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Abstract

This paper calculates breakthrough time for some Niger Delta
reservoirs using a percolation model. The mode is less
cumbersome and time saving when compared with traditional
methods such as the Buckley-Leverett method. By incorporating
some reservoir specifics, such as actual reservoir dimension, into
the model used in this paper, better results which approximate
empirical values closely are obtained. The fact that breakthrough
timeisreservoir specificis confirmed.
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1.0 Introduction

Percolation models are often used to make predi&tabout important parameters in a random mediums T
recommends such models for the study of flow imekformation (porous medium) containing hydrocaito
Since it is known that the spatial distributionrotk types is often close to random, the connegtief sand
bodies typifies a percolation cluster.

Many authors such as in [1, 2, 3] have considesrdgiation models in several ways. In [1] percolatis used to
study flow between two sites, [3] discusses travgltime and length in percolation clusters anfPimpercolation

model is used to predict breakthrough tintig §, employing a value of 1.33 for the critical expahd , which is
the fractal dimension of the shortest path. Theaathge of this percolation model over conventionathods is
that {,, is obtained more quickly, in a fraction of a set@m a spreadsheet. The conventional approachesich

the Buckley-Leverett method are computationallyyvexpensive involving a lot of intricacies in olrtisig
required quantities and measurements used in tieufa. This is responsible for the great incentivgoroduce
much simpler models which can predict the uncetgamperformance.

This paper is motivated by earlier work done by dlu¢hor [4] following the effort of other authorsentioned
above on breakthrough time for some Niger Deltemasr. Good results were obtained, but this pajmas
further to use actual values specific to the resiesyinstead of ‘typical’ or standard (universalues. Actual
dimensions of the reservoirs obtained from theitoar maps, as given by Chevron Nigeria Limitedraoe used
in the model.

As background to the work, we note that in resereagineering, one method of oil recovery is trepliicement
method i.e. water drive mechanism. Water injectedre well (the injector well) is used to “push 'oatl at
another well — the producer well. The water injddieo the well to displace oil “breaks through”saime time.
This time of breakthrough is a very important paggenin oil recovery because of its economic ingilans for
the oil industry. Once the water breaks out notlmaitis left in that well, breakthrough time isalconsidered a
measure of performance.

For oil to flow out, under water pressure betwega tells means that a percolation cluster (wellremmed open
channels) exists. The percolation approach to mgoprediction is &ond percolation model where the oil
reservoir is modelled as a percolation cluster. fldw is directed from the injector well A to theqalucer well B,
such that we havedirected percolation process. The passage of time involved in the flogfore breakthrough
time) motivates the study of this oil displacempricess as directed first passage percolation. The problem at
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hand is not just to predict breakthrough time loutmake prediction that will approximate empiricalues well
enough. This way the oil engineer can benefit freath results for the purpose of his decision making
responsibility.

As stated earlier, this paper extends an earliek wlone by the author [4] on the use of the cladsic
percolation model for calculation of breakthroughe for some Niger Delta reservoirs. The assumpaion
uniformity of reservoir length is lifted here, ambre accurate results emerge. However it is exgebes
building more flow physics into the model by cabtting the fractal dimension of the boundary of the
reservoirs will further improve the model and léaacven more accurate results.

The rest of the paper is organized as follows;ectisn 2 we provide the basic concepts in peramati
theory. Section 3 discusses the origin of the mothed underlying results and findings, in the u$e o
percolation theory in calculation of breakthroughd. The main results of the model and the improved
results are obtained in section 4.

2.0 Basic Concepts of Percolation Theory and Preliminary Results

The medium being considered, consists of micrasgogres and channels through which the fluid
might pass. Each channel will be open or closedht passage of the fluid depending on several
characteristics of the medium. In the simplest caaeh channel, independent of others, is open with
probabilityp (the single parameter of the model) and closed pribbability 1 —.
A basic question is the occurrence or not of petemh i.e. the existence of an infinite path, tlglowpen

bonds (edges) only, cutting through (spanning)ntieelium. Letd denote dimensiond = 2. As in [5] we
write Z ={...— 1,0,1,..} for the set of all integers andl® for the set of all vectorX = (Xl, Xy yeees Xg )
of integers.

2% isturned into a graph called tdedimensional cubic lattice, by adding edg(es y) between all pairs

d . _ . . d:(Zd,Ed), d . .
X, yZ" with J(X, y) = 1. This lattice is denoted lhy whereZ® is the set of sites of
the lattice andE? = {(X, y) 0z°: [Ix-y || = 1} is the set of nearest neighboui&>fy) = 1. Letp andq
satisfyO< p<land p+q=1.
d
We define a probability spacé€X, F, Pp) with sample spacé I{O,ZI.}EE . Points of Q are represented

asw= (a)(e) e E’ ) and callecconfigurations. The valuea(e) = 1 corresponds te being open and
a;(e) = 0 corresponds te being closed. We havg/, (cu(e) =1) =p and 4, (w(e) = O) =(q, where

M, is the Bernoulli measure on (0,1).

2.0.1 Critical Percolation and Critical Exponents
A principal quantity of study in percolation theoiy the percolation probabilitﬂ(p) which is the
probability that a given vertex belongs to an iitéiropen cluster. As in [5] this is defined as

6(p)=p(0 - )

u— v denotes the vertex u is connected to the vertex
BecauseH( p) is the probability that the origin belongs to afiriite cluster, it is more elegantly defined
by

g(p) = qu| = oo)

(2.1)
where|C| is the cardinality of the open cluster of the 'm’r,idc| is thus a random variable which can take
the discrete valued,2,...,00 .

Fundamentally there exists a critical valfdg = P, (d) of p (called the critical probability) such that
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_ [0 if p<p, subcritical phase
( )_{>0 if p>p, supercritical phat
We define this critical probability as
p.(d)=sup:6(p)=0}.
(2.2)

It is believed that percolation probability has ingslarity at p = p_.and that there is a “power law

behaviour” at and near this singularity.

The nature of the singularity is supposed to beocaal, it is expected to have certain generalufesst in
common with phase transitions in other physicatesys. These features are referred toSaaling limits”
and they relate toctitical exponents’ as in [6, 7]. In what follows, we shall examitiee behaviour of the
exponents in the neighbourhood of the critical fmoin

Near the critical point: asp approachesp, from above (or beneathﬁ( p) and ,Y(p) are believed to

behave as powers 4>p - pc|. )((p) is the mean size of an open cluster which is pmeded as the mean
number of vertices in the open cluster at the origiccording to Kesten [8], the following exists
|.|.y: —lim log x(p) ”

p-Pc IOg‘ p_pc‘
- _[i log&(p)
[ =—lim,_, ) (2.3)
T Ppc(\c\zn)
o =-lim,_, log—
The quantitiesy, @, 0 are called critical exponents. There are othdicatiexponents as established in

[7,9,10].
Definition: (Power Law)

An interesting concept in percolation theory is fower law relationship. A power law is defined
simply as any polynomial relationship that exhilie property of scale invariance. Most known power

laws relate two variables and have the foifr(nx) = ax" , Wherek is the scaling exponent. For example,

p(k) ~ k" and p(ak)~a™ p(k) defines a power law, wherp(k) is the probability of occurrence of

some evenk. The relationship does not depend on the dcdbeit on the coefficierd. Next we describe
the Buckley-Leverett Method used for calculatingdkthrough time.

The conventional method for calculating breakthfotime (tbr ) is the Buckley-Leverett method, as given
in [11]. By the Buckley-Leverett method the timendtich breakthrough occurs is given as

idy

tbt = (2.5)
Qig
V\lidbt is the dimensionless number of pore volumes oemimjected at time of breakthrouglg, is the
dimensionless injection ratet,, is the time of breakthrough, which is analogou$ jdeing calculated in

this paper. As stated earlier the Buckley-Levaredthod is computationally very expensive.

To use the Buckley-Leverett method, the relativargability curves, the Buckley-Leverett equatiom an
the expression for average water saturation angrest

To utilize each of these components, one needsavse tialues for some other important quantities.s€he

include velocity of the plan¥/,, full differential of water saturationiSW, fractional flow of water at any
point in the reservoirf,,, current value of water saturatidB,,, flood front saturationS,, , fractional

flow at the producing weIIfWE, the cumulative water injectew;, the injection rateqj, among others.
Several values which are required for detaileduatons must be obtained first, before the oilorery
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calculations can be made. Thus a lot of intricaéavolved when using the Buckley-Leverett methiod
the following section we discuss some known resalfsercolation theory.

3.0 Result in Percolation Theory: Use of Critical Kponents and Scaling Laws of Percolation
Theory in Predicting the Breakthrough Time for Oil Recovery

According to Andrade et al [1], there is qualitatiresemblance between the shortest path and thsahin
travelling time of the tracer particle. The shartpath connecting two sites on a percolation ctuie
defined ashortest path or chemical distance. It is denoted by and for some particular case, its value may

be denoted . The geometrical distance between the sites ertlilister is denoted | scales with
geometric distanceas follows:
I * —~ r dmln

113+ 002(d = 2)

1.374+0.005d =3)
(3.1)
is the fractal dimension of the shortest path

d

min

3.0.1 Minimal Traveling Time (Breakthrough Time) and Fastest Path

Minimal Traveling Time (or breakthrough time) h@msdo with the dynamics of the flow on the
percolation cluster. In the model by King et al, [?fe simulation is run for the flow tracer pardiglstarting
at theinjection point A to therecovery point B.

Theminimal travelling time t,;, corresponds to the breakthrough time of the liquidter) that

n

displaces the oil during recovery [3]. Exponedg§ wherex denotes

I t lor T

min ? “min ?
are defined by
X ~r®.
(3.2)
Here X is the characteristic length or time of the cquoexling distribution. Andrade et al [1] obtained
t.., which scales with *, i.e. t... ~1? where Zz= 117. The expression “scales as” denoted by ~
means “is proportional to, in the limit”.

For the particle travelling between two poiAtandB, we haved ;. <d,, <d;.
d

d.;, is the fractal dimension of the minimal path and

. IS the fractal dimension of a subset of the system

dy is the fractal dimension of the entire cluster.
Sincel scales ag %™ , from (3.2), it is proposed thét,;, scales ad 4n \where
dy =24 =133 and
tmin - rdtmin
(3.3)
d, =133+ 005 (as obtained in [1])

tmin ~r i
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such thatt . ~r*,

min
(3.4
3.0.2  Predicting Breakthrough Time using Percolatia Model
Andrade et al [1] have shown that the breakthrotiigle is strongly correlated with the shortest
path length (chemical path). There is a power lelationship
t~r?
(3.5)

The details about the variables in this expresarergiven below:
a hereisd, (see (3.3)).

This is a particular case of the general relatignsbtained by Andrade et al [1] and was givendnation
(3.2).

King et al [2] considered a single well pair sepaalaby a Euclidean distancgsuch that the breakthrough
time corresponds to thierst passage time for transport between the injector and the produBasically
equation (3.4) provides the relationship appliedet field data. When dealing with more practaspects
of reservoir engineering such as well test analysis conventional to switch to what are calledgtical
or field units [12]. To apply the above resultsréal field data, units from the dimensionless sgaform
of equation (3.4) must be converted to real figldsu For example time and distance which are pnemt
in the scaling law have a non-linear relationship.

In line with this, King et al [2] interpreted eqiat (3.5) as follows:

t~r? meanst _[ " | (3.6)
t0 r0
where I, is typical length and is taken as sand body dimenk,, t, is time taken to transit through one

sand body.
In a homogenous region of permeabikt{in Darcies), and for a pair of wells separatechlidistance (in
cm), the transit time (in seconds) is given byd§]
_4nur®
ty =
3kAP
1 is viscosity of the fluid (in centipoisesfAP is the pressure drop between the wells (in atmergs).

Now
U= |n[fJ (3.7
r

w

where ,, is well-bore radius (in cm).AP is linear in the number of sand bodies betweentiés such

that the drop for each body,i_sv/(r/rs). A later simulation [5] gave an expression tgras

2
S/ (3.8)
15k AP/(r/r,)
where U is the log of the dimensionless sand body sizéhe Tesults established in [1,2] have been
summarized in theorem 3.3 below. The critical exgrarwhich is applied here & , the fractal dimension
of the shortest path.

3.3 Theorem

Let the minimal travelling timet ;, correspond to the breakthrough tirhe of water that displaces oil.

n
t . “scalesas’ “ is denoted, ~ I ™
zd . =g =133 is the fractal dimension of the shortest path.r&hs a power law relationship namely

min

t, ~r”

m
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Let - :(rL)” denote ‘t.., ~r“” in real field units. Thent,, :(rL)”to where & is the fractal
0 0 0
dimension of the shortest pathis the distance between a pair of wells, the iojewell and the production

well. r, is typical length,t, is time taken to transit through one sand body &ndjiven as

2
t, = %{?}—rﬁj— , 17 is viscosity k is permeability, AP is the pressure drop between the wells &pds

well bore radius. The following section gives thaimresults of the paper.

4.0 Application of Model to Real Field Data: Analyss of Results for some Niger Delta
Reservoirs

Time of breakthrought,, is now calculated for some specific reservoirmgsthe results in

theorem 3.3. We proceed as follows.
Some known characteristics of the Niger-Deltadfiglude such as average field dimensions,

viscosity, permeability, gravity values (API), wesebstituted into the scaling equation (3.6) taaobt,,

for the reservoirs of interest. Some other quadisuch as well bore radius, change in pressurié, we
separation etc, were used as given in [2]. Anayefield in the Niger Delta is of length 8km, widtkm
and has excellent sand quality (even though thdssare polygenetic). Porosities and permeabildies
high, up to 40% porosity rate and permeability efvieen 1 and 2 Darcies [13]. Therefore we kise

1.5D. Alsor, = 8km (typical length) is used for all the reservoirfieTAPI values from [13] were used

to calculate density (g/cthused in the conversion of units of viscosity.

Both the Ewan and the Opolo fields are offshoreeNiQelta fields. Data and other information on thes
fields such as well separation, API values, oicewsty, permeability, reservoir length etc. asexdatvere
supplied by Chevron Nigeria Limited.

The values oft,, were calculated for reservoirs in both fields gsivalue of 1.33 for¥ which is the

fractal dimension of the shortest path. Given belewthe calculation that yieldedl,, values for the

selected reservoirs. The results are shown on tablbelow along with empirical values.
Ewan D-01
D-01/EW-01

12qUr?
t,\D-0YEW-01) =
o(0-0¥ J 15k|AP/ (-
Well separatiom = 0.91 = 91000cm
Reservoir length = r; = 8km = 800000cm

Viscosity 7 = 204
Well bore radius = 20.32cm

U=lIn LI In 91000: 365
2032

rw
K =2D
12x 2.04x 3.65x (800000
15x 2x [150°°]
_ 5718528000000
3956044
t,[in sec$=1445516784ecs
1445516784

t,[in yearg= 315360000 = 4584years

t,(D-0YEW -01)=

133+ 005
t, :£j = 2b1yearsr 2.8years
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Ewan C-02
C-02/EW-02

Well separatiom = 1.15km = 115000cm
Reservoir lengtht, = 8km = 800000cm

Viscosity /7 = 349

AP =500psi
Well bore radius = 20.32cm
U =1n 129900\ 1 T | - (565945) = 375
2032 r,
K =2D
2
t,(C - 02/ E —0p) = 12X 349X 3.75x (8.0000()
15x 2 x [500psj*]
_10051200000000_ ¢ 0101 caeo o
10416657
: 964915154
t,lin yearg= ————— =3059years
ofinyears 31536000 %

133+005
ty :(1815] = 232yearr 2.56years

Opolo Field
2

t,(Opolo) = ﬁ%ﬂ
Well separatiom = 0.572km =72000cm
Reservoir length +, = 8km = 800000cm
Viscosity 5 = 02

AP = 10psi
Well bore radiusr’ = 8 inches = 20.32cm

72000

U=In 5 =In354330= 355

K =2D
2
t, (Opolo) = 12 x105.2x 3.55x (gggg)oc)
x 2 x [10psj 7]

6816000: 204482secs
333333

to[in year%z %O: 0.000Years
t,. (Opolo) = (009)™**** x 0.0001
=4.1 x10° or 4.6 x10°
t,, values for Ewan C-03 and Ewan B-12 reservoirs wétained by the same process. Data used and all

results are displayed on table 4.1.

to[in second];
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Table 4.1

Field Well API Viscosity | Permeability Breakthrough Time Range
Separation| Values (CP) (md) (in years)

Acres Theoretical Empirical Value

Reservoir km Value with (S.E.) with (S.E.)

Ewan

B-12/EW-02 2018 17.3 8.9 530-1500 | 52.5 (one well) | 1.5 (One well)

(One well) 2.90

C-02/EW-02 326 21.5 3.49 530-2000 2.56(0.12) 5.0(1.70)
1.15

C-03/EW-01 394 20.1 5.32 505-2673 4.03(0.18) 5.6(1.74)
1.30

D-01/EW-01 204 25.4 2.04 100-2000 2.80(0.16) 4.5(1.08)
0.91

Opolo

D-01/0OP-02 130 40 0.2 500-2000 4.1 x10° 1.8(1.10)
0.72 (2.30 x 10)

In table 4.1 standard error for the theoretical amgirical values of breakthrough time is giverbiacket

beside the values

4.0.1

Analysis/Remark

From the information displayed on table 4.1, we entiie following remarks:

(i)

(ii)

(i)

Generally, in the literature and also on the fieidce; which is viscosity for oil is much

bigger than 1, which is the viscosity for water tevawill likely finger through, and one
will not do a ‘good’ job with the water drive mectiam. An alternative recovery method
may be applied. According to Dake [12] consideratiould be given to the application
of thermal recovery methods with the aim of redgcihe viscosity ratio. However in
some cases (as is observed for some Niger DeltsYigshere water flooding seems a
feasible option despite the high viscosity of tlie wery high pressure is used. Indeed
AP is as high as 500psi. This way a good percersfigecovery is still madeAP is a
reflection of the reservoir force i.e. the forcénipel the drive.

We observe that we have more accurate values wi31+-10.05 = 1.28 is used fa@r .
This is because some further work by Ogbogbo forting in [14] shows that actual
fractal dimensions of the Ewan reservoirs areedIthan 1.33. Therefore values@f

greater than 1.33 lead to less accurate resulthése reservoirs. This explains why

values displayed on table 4.1 are those obtainagsing @ = 1.28.

Ewan B-12 is a one well reservoir. In Ewan B-1Zkris like shale, oil is glued to the

sand, and has a high viscosity of 8.9cp. In taservoir/well unless pressure is radically
increased recovery will not be meaningful. Fieldyieers confirm that this well is not

doing well as a result of low API and high viscgsit is not surprising therefore that the

model does not yield any meaningful result fgr even withAP of 1000. The viscosity

is quite high, the reservoir being a one well resierhas value 1 for /r.. The geology
of the field is what could provide explanation tbe poor performance of Ewan B-12.
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(iv) The Opolo field has oil of very low viscosity of2@8p, thus the pressure required here

need not be high, hend&P = 10psi is used. Despite the very low value A used the
result of Opolo field is very low. This is largelbecause of the value of well separation

which is quite low and the low viscosity of cruatethis field. AP = 150psi is also used
for D-01/Ew-01 since its viscosity is not very high

v) A comparison of the theoretical values if (as calculated from the model) with the
empirical values obtained from the field (Chevroigétia Limited), reveals that the
theoretical values are close to the average vaiug, o(empirical value). These values
could have approximated better had some of the fibwisics been taken into serious
cognizance. By some of the assumptions of the maoatedt of the flow physics is lost.

(vi) Moreover, a value of 500psi faAP is an average value, this means thd&® could be
much higher for reservoirs with oil viscosity ofjhier than 5cp.
The contour maps of some of the reservoirs are slmlow. Each square represents 1km.

EWAN C - 02

EWAN D - 01

OPOLO D -01
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From the maps (Ewan C-03 is not displayed) we ofestitat actual reservoir length for Ewan D-01, Ewan
C-03, Ewan C-02 and Opolo D-01 are 5km, 8km, 8kmh 3km respectively. The typical length of 8km
used for all reservoirs is true for Ewan C-02 anehf C-03 but led to less accurate result for EwabilD
and Opolo D-01.

The calculation fort,, is now repeated for Ewan D-01 and Opolo D-01 with= 5km. The new values

are displayed on table 4.2. The calculation issghbelow:
Ewan D-01
D-01/EW-01

2
tO(D—OJZEW—OJ)=£2[£iP/rz:—)]
Well separatiom = 0.91 = 916000m
Reservoir lengthr, = Iy, = 5km = 500000cm
Viscosity 7 = 204
Well bore radius = 20.32cm
U= In[LJ =in 22000 447835= 365

r 2032

w

K =2D
12x 2.04x 3.65x (500000°
15x 2 x [150/22]

_ 2233800000000

t,(D-0YEW -01) =

=903448008ecs
2472527
tofin year§ = %& 2865years

133+ 005
tor :[Lj = 298yearsr 3.2years

S

Opolo Field
127Ur?

tO (Op0| O) = ﬁ[@(z)‘]

Well separatiom = 0.72km = 72000cm
Reservoir length &, = 5km = 500000cm
Viscosity /7 = 0.2
AP = 10psi
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Well bore radiusr,= 8 inches = 20.32cm

U=In @: In 354330= 355
20.32

K=2D
2
t, (Opolo) = 12x0.2x 3.55x (50000()
15x 2 x [10psj 22
2
t,[in secondp= 243x10% _, 122400008ecs
208333
to[in years} = 1022400000 _ 3242years
31536000/ears

t,, (Opolo) = (0.144)*** x 32.42=2.46years
= 2.46yearsor

=(0.144*° x 32.42=2.71years

Table 4.2
Field Well API Viscosity | Permeability Breakthrough Time Range
Separation| Values (CP) (md) (in years)

Acres Theoretical Empirical Value

Reservoir km Value with (S.E.) with (S.E.)

C-02/EW-02 326 215 3.49 530-2000 2.56(0.12) 5.0(1.70)
1.15

C-03/EW-01 394 20.1 5.32 505-2673 4.03(0.18) 5.6(1.74)
1.30

D-01/EW-01 204 25.4 2.04 100-2000 3.2(0.15) 4.5(1.08)
0.91

Opolo

D-01/0P-02 130 40 0.2 500-2000 2.71(0.17) 1.8(1.10)
0.72

Remark about Results
Comparing table 4.1 with table 4.2, we observe tha values for Ewan D-01 and Opolo D-01

(3.2 and 2.71 respectively) are closer to the englivalues of 4.5 and 1.8. When typical lengtls waed
for these reservoirs the values obtained werehaitdlose to empirical value. In fact the Opolceresirs

yielded a very smalt,, value which could not be reckoned with. This aadés an improvement on earlier
results for prediction of time of breakthrough.

5.0 Conclusion/Recommendation

The paper has demonstrated that usingabealue of reservoir dimension in the percolatiodel
leads to an improvement in the prediction of brieadigh time in oil recovery.
Generally, the percolation model is used to obtamakthrough time more quickly than by the use of
conventional methods. In the absence of other geabexceptions the results obtained are quitéulise

The model made a number of simplifyinguagstions, such as considering oil reservoirs agrsgu
boxes. It also assumes uniformity of flow patteon &ll reservoirs. This is not the case, considgthe
varying shapes of the contour maps of the resesvdinus calculating the actual fractal dimensiohthe
boundaries of the reservoirs, will capture morehef flow physics leading to better results. Furtiverk
on incorporating more of the flow physics in thedabis recommended.
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