figure A.lG\
15644.3 barrels of water has been injected, which vields a
theoretical flood front of 99.2 feet.

The accuracy of the wel lbore storage calculations was
verifed by making log-log plots. Figure A.ll is a test case

for wel 1bore storage with a2 rising 1iquid tevel and a full
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fluid column. The wel lbore storage ccefficient (Cg) for a
full fluid column of water is equal to c Vyp, where Vg, is
the volume of the wellbore. The wellbore storage
coefficient put into the simulator is 0.108 ft3/psi for a
rising liquid level. The wel lbore storage coefficient
calculated from figure A.11 is G.110 Ft3/Dsi.

The scolution of the concentration equation was tested
against analytical solutions also. When an aqueous polymer
solution displaces water, the displacement process is
miscible, and therefore piston—-iike displacement occurs if
molecular dispersion and diffusion, and adsorption are
ignored. The concentration distribution in space can easily
be calculated for piston-1ike displacement based on
volumetric consideratibns. Figure A.12 compares the
analytical solution with the simulator calculated
concentrations for Well A, when 2C, 50, and 100 cells are
used. In Figure A,12 édsorption has been set to zero. The
amount of polymer injection is 19225.0 barrels in Figure
A.12, which yields a theoretical flood front of 75.6 feet. It
can be seen that there is some numerical dispersion in the
concentration front, addition of more cells to the simuiator
reduces the numerical dispersion in the flood front.

In addition to testing with analytical solutions, the

material balance error was caiculated at the end of every
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time step, and the cumulative material balance error was
recorded. Typical material batance error is 1 * 10-6
percent; that i1s, after injecting a million barrels of
fluid, a material balance error of 1.0 barrels would be
expacted. Materia1 balance tests were also done with the
external drainage radius closed. When fluid was injected
and the outer boundary was closed, the average reservoir
pressure was calculated after the reservoir had stabilized.
Using the compressibility and the material balance
equations, the calculated pressures agree with the simulator

for six significant figures.
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APPENDIX B

WELL A DATA

Table B.1
Well A, Data and Reservoir Properties
L = Depth = 3000 feet
Vo = Wellbore volume = 25.0 barrels
Cqr = Rising/Falling fluid wellbore storage coefficient
= 0.1081 feet3/barrel
Cge = Full wellbore storage coefficient = 0.00042
feet3/barrel
h = Reservoir thickness = 30.0 feet
k = Absolute permeability = 100 md.
¢ = Porosity = 0.20
Fre = External drainage radius = 1000.0 feet
rw = Welibore radiﬁs = 0.50 feet
Pe = Pressure at the external drainage radius = 1000.0 psia
p; = Initial reservoir pressure = 1000.0 psia
g = 011 viscosity = 5.0 ecp
¢, = Oi1 compressibility = 15.0 * 107©
Bo = 0il formation volume factor = 1.2 res. bbl1/STB )
at 1000 psia
Wy, = Water viscosity = 0.80 cp
c, = Water Compressibility = 3.0 * 1075 psi~}
B,, = Water formation volume factor = 1.0 res. bbl/STB

at 1000 psia
Yg = Rock specific gravity = 2.68
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Table B.2
Adsorption)Retention — Resistance Factor Data, Well A
Rrfey = Tesidual resistance factor to water = 5.00
Rrfo = residual resistance factor to oil = 1.20
Amax = maximum polymer adsorption/retention = 0.020 mg/g
FC = inaccessible pore volume = 1.00

Langmuir Adsorption Isotherm

Concentration (PPM) Adsorption/Retention (mg/g)
0.0 0.000
10.0 0.005
100.0 0.010
500.0 £.015
1000.C : c.019

5000.0 0.020
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Table B.3

Carreau Rheological Data, Well A

Concentration(PPM) n A o Haes
0.0 1.00 0.5C 0.80 g0.80
100.0 0.50 0.50 1.50 0.80
500.0 0.50 0.50 6.00 g0.80
750.0 0.50 0.50 8.00 0.80C
1000.0 0.50 0.50 10.00 0.80
2000.0 0.50 0.50 15.00 g.80
5000.0 0.50 0.50 20.00 0.80
Table B.4

Apparent Viscosity as a Function of Interstitial Velocityvy,

Well A
Savins shear rate-velocity relation used

Interstitial Velocity (feet/day)

Conc.(PPM) 0.01 0.10 1.00 10.00 160.0  10G0.0
0.0 0.80 0.80 0.80 0.80 0.80 0.80
100.0 ~ 1.50 1.50 1.45 1.09 0.89 0.83
500.0 6.00 6.00 5.63 2.93 1.48 1.01
750.0  8.00 7.99  7.49 3.75 1.74 1.10
1000.0 10.00  9.99 9.34 4.57 2.00 1.18

2000.0 15.00 14.99 13.99 6.62 2.65 1.39

5000.0C 20.00 19.98 18.63 8.67 3.31 1.59
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Table B.5
Relative Permeability Data, Well A

Sw Kro Krw Pcow fu df,/dS,,
0.000 1.00000 0.0000 o 0.000 0.000
0.150 0.95000 0.0000 1.20 0.000 0.322
0.200 0.75000 0.0040 0.66 0.032 0.978
0.250 0.58750 0.0102 0.54 0.098 1.564
0.300 0.44620 0.0166 0.47 0.189 2.058
0,350 0.33250 0.0232 .42 0.304 2.489
0.400 0.24500 0.03065 0.38 0.438 2.769
0.450 0.17700 0.0392 0.34 0.581 2.837
0.500 0.12000 0.0497 0.30 0.721 2.641
0.550 0.07240 0.0630 0.27 0.845 2.087
6.600 0.03745 0.0797 0.24 0.930 1.299
0.650 0.01627 g.1000 0.20 0.975 0.627
0.700 0.00564 0.1244 0.17 0.993 0.246
0.750 0.00077 0.1525 0.12 0.999 0.073
0.775 0.00038 0.1698 0.08 0.999 0.016
g.788 0.00019 0.1784 0.00 0.999 0.014
0.800 0.00000 0.1870 -0.20 1.000 0.007
1.000 g.00000 1.0000 - = 1.000 0.000

{Blair and Weinaug

1969)
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APPENDIX C

WELL B DATA

Table C.1

Well 8, Data and Reservoir Properties

Data based on Milton, Argabright, and Gogarty (1983)
Location: Big Horn Basin, Wyoming

Formation: Tensleep sandstone

Injected fluids: fresh water, brine, polyacrylamide solution
L = Depth = 4350 feet

Vw = Wellbore volume = 2Z28.0 barrels

C

sr Rising/Falling fluid wellbore storage coefficient

= 0.0835 feetd/barreil
Cef = Full wellbore storage coefficient = 0,00047 -
feet?/barrel
h = Reservoir thickness = 50.0 feet

Kk ='Absolute permeabiiity = 91.0 md.

¢ = Porosity = 0.15

Tre = External drainage radius = 1320.0 feet

ry = Wellbore radius = 0.33 feet

Pe = Pressure at the externatl drainage radius = 1180 psia
p; = Initial reservoir pressure = 1180 psia

s = Skin = 7.2

=
1]

W Water viscosity = 0.70 cp

O
il

Water compressibility = 3.0 * 1076 p:-si"1

m
N

W Water formation volume factor = 1.0 res. bbl/STB
at 1180 psia

Rock specific gravity = 2.68

-
-1]
"



T-3147 165

Table C.2
Adsorption/Retention and Resistance Factor Data, Well B
Rer = residual resistance factor to water = 1.35
Amax = maximum polymer adsorption/retention = 0.020 mg/g
F_. = inaccessible pore volume = 1.00

Langmuir Adsorption/Retention lsotherm

Concentration (PPM) Adsorption/Retention (mg/g)

0.0 0.000

10.0 2.005

100.0 0.010

500.0 0.015

1000.0 0.019

5000.0 0.020

Table C.3

Apparent Viscosity as a Function of Interstitial Velocity,

Well B

Interstitial Velocity {feet/day)

Conc. (PPM} 0.01 0.10 1.00 10.00 100.0 1000.0
g.0 0.70 0.70 0.70 0.70 g.70 6.70
250.9 3.50 3.50 2.30 1.40 0.70 g.70
500.0 5.00 5.00 3.00 1.80 0.70 0.70
1000.0 10.00 10.00 5.50 2.00 6.70 0.70

2000.0 45.00 45.00 20.00 6.00 0.70 0.70
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Table C.4
Fluid [njection Summary, Well B
Injected Vol. Avg. Rate Wellhead
Date (bb1l) {bb1l /day) Pressure Fluid Type
7/23-8/18 61700.0 2470.0 360.0 hrine
8/18-8/21 2200.0 7306.0 .o fresh
water
8/21-8/26 7400.0 1480.0 160.0 polymer
(250 ppm)
8/26-9/4 12500.0 1390.0 250.0 polymear
(500 ppm)
9/4-9/14 14100.0 1410.0 380.0 polvmer
{950 ppm)
9/14-9/21 10200.6 1460.0 385.0 polymer
(75C ppem)
9/21-9/23 3200.0 1600.0 370.0 fresh
water
9,/23~-10/17 32800.0 1370.0 200.0 _ brine

10/17-106/30 22200.0 1710.0 350.0 brine
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Table C.5
Summary of Daily Injection Results, Well B
Average Daily Average Wellhead
Date Rate (bbl /day) Pressure (psig) Fluid Type
8/19 529.0 0.0 F.W.
8/20 834.0 0.0 F.W.
8/21 776.0 34.0 F.W.
8/22 1132.0 ' 108.0 polymer
8/23 1490.0 123.0 (250 ppm)
8/24 1518.9 140.90 " v
8/25 1505.0 157.0 o "
8/26 1474.0 173.0 polymer
8/27 1475.0 i95.0 (500 ppm)
8/28 1472.0 208.0 " "
8/29 1468.0 214.0 " "
8/30 1465.0 226.0 " "
8/31 991.0 : 137.0 " "
/1 1439.0 245.0 " "
9/2 1454.0 245.90 " "
3/3 1474.0 252.0 " "
9/4 1474.0 290.0 polymer
3/5 1416.0 3i10.0 (950 ppm)
9/6 1398.0 325.0 " "
/7 1424.0 335.C " "
9/8 1467.0 345.0 B n
9/9 1455.0 37¢.0 " "
9/10 1464.0 375.0 " o
9/11 1391.0 380.9 " »
9/12 1373.0 380.0 " "
S5/13 1398.0 380.0 " "
9/14 1403.0Q 390.0 polymer
9/15 1471.0 390.0G (750 ppm)
3/16 1454.0 3740.0 " "
9/17 1492.0 370.0 " "
3/18 1494.0 380.0 ’ " "
9/19 1473.0 385.0 , v "
a/20 1404.0 370.0 v "
9/21 1407.0 365.0 F. W.
9/22 1540.0 370.0 F. Ww.
9/23 1571.0 370.0 F. W.
10/1 1265.0 230.0 Brine
10/2 1643.0 310.0 " "
10/4 1539.0 260.0 " v

10/8 1381.0 200.0 " "
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Table C.5 (continued)

Average Daily Average Wel lhead
Date Rate (bbli/day) Pressure (psig) Fluid Type
10/10 1762.0 260.0 " "
10/12 1416.0 210.0 " *
10/17 1972.0 380.0 " "

10/30 1706.0 350.0 v "
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APPENDIX D

WELL C DATA

Table D.1

Well C, Data and Reservoir Properties

Location: Pennsvylvania
Formation: Sandstone

Injected fluids: Micellar solution, polyacrylamide, brine

L = Depth = 1800 feet
V,, = Wellbore volume = 50.0 barrels
Cqr = Rising/Falling fluid wellbore storage coefficient
= 0.3705 feet3/barre]

Cgg = Full wellbore storage coefficient = 0.00084

f feet3/barrei
h = Reservoir thickness = 17.0 feet
K = Absolute permeability to water = 27.0 md.
¢ = Porosity = 0.203
Pe = Pressure at the external drainage radius = 300 psia
p; = Initial reservoir pressure = 445 psia
Te = External drainage radius = 280.0 feet
r, = Wellbore radius = 0.375 feet
u, = Water viscosity = 1.00 cp
¢, = Water Compressibility = 3.0 * 1076 psi~!
By = Water formation volume factor = 1.0 res. bbl/STB

at 1000 psia
Y¢ = Rock specific gravity = 2.68
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Table D.2
Adsorption/Reteﬁtion - Resistance Factor Data, Well C
Rrfw = residual resistance factor to water = 11.30
Amax = maximum polymer adsorption/retention = 0.020 mg/g
Fe = inaccessible pore volume = 1.00
Langmuir Adsorption Isotherm
Concentration (PPM) Adsorption/Retention (mg/g)
6.0 0.0000
10.0 0.0001
106.0 0.00t0
500.0 0.0050
1000.0 0.0190

5000.0 0.0200
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Table D.3

Carreau Rheological Data, Welil C

Concentration(PPM) n A Ho U oo
¢.0 1.00 5.00 1.00 1.00

2300.0 0.55 5.00 3.00 1.30
2800.0 0.55 5.00 5.00 1.70
3100.0 0.55 5.00 7.00 2.20
3430.0 0.42 5.00 8.50 2.30
5000.0 0.30 5.00 20.00 - 10.00

Table D.4

Apparent Viscosity as a Function of Interstitial Velocity,

Well C

Savins shear rate-wvelocity relation used

Interstitial Velocity (feet/day)

COHC.(PPM)‘ 0.01 0.10 1.00 10,00 100.0 10006.0
0.0 1.00 1.00 .00 1.00 1.00 1.00
2445.0 3.00 2.85 2.01 1.55 1.39 1.33
2800.0 5.00 4.72 3.07 2.19 1.87 1.76
3100.0 6.99 6.59 4.19 2.91 2.45 2.29
3430.0 8.49 7.83 4,30 2.83 2.44 2.34

5000.0 12.98 18.70 12.55 10.51 10.10 10.02
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Tabie Db.5
Summary of Daily Injection Results, Well C
Average Daily Average Wel lhead

Date Rate (bbl /day) Pressure {(psig) Fluid Type
2/18 93.0 540.0 micel tlar
2/19 105.0 755.0 solution
2/20 94.0 875.0 (2300 ppm)
2/21 98.0 1075.0 " "
2/22 82.0 1100.0 " o
2/23 74.0 1085.0 " "
2/24 83.0 1065.0 polymer
2/25 21.0 1050.0 (2300 ppm)
2/26 89.0 1010.0 pclymer
2/27 87.0 1070.0 (2500 ppm)
2/28 86.0 1080.0 " "
3/1 87.0 1080.0 polymer
3/2 79.0 1080.0 (2800 ppm)
3/3 77.0 10590.0 " "
3/4 73.0 1095.0 polvymer
3/5 70.0 1090.0 (3100 ppom)
3/6 68.0 1095.0 " "
3/7 66.0 1090G.0 polymer
3/8 63.0 1100.0 {3430 ppm?
3/9 60.0 1085.0 " "
3710 59.0 1090.0 " "
3/11 58.0 1100.0 " T
3/12 53.0 1090.0 v "
3/13 53.0 1085.0 " “
3/14 53.0 1090.0 " "
3/15 55.0 1085.0 H "
3/16 54.0 1095.0 " "
3/17 52.0 1385.0 " "
3/18 52.0 1160.0 " "
3/19 52.0 1095.0 " "
3/20 52.40 1985.0 " "
3/21 48.0 1095.0 " "
3/22 47.0 1085.0 " "
3/23 47.0 1050.0 " "
3/24 47.0 1085.0 " "
3/25 50.0 1090.0 " "
3/26 54.0 1095.0 " "
3/27 55.0 1095.0 " "
3/28 g 51.0 1100.0 " ™
3/29 44 .0 1095.0 " v

3/30 45.0 1085.0 v "
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Table D.5 (continued)

Average Daily Average Wel lhead

Date Rate (bbl/day) Pressure (psig) Fluid Type
3/31 58.0 1250.0 fresh
4/1 46.0 10906.0 water
4/2 47.0 1095.0 " "
4/3 40.0 1095.0 . "
4/4 61.0 1105.0 " "
4/5 66.0 1100.0 " "
4/6 75.0 18050.0 " "
a/7 67.0 1075.0 * "
4/8 72.0 1085.0 " "
4/9 82.0 1080.0 v "
4/10 &8.0 1080.0 " "
4/11 93.0 1085.0 " "
4712 81.0 1025.0 " "
4/13 ' 60.0 1035.0 n "
4/14 87.0 1100.0 " "
4/15 82.0 1065.0 w "
4/16 80.0 1000.0 " "
4/17 81.0 1085.0 " "
4/18 78.0 1080.0 " "
4/19 80.0 1100.0 " "
4720 77.0 1075.0 " "
4,21 75.0 310.0 " "
4/22 103.0 1055.0 " "
4/23 93.0 1010.0 " "
4/24 89.0 1095.0 " "
4/25 88.0 1065.0 " "
4/26 84.0 1085.0 " "
47,27 393.0 1100.0 " "
4/28 94.0 1085.0 " "
4/29 98.0 1100.0 " "
4/30 96.0 1110.0 " "
5/1 113.0 1065.0 " "
5/2 106.0 1080.0 " "
5/3 105.0 1085.0 " "
574 106.0 1095.0 " "
5/5 164.0 1100.0 " "
5/6 127.0 1060.0 " "
5/7 111.0 1140.0 " "
5/8 94.0 1060.0 " "
5/9 100.0 1050.0 " "
5/10 102.0 1050.0 " "
5/11 100.4Q 1060.0 o "

5712 101.0 1050.0 " "
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Table D.5 (continued)

Average Daily Average Wel ihead
Date Rate (bbl/day) Pressure (psig) Fluid Type
5/13 105.0 1060.0 " w
5/14 98.0 1100.0 " "
5/15% S7.0 1045.0 " "
5/16 1C04.0 1050.0 " B
5/17 103.0 1100.0 " "
5/18 S9.0 1050.0 " "
5/19 101.0 1075.0 " "
5/20 100.0 1060.0 " "

5/721 ' 105.0 1100.0 " "



