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ABSTRACT

Water injection, the most widespread secondary method of oil recovery, is a pattern flooding when water is
injected over the entire oil bearing area of the reservoir.

The main reason why this method is so widely used is the high recovery achieved when water is the displac-
ing agent both in the case of a natural water drive and when water is injected into reservoir artificially. However,
if the flooding operation is carried out carelessly, the result may be entirely negative or wasteful operation.

One of the primary objectives of water flood analysis is to predict additional oil recovery obtained by water
flooding from oil reservoirs.

This paper presents a practical use of water flood method for formation evaluation of reservoir hydrocarbon
and provides information that will be of practical value to geologists and engineers involved in the interpretation
of water flood data; these then become the reference for an economic projection of the profitability of the water-
flood.

I. INTRODUCTION faults, extreme permeability vanations or tight zones,

Waterflood is the application of artificial tech: ‘e coutact factor will be poor.
niques to increase the proportion of oil that can be ex- B. Sweep Efficiency
tracted from a crude oil reservoir, beyond the amount
that flows naturally or is pumped to the surface
through producing wells. Oil production from reser-
voirs by natural (primary) drive mechanisms is often
an inefficient process which may leave considerably
more "residual” oil trapped behind the reservoirs than
can be produced.

The mobility of fluids in a reservoir controls the
sweep efficiency (mobility is the permeability of a
rock to a fluid, divided by the fluid’s viscosity).

Sweep efficiency is usually determined as a func-
tion of the ratio of water mobility to o1l mobility, and
can be improved in an oil reservoir either by raising
the water viscosity by using chemicals or by lowering

The objective of water flood analysis is to predict the oil viscosity by thermal techniques.
the performance of reservoir under water flooding as

a secondary recovery method. In a water-drive dis- C. Displacement Efficiency

placement mechanism, three principle factors control This is the pore system of the reservoir that prin-
the proportion of reservoir hydrocarbons remaining at cipally governs displacement efficiency; the produc-
depletion. tions controlled by the degree of pore interconnection,
the size of the pore throats, the fluid and rock inter-
A. Contact Factor facial tensions, and the resulting pressure required to
The contact factor of a reservoir is an expression move the various phases (gas, oil, and water) through

of the amount of the reservoir that bypassed by the the system.
displacing water, for various physical reasons. If the Direct dynamic displacement has generally been a
reservoir contains sizeable zones of shale or silt, standard laboratory technique for waterflooding of
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core samples. In particular this method expresses the
characteristics of water injection into a permeable me-
dium where oil is the displaced phase.

II. ANALYSIS METHODS

The oil displacement efficiency of a water flood
in the field can be predicted from the water-oil rela-
tive permeability characteristics and the water and oil
viscosities,

The established procedure is to construct a plot of
fractional flow of water versus water saturation.
Ignoring capillary pressure effects, fractional flow
equation is as follows

k

'~

(g.dp sinad)

1 e

po  krw

Sw = fraction of water in the flowing stream
passing any point in the rock (i.e wa-
tercut)

k= formation permeability

kro = relative permeability to oil

krw = relative permeability to water

Ut = total fluid velocity

po = oil viscosity

MW = water viscosity

g& = acceleration due to gravity
dp = water-oil density difference
ad = angle of formation dip to the horizon-
tal.
In so called practical units, the equation becomes :
| - 000488 Kdro A sin ad)
po gt
fo= ... (2)
1+ ¥ ko
po  hrw

Where permeability is in mD : viscosity in cp ;
area (4) in sq.ft ; gt ( flow rate ) in BPD ; and density
difference in gm/cc.

In this paper three methods of water flood analy-
sis will be discussed, namely Buckley-Leverett, Dyk-
stra-Parson and Stiles methods.

A. Buckley-Leverett Method

This method is based on the equation Fractional
Flow Formula in horizontal reservoir and simplified
as follows :

.ﬁv=

Calculation procedures of prediction are as follows :

a. Define oil-water relative permeability data fluid
properties and the relation between fw versus Sw,
then plot fw against Sw on cartesian coordinate
paper.

b. Draw the tangent line to fractional flow curve,
this gives the Sw value of the flood front at break-
through point.

¢. Calculate analytically the rate change in the frac-
tional flow (fw’), as a function of the change in
the flood front Sw.

' =dfwdSw=fw'Sw. .. . (4)
The range Sw value are as follows :
Swsz < Sws< (1-Sor)......... .. .. ... (5)

d. Calculate water-oil production ratio (WOR), for
each of Sw point as follows :
WOR =Bo/ (1) =1 i i issii svvrassona s (6)
Then calculate the PV of cumulative injected
water ((0)
Qi=1/(dfwdSwWsw ................. .. (7)
e. Average water saturation (Sw), can be determined
using Welge equation.
Sw=8w+(Qixfo) .............. ... .. (8)
where fo = (1 - Sw)
f. Calculate the Recovery Factor using equation :
RF = O =S8l o pimey, 9)
(1 = Swi)
where : Swi = Swe
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g Then plot WOR versus R.F on cartesian coordi-
nate paper.

h. Organize steps (c) through (g), hence for the par-
ticular value WOR of 49 or water cut of 98 %,
then define recovery factor.

B. Dykstra-Parson Method

Dykstra-Parson method is applied as the second
approach in water flood analysis. In this method, the
water flood recovery is considered to be influenced by
mobility ratio and permeability variation. The mobil-
ity ratio (M) is estimated using the equation

M = (Krw/uw)x (wo/Kro) . ............. (10)

where :

Kro = oil relative permeability at Swc
Krw = water relative permeability Sor
pno = oil viscosity at currer:t pressure
uw = water viscosity

The permeability distribution was defined from
core sample data,

The permeability variation (V) is estimated with
the following equation :

K = average permeability

Kj = permeability of 84 % probability

Using a mobility ratio and a permeability vari-
ation, the fractional oil recovery at producing water
oil ratio of 1, 5, 25 and 100 can be estimated. The
graphical technique for this method generated by
Johnson are shown in Figure 6 through 9.

The calculated water flood recovery is the plotted
vs WOR.
By applying a WOR of 49 or a water cut of 98 % cor-
responding to a cumulative oil production, the calcu-
lation is performed as follows :

a. Arrange all permeability data in descending order,
then develop cumulative frequency distribution.
Plot the cumulative probability values versus log
of permeability on probability paper and draw the

straight line through the data points. Then, calcu-
late permeability vanation (V) using values from
the straight line.

Kso = The median permeability with 50 % of
the permeability values being greater
than or equal to it, md.
Kg4.1= The permeability with 84.1 % of the
permeability values being greater than
or equal to it, md.
b. Calculate the mobility ratio (M) using equation :
M = (Krw/uw) x (wo/Kro)
where relative permeability to oil and water are
obtained for a specified Sw from water-oil relative
permeability vs Sw.

c. Correlation of permeability vanance (V) data ver-
sus mobility ratio (M), generated by Johnson for
different WOR value of 1, 5, 25, and 100 as
shown in Figure 6 through Figure 9 are used to
estimate the recovery factor (R). Hence for a par-
ticular value of ¥ and M, recovery factor then can
be obtained.

d. Then plot recovery factor (RF), versus water oil
ratio (WOR), on cartesian coordinate paper.

e. Hence, using the above curve for a particular
WOR value or water cut, the recovery factor can
be determined.

C. Stiles Method

In Stiles method, an oil reservoir is visualized as a
layered reservoir, with each layer having a different
permeability. With the exception of the permeability
of the rock and the fluid properties are considered to
be the same for all layers. It also considers the influ-
ence of permeability distribution,

In Stiles method.the expected maximum water
flood recovery is expresed as -

R = g‘spi - Sor) @

.

Soi Bo "ttt
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R = maximum water flood recovery
= initial oil saturation

Sor = residual o1l saturation

Boi = initial oil volume factor

Bo = current oil volume factor

g
|

Calculation procedures are as follows :

a. Develop capacity distribution of permeability,
then plot the cumulative capacity versus cumula-
tive thickness, then generate the parameter of di-
mensionless permeability.

b. Plot the dimensionless permeability versus cumu-
lative thickness.

c. Using the dimensionless permeability and cumu-
lative capacity generate the Recovery Factor.

d. Water cut is developed from cumulative capacity
and mobility ratio.
Define A = Krw/Krox po/uwx Bo . ... .. (14)
Where : Kro at Swe and Krw at Sor
Use the "A" parameter to determine the water cut.
e. Plot Water Cut against Recovery Factor.
Maximum water flood oil recovery is defined
using the equation as,

Recovery Maximum =
(Soi - Sor)/Soi x (Boi/Bo) ........... ... (15)

III. CASE STUDY OF
WATER FLOOD ANALYSIS

Water flood analysis in this study was performed
on the clastic carbonate reservoir, having original oil
in place of 70.3 MMSTB. Primary oil recovery esti-
mation performed by decline curve analysis was 24.2
% of OOIP, corresponding to an ultimate oil recovery
of about 17.01 MMSTB. The equifer size was calcu-
lated to be 49 times the o1l volumes.

A. Application of Buckley-Leverett Method

Calculation steps of prediction are as follows :
a. Using oil-water relative permeability data, fluid
properties and the relation between tabulated fiw

versus Sw as presented in Table 1 and KwKo rela-
tive permeability data in Figure 1, then plot fiv vs
Sw on cartesian coordinate paper, presented in
Figure 2.

b. Draw the tangent line to fractional flow curve as
indicated in Figure 3, this gives the water satura-
tion value of the flood front at breakthrough.

c. Calculate analytically the rate change in the frac-
tional flow, fw ', as a function of the change in the
flood front water saturation.

w' = dfw/dSw = fw/Sw
The range value are as follows :
Swsz < Sw < (I -Sor)
where Swsz=0.411
d. Calculate water-oil production ratio (WOR) for
each of Sw point as follows :
WOR = Bo/(l/fw)-1
e. Then calculate the PV of cumulative injected
water (Or)
Qi =1/ (dfw/dSw)sw
f. Average water saturation Sw, can be determined
using Welge equation.
Sw = Sw + (Qi x fo)
Where fo = (I -Sw)

g. Calculate the Recovery Factor using equation :

(Sw — Swi)

RF =
(1 — Swi)

x (Boi’Bo)

where : Swi = Swe

h. Then plot WOR against R.F" on cartesian coordi-
nate paper as shown in Figure 4,

1. Organize steps (c) through (g) as presented in
Table 2, hence for the particular value WOR of 49
or water cut of 98 % recovery factor then equal to
43.25 %

B. Application of Dykstra-Parson Method

In the Dykstra-Parson method, recovery is calcu-
lated by taking into consideration the permeability
variation of the layer and the mobility ratio.
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The calculation is performed as follows :

Arrange all permeability data in descending order.
Develop cumulative frequency distribution as pre-
sented in Table 3.

Plot the cumulative probability values versus log
of permeability on probability paper and draw the
straight line through the data points as shown in
Figure 5.

The permeability distribution is defined from core
sample data as shown in Figure 5. From this fig-
ure can be obtained that,

K-Average (K) =2.63

Kj =0.61

Calculate permeability variation (V), using values
from the straight line.
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_ Kso - Kga;
Kso

_ 263 - 061

4 2,63

V

= 0.768

b. Calculate the mobility ratio (M) using equation
(10) :

)
SO L] T

4

=

W,

V
s A A A

-

M = (Krw/uw) x (uo/Kro)

where relative permeability to oil and water are
obtained for a specified Sw from Figure |.

at Sw=0.472 ----> Krw = 0.0539
at Sw=0.30 --> Kro=0.635
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Sw=0472 The average water saturation at
breakthrough point.
Sw=0.30 Connate Water Saturation
no and pw  Viscosity of oil and water respec-
tively at current pressure
Ho = 2.4486 cp, pw = 03013 cp
Then M= (0.0539)/(0.3013) x (2.4486)/(0.635)

=0.690

C. Application of Stiles Method

In Stiles method, an oil reservoir is visualized as a
layered reservoir, with each layer having a different
permeability. With the exception of the permeability
of the rock and the fluid properties are considered to
be the same for all layers.

Calculation procedure is as follows :
a. Develop capacity distribution of permeability as

c. Correlation of permeability variance (V) vs mo-
bility ratio (M), generated by Johnson for differ- shown in Table 4, then plot the cumulative capac-
ent WOR value of 1, 5, 25, and 100 as shown in ity versus cumulative thickness, presented in
Figure 6 through Figure 9 are used to estimate the Figure 11, Also generate the parameter of dimen-
recovery factor (R). sionless permeability as tabulated in Table .
Fractional oil recovery (ER) can be calculated
based on water oil ratio data, as follows °
For a producing water-oil ratio = 1.
ER (1 - Sw)=0.0875 A
ER = 0.0875/(1 - 0.30) = 0.1250 & m
For a producing water-oil ratio = 5. :
ER (1-0.728w)=0.170 i
ER=0.170/(1 -0.72 x 0.30) = 0.2168 é”
For a producing water-oil ratio = 25. :
ER (1-0.52 Sw)=0.265
ER =0.265/(1 -0.52 x 0.30)=0.3140
For a producing water-oil ratio = 100,
ER (1-0.40 Sw) = 0325
ER =0.325/(1 - 0.40 x 0.30) = 0.3693
The calculated water flood recovery is then plot- 2 % %9
ted versus producing water-oil ratio as shown in kiAo od
Figure 10. By applying a water-oil ratio of 49 or a
water cut of 98 % the water flood recovery will
be 34.9 % corresponding to a cumulative oil pro-
duction of 24,53 MSTB.
Hence for a particular value of V= 0.768 and M = et s
0.690, recovery factor then can be obtained as L _ _Int_erpgl_.-_a__ﬁon "'.:‘_‘.f'_.
shown below.
d. Then plot recovery factor (RF),versus water oil
ratio (WOR), on cartesian coordinate paper as
shown in Figure-10.
e. Hence, using the above curve for a particular
WOR value of 49 or water cut 98 %, the recovery
factor of 34.9 % then can be determined.
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b. Plot the dimensionless permeability versus cumu-
lative thickness as shown in Figure 11.

c. Using the dimensionless permeability and cumu-
lative capacity generate the Recovery Factor as
shown in Table 6,

d. Water cut is developed from cumulative capacity
and mobility ratio.

Define A = Krw/Kro x po/uw x Bo
where  Kro at Swe = 0.635

Krw at Sor=0.196

Bo =1.11316
Hence A =1.233

Use the "A" parameter to determine the water cu
as developed in Table 5.
e. Plot water cut against Recovery Factor as shown

in Figure 12.

Maximum water flood oil recovery is defined as,

Recovery Maximum = (Soi - Sor)/Soi x (Boi/Bo)
=(0.7-0.284)/0.7 x (1.1102/1.1140)
=0.59
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Using Figure 12, for a water cut value of 98 %
yield a recovery of 88.9 % Hence Recovery Fac-
tor =88.9 x 0.59 = 0.5245 or 52.45 %

IV. DISCUSSION THE RESULTS
OF ANALYSIS

The initial laboratory investigations in this study
tested 10 core samples from non clastic carbonate res-
ervoir from oil fields.

The normalized water-oil relative permeability
data used in this study is shown in Figure 1. The re-
sults for the fractional flow saturation relationship are
presented in Table 1 and Figure 2. Based on this rela-
tionship, the water flood displacement performance is
calculated as shown in Table 2.

Using a water cut limit of 98 % or oil ratio of 49,
the ultimate of water flood water recovery is 43.25 %,

.,

o M N 0 W & T o W
Ol RECOVIAY, %
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equal to a cumulative oil production of 30.40 MSTB
as presented in Table 7.

The most optimistic additional oil recovery re-
sulted using the Stiles method, while the most pessi-
mistic value was from the Dykstra-Parson method.
The range of water flood recovery was between 34.9
% and 52.45 %. The range of additional recovery over
primary recovery was between 10.7 % and 28.2 %.

V. CONCLUSIONS

1. Based on the method applied, the ultimate oil
recovery under water injection is estimated in the

range of 349 1o 524 % of the OOIP. Conse-
quently a water injection scheme could yield ad-
ditional oil recovery ranging from 7.52 to 19.83
MMSTB.

Further properly controlled and documented labo-
ratory data are urgently required before the feasi-
bility of waterflood analysis as a secondary
method can be firmly established in oil fields.

When deciding whether or not to use waterflood-
ing techniques reliable estimates of recoverable
o1l have to be made in a comprehensive engineer-
ing evaluation in which over all reservoir charac-
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teristics are considered in the light of current and Symbols
anticipated economic factors. Boi = Initial Oil Volume Factor
4. A more sophisticated way tc predict the water Bo = Current Oil Volume Factor
flood perfomance would be a reservoir simulation ER = Fractional Oil Recovery
study which would take into account all factors, fw = Fractional Flow of Water
such as rate of production, rate of injection, struc- fw' = Fractional Flow as a function of change
tural position of wells, lateral upward encroach- ign the flood front at breakthrough
ment, shape of the field, etc. Kj = Permeabbility of 84 % probbability
K = Averaage Permeability, md
REFERENCES K50 = Median permeability with 50 % of the per-
1. Abranes, A., "The influence of fluid viscocity, meability beinggreater or equal to it, md. _
interfacial tension, and flow velocity on residual K84.1= Permeability with 84.1 % of the permeabili-
oil saturation left by waterflood", Paper number ty being greater or equal to it, md
SPE 5050. Kro = Relative Permeability to Oil
2. Amyx, JW, et al. 1960, Petroleum Reservoir ﬁrw ¥ l:delat’n‘.re Pcn'fieablhty oW ket
: - : ) ; = Mobility Ratio
Engineering Physical Properties, Mc Graw-Hill Qi = Cumulative Injected Water
BaoC. RF = Recovery Factor
3. Craft, B.C. and Hawkin, Murray F. Jr., 1959, R = Maximum Waterflood Recovery
Applied Petroleum Reservoir Engineerng, Engle- R = Recovery Factor
wood Cliffs, N.J, Practice-Hall, Inc. Sw = Water Saturation, % PV_
4. Craig, F. FJr., 1976, "The reservoir engineering Sw = Average Water Saturation, % PV
aspects of waterflooding". Special Research Asso- Swe = Connate Water Saturation, % PV
ciate, AInOCO Production Company SOfI a Iﬂllla-l OII Samralion, % PV
5. McKay, B.A., 1974, Laboratory Studies of Gas- Sors hwsdel Oll Saturfitlfm, wEY
Displacement from Sandstone reservoir having V. = Permeabbility Variation
strong water drive. Bureau of Mineral Resources, WOR = Water-Oil Ratio
Canberra. WC = Water Cut, %
6. Rapoport and Leas, 1975, "Properties of Linier w = Viscocity of Water, cp
Water flood", AIME Trans.Vol. 198, o = Viscocity of Oil, cp.[]
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