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Upstream Petrolenm Industry Roadmap
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Why Waterflooding?

= General availability of water

m Relatively easy to inject due to its
hydraulic head in the injection well

s [he ability to spread through an oil-
bearing formation

= Its efficiency in displacing olil

History and Development

First waterflood occurred in Pithole City,
Pennsylvania, 1865. A result of accidental water
injection.

1880, J.F. Carll raised the possibility of
increasing oil recovery by Injecting water into
reservoir to displace oil to producing wells.

Circle Flooding: water injected at a single well.

Line drive: a series of wells subject to water
injection at one time.

Five-spot pattern: first attempted at Bradford
field, 1924.

1950's general applicability of waterflooding
became recognized.




Association with

Reservoir engineering

Investigate flooding patterns
Select location of injection wells
Estimate the injectivity
Recommend additional wells

Produce detailed prediction of the oil recovery
Berformance by waterflooding, which gives the

asis for economic projection of the profitability
of waterflood

Responsible for continuous review of reservoir
performance, updating and modifying expected
performance

Association with
Production engineering

Selection and testing of water supply source
Design and sizing of water treatment equipment
Specification of metering and testing facility
Investigation of corrosion or scaling tendencies

Review of existing wells to determine required
remedial work

Operation of surface injection and production
facilities.




Objectives

= Prediction of water injection rates
= Oil producing rates
s Producing water-oll ratios

m Cumulative oil recovery at various times in
the future

Basic Water-Oil Flow Properties
of Reservoir Rock

= Properties of the rock skeleton alone
m Porosity
= Permeability
= Pore size distribution
s Surface area

m Combined rock-fluid properties
» Capillary pressure characteristics (static)
= Relative permeability characteristics (flow)




Some basic definition

Absolute permeability

m Permeability of rock saturated completely with one
Fluid

Effective permeability

s Permeability of rock to one fluid when the rock is only
partially: saturated with that fluid

Relative permeability
s Ratio of effective permeability to some base value
Porosity

= Portion of rock bulk volume composed of
interconnected pores

Basic Water-Oil Flow Properties
of Reservoir Rock

= Rock wettability
» Fluid distribution
m Capillary pressure

n Relative permeability (two-phase & three-
phase)

m Connate water saturation




Efficiency of Oil Displacement by
Water

= Frontal Advanced Theory
m Fractional Flow Equation

kk oP .
—oApsina
uﬂ (az; gApsina,)
1+ﬁk°
H, k,

fw:

f,: fraction of water in the flowing stream passing any
pomt in the rock (ie. watercut)

k. formation permeability

k..: relative permeability to oil

K effective permeability to oil

k,: effective permeability to water
1 = oil viscosity

1., water viscosity

uy;: total fluid velocity (ie g/A)

P capillary pressure = F,-P, = pressure in oil phase
minus pressure in water phase

L: distance along direction of movement

g: acceleration due to gravity

/s o : water-oil density differences = o ,,- o,

o 4 angle of the formation dip to the horizontal
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Mobility Ratio Concept

The mobility of a fluid is the effective permeability of
the rock to the specific fluid divided by the fluid

VIScosIty.

Water mobility: &,/ ,, , oil mobility: &£/,
The value off mebility is dependent upon the fluid

saturation.

The mobility ratio is the mobility of the displacing fluid

divided! by that of the displaced filuid.

It is generally accepted that the term “mobility ratio” is
taken to mean that ratio prior to water breakthrough.

Areal Sweep Efficiency

Pattern

Ratio of producing wells
tol injection wells

Drilling pattern required

Four-spot

2

Equilateral triangle

Skewed four-spot

2

Sguare

Five spot

1

sqguare

Seven spot

Vo

Equilateral triangle

Inverted seven —spot
(ingle inj. Well)

2

Equilateral triangle

Nine-spot

Sguare

Inverted mini-spot
(single inj. Well)

Sqguare

Direct line drive

Rectangle

Staggered line drive

Offset lines of wells




Guideline for the Selection of
Waterflood Pattern

Desired oil production capacity

Sufficient water injection rate to yield desired oil
production

Maximize oil recovery with a minimum of water
production

Take advantage of known resemnvoir nen-uniformities——-
ie., directionall permeability, regional permeability
differences, formation fractures, dip, etc.

Be compatible with the existing well pattern and require
a minimum of new wells.

Be compatible with flooding operations of other
operators on adjacent leases.

Reservoir Heterogeneity

Areal Permeability Variations
Individual well data across the entire reservoir
Regression analysis technigue
Permeability, anisotropy
Lateral & Vertical inhomogeneities
Pressure transient technigue

Vertical Permeability Stratification

m Information suchi as degree of stratification, lateral extent of
shale breaks and continuity of zones of specific permeability to
be obtained by the examination of the formation outcrop.

Reservoir Scale Fractures and Directional Permeability

m Difficult to fully identify during primary depletion but might play
an important role when injection pressure is applied.




Vertical and Volumetric Sweep
Efficiency

= Vertical sweep efficiency

= [he cross-sectional area contacted by the
injected fluid divided by the cross-sectional
area enclosed in all layers behind the injected
fluid front.

= Volumetric sweep efficiency

= The pore volume contacted by the injected
fluid divided by the total pore volume of a
pattern or portion of the reservoir of interest.

Factors Affecting Volumetric
Efficiency

Mobility ratio

Gravity

Capillary pressure

Cross flow

Injection| rate

Layer selection

Fractures

Existence of gas cap
Existence of underlying water

¥ ¥ ¥ H H H H B B

hid

The last three factors are naturally occurred and no method
available to accurately and quantitatively measure the effects.




» The water-oil mobility ratio is a measure
of the water injectivity of a well relative to
its oil productivity.

m After the gas space is filled with liquid, the

injectivity variation of a well will depend
upon the mobility ratio.

n After fillup, the injectivity will remain
constant if the mobility ratio is unity, will
increase if M>1, and will decrease if M<1.

= Injected water would tend to move
preferentially along the bottom of a
formation due to its high density.

= The degree of gravity segregation of the
iInjected fluid, measured in terms of the
volumetric sweep efficiency at
breakthrough depends upon the ratio of
viscous forces to gravity forces, AP,/ AP,

= Higher rate, higher volumetric sweep
efficiency.




Methods of Predicting
Waterflood Performance

= Methods primarily concerned with reservoir
heterogeneity

s Yuster-Suder-Calhoun Method

n Prats-Matthews-Jewett-Baker Method
n Stiles Method

s Dykstra-Parsons Method

= Methods primarily concerned with areal sweep
= Muskat Method
Hurst Method
Caudle et al. Method
Aronofsky Method
Deppe-Hauber Method

Methods of Predicting
Waterflood Performance

= Methods dealing primarily with displacement
mechanism

s Buckley-lLeverett Method
s Craig-Geffen-Morse Method
s Rapoport-Carpenter-Leas Method
m Higgins and Leighton Method
= Methods involving mathematical models
s Douglas-Blair-Wagner Method
s Hiatt Method
s Douglas-Leaceman-Rachford Method
= Warren and Cosgrove Method
= Morel-Seytoux Method




Methods of Predicting

Waterflood Performance

= Empirical prediction methods

s Guthrie-Greenberger Method

E.=0.2719 log k +0.25569 S, -0.1355 log s, — 1.5380 ¢-
00003488 /+0.11403

s Schauer Method
m API Statistical Study

ﬂ.-_—_._.-‘ p I3

where £ is the fractional recovery efficiency, k is in darcies. This correlation for
waterflood recovery expressed as a logarithmic-type eguation depends upon porosity,
connate water saturation, permeability, oil and water viscousity, initial pressure (p;) and
pressure at depletion (p,).

Questions to be answered before
performing waterflood

Is the reservoir likely to performias ai series of independent
layers, or as zones of differing permeability with: fluid
crossflow?

Are there zones of highl das saturation or high water
saturation that could serve as channels for bypassing water?

Does thereservoir contain long naturall fractures or
directional permeability that could cause preferential areal
movement In some directiony?

Are there areas of high and of low permeability that might
cause unbalanced flood performance?

Is crossbedding present to the degree that fluid
communication between injection and producing wells might
be impaired?

Is the reservoir likely to contain planes of weakness or
closed natural fractures that would open at bettom-hole
Injection pressure?




Design of Waterflood

» Evaluation of the reservoir, including
primary production performance.

m Selection of potential flooding plans.

m Estimation of injection and production
rates.

= Projection of oil recovery over the
anticipated life of the project for each
flooding plan.

» Identification of variables that may cause
uncertainty in the technical analysis.

Viscous Fingering

= A phenomenon occurred when the
viscosity ratio of displaced fluid to
displacing fluid is much larger than 1.0

= The initiation and growth of viscous
fingering is caused by instabilities at the
interface between displacing fluid and
displaced fluid whenever the viscosity of
the displacing fluid is much less than that
of displaced fluid.




Pattern selection with anisotropic permeability
or oriented fracture system

Incorrect Correct
+—>

Fracture Orientation or () Production wells
Favored Direction of Permeability A Injection wells

S,
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