Association of Arab Universities Journal of Engineering Sciences (2019) 26(3): 73-81

https://doi.org/10.33261/jaaru.2019.26.3.009

EC

Association of Arab Universities RS,

Journal of Engineering Sciences
Foutigll & gad) 5 b jall Ay all claslad) sad) Alas L i

Tl Colastonll 3ot chmgt

oy daaly - dsigh dls

Estimation of Water Breakthrough Using Numerical Simulation

Almanar Faleh ', and Jalal A. Al-Sudani *”

! Department of petroleum engineering, University of Baghdad, Baghdad, Iraq,moonlightmm9156@gmail.com.
2 Department of petroleum engineering, University of Baghdad, Baghdad, Iraq, jalsud@yahoo.com.

* Corresponding author: Almanar Faleh, email: moonlightmm9156@gmail.com

Published online: 31 August 2019

Abstract— Water coning is one of the most important phenomena that affect the oil production from oil
reservoirs having bottom water aquifers. Empirical model has been developed based on numerical simulator
results verified for wide range variation of density difference, viscosity ratio, perforated well interval,
vertical to horizontal permeability ratio and well to reservoir radius ratio; the effect of all these parameters
on breakthrough time of raising water have been recorded for five different oil flow rate. Since, the model
reflects the real situations of reservoir-aquifer zone systems; in which the aquifer has a specific strength to
support the reservoir pressure drop depending on its characteristics and water properties. Moreover, the
numerical model has been constructed using very fine grids near the wellbore especially in vertical direction,
so that very accurate results can be obtained. and (625)runs were performed to generate the breakthrough
time model using the numerical simulator verifying all parameters affecting on breakthrough time. The
results show that water coning is complex phenomena that depends on all reservoir and fluid properties; the
dynamic critical flow rates affected simultaneously by both of the displacing fluid zones. The results show
that the breakthrough time of the presented formula provides extreme accuracy with many numerical
simulator cases of same reservoir and fluid properties; thus, the suggested formula can be considered as an
alternative, quick and easy use tool than numerical simulation models, which consumes time and efforts.

Keywords— water coning ,critical oil flow rate ,breakthrough time.

while the water stabilize in the lower portion of the pay
zone .

1. Introduction

Water coning is a usual issue that is faced in reservoirs

having an aquifer, particularly at the bottom. Coning is
happened due to the non-equilibrium between
gravitational and viscous forces near the perforation
interval. The viscous forces drive the oil to flow into a
producing well with a pressure drawdown. These dynamic
forces tend to remove the WOC and GOC towards the
vicinity of the wellbore. It seriously impacts the
productivity of the well and the degree of depletion and
influence the total recovery of the reservoirs (1).

Although a lot of correlations have been applied to
eliminate water production, water coning, is as yet a major
problem in several oil fields each over the world. There are
a lot of studies has been done in order to gain
understanding and better management procedures of this
problem. water coning studies in steady state case has been
made by (6) , pointed to the essential physical concepts
implied the behavior of the WOC when oil is only
outputted from a well partially penetrating the reservoir

From (6) outputs ,they improved that, water-oil production
rate might be protected for a short- perforated well.
Moreover; whenever the wellbore penetration increasing,
the water-oil production rate reduced. They also indicated
that, it was impossible to control bottom water when
producing from a thin oil interval unless the production
rate of the well was reduced to non-economically small
values.

(5), introduced a method for the critical oil rate needed to
obtain a stable water cone. (10)concluded that the critical
oil rate for a well was a function of many variables such as
density difference of oil and water, the length of well
penetration(hp), and the oil zone thickness.

(2), suggested a set of working curves to calculate the
critical oil rate.By applying a potentiometric analyzer
study These curves were created and applying the water
coning mathematical theory as derived by (6).
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(8), suggested new analytical solutions that neglect
capillary pressure, that guide to segregated flow .It was
applied to vertical wells where the fluids in this location
are in vertical balance.(7), presented empirical methods
have been derived to predict critical oil rate and
breakthrough time of water in both vertical and horizontal
wells. First, investigate the coning performance at various
formations and fluid properties for all types of wells
vertical and horizontal.

(9), investigated the analytical comparisons of water
coning before and after water breakthrough time. with
respect to two theoretical models developed, and the
analytical comparisons of water coning were concluded
and compared through the corresponding calculation. The
outputs explain that there was a high variation in the
pressure drop and critical oil production rate before water
breakthrough time for the oil and gas reservoirs in the same
water cone elevation.

(4), to eliminate water coning issue, it is important to
produce at a suitable oil flow rate, due to economical
considerations production in a critical rate,at critical oil
rate the build-up cone is stable but is at a location of initial
breakthrough, it is non-economically.

2. Simulation Modeling

As well as the pressure drawdown is responsible of coning
development, since the flow rate will be the main
controlling factor of cone development. Several methods
have been introduced to compute the critical oil inflow.
Generally, these methods could be classified into two sets:
the first set calculate the maximum allowable oil inflow
without water coning analytically depends on the balance
conditions of viscous and gravitational forces. The second
set calculate through empirical from experiment
simulations. A single well with a bottom aquifer was built
using numerical simulation model ECLIPSE-100 version
2012 is employ in this work to study breakthrough time
resulted from water coning in homogenous and anisotropy
oil reservoirs. A vertical well with a radius of 0.333 ft is
centered in circular homogeneous, but anisotropic
reservoir model is used in this study as shown in Fig.1
..Very fine grid around the wellbore was used in radial
direction rw=0.333ft and theta $=60° ,while in the vertical
direction (0.5 ft) was established for the aim of
investigating movements of the water coning more in
detail .The attributes of the base case model (input data)
are summarized in Tablesl,2and 3. The simulations were
run on both the base case, and models in which the
important variables were individually varied.

2.1 Simulation Work

To analyze the water coning manner of oil reservoir in an
existence of a strong bottom aquifer, a 3D model by
applying Eclipse 100 black oil simulator (3) was generated
as shown in Fig.l with the fluid properties listed in
Table1,The reservoir properties in Table2 and relative
permeability data inTable3. These data were used to make
the input data file that open in simulator then run to gain
the result file. To estimate the water coning progress with
time in the radial oil reservoir with active bottom aquifer
model, three parameters were chosen as output file , that
is, (Water Cut ,FWCT, Water Production Rate FWPR ,and
Oil Production Rate, FOPR).These variables are
connected.

2.2 Parameters Affecting In Breakthrough Time

Some of reservoir and fluid properties that may impact in
breakthrough and coning progress are;

1-  Anisotropy ratio (kv/kn).

2- perforation ratio (hy/h)

3- reservoir radius to well radius (re/rvw)
4-  viscosity ratio ([o/Liw)

5- density difference (Ap)

These parameters are applied in simulator to evaluate the
coning phenomenon.

2.2.1 Base-case

The fluid and reservoir properties for the base case are
listed in Tables (1) and (2), while the relative permeability
data shown in table (3).These data were used to make the
input data file that open in simulator then run to gain the
result file. To estimate the water coning progress with time
in the radial oil reservoir under active bottom aquifer
model. Three parameters were chosen, that is, (Water Cut
JFWCT, Water Production Rate FWPR ,and Oil
Production Rate, FOPR) and the important reservoir and
fluid properties that selected to estimate time of
breakthrough are(r./r,=7500/0.333 , h,/h=0.35, K,/k,=0.5
, Ap=13.85, pno/uw=3.33) with five values of oil flow rate
as shown in Table 4.and Fig. (from 2 to 6).From Fig.(from
2 to 6) we show that as flow rate value increased, time of
breakthrough water is decreased.
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Figure 1: Reservoir model

Table 1: Reservoir fluid properties (Base -case).

Table 3: Relative Permeability Data

Water Density (pw), Ib/ft® 63.8 Sw Krw Kro P.
Water Viscosity ([w), cp 0.3 0.22 0 1 0
Oil Density (po), Ib/ft* 45.95 0.38 0.05 .0.637 0
Oil Viscosity (L), cp 1 0.4 0.11 0.4 0
Formation Volume Factor (B,), 1.2 0.5 0.228 0.287 0
RB/STB
0.6 0.352 0.197 0
0.7 0.5 0.11298 0
Table 2: Reservoir model properties (Base-case).
0.8 0.65 0.05 0
Reservoir Thickness (h), ft 100
0.9 0.83 0.00 0
Drainage Radius (r.), ft 7500
1 1 0.00 0
Perforation Interval(hy), ft 35
Well Radius (rv), ft 0.333 )
Table 3: Base case oil flow rate versus breakthrough
Rock Porosity,d 0.2 time.
Horizontal Permeability 100 Q. (B/D) Tar (days)
(kn), md
800 924
Vertical Permeability(ky) 50
md 1500 424
Rock Compressibility (Cy), 2x10° 2500 195
-1
pst 3500 125
Initial Water Saturation 0.22 3000 30

(Swi)

Production Rate, B/D

800, 1500, 2500, 3500,
5000
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Figure 2: water cut, water production, pressure and oil

production vs. time, Q,=800 BPD
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Figure 3: water cut, water production, pressure and oil

production vs. time, Q,=1500 BPD
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Figure 4: water cut, water production, pressure and oil

production vs. time, Q,=2500 BPD
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Figure 5: water cut, water production, pressure and oil
production vs. time, Q,=3500 BPD
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Figure 6: water cut, water production, pressure and oil
production vs. time, Q,=5000 BPD

3. Breakthrough Development Model

creating the breakthrough time model requires (625) runs
performed using the numerical simulator verifying all
parameters affecting on breakthrough time.

3.1 Perforation Ratio (hy/h)

Perforation ratio means the ratio of perforated interval (hp)
to pay zone thickness (h) in the reservoir. Perforated ratio
is affected on coning behavior and breakthrough time. To
evaluate its effect five cases were selected by changed hp/h
from 0.1 to 0.65. On the other hand every case includes
five scenarios listed as oil flow rate from 800BPD to
5000BPD. Figures(7-10) shows the effect of perforation
ratio (hp/h) on breakthrough time and oil flow rate.
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Figure 7: shows the effect of perforation Ratio (hy/h) on
breakthrough time for different oil flow rate at hy/h= 0.25
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Figure 8: shows the effect of perforation Ratio (hy/h) on
breakthrough time for different oil flow rate at hy/h= 0.3
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Figure 9: shows the effect of perforation Ratio (hy/h) on
breakthrough time for different oil flow rate at hy/h= 0.4.
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Figure 10: shows the effect of perforation Ratio (hy/h) on
breakthrough time for different oil flow rate at h,/h= 0.5

3.2 Anisotropy Ratio (k/kn)

Anisotropy ratio means the ratio of the vertical to the
horizontal permeability (kn) in the reservoir.To estimate
the anisotropy ratio impact on coning behavior in reservoir
five cases were selected by changed k,/ky from 0.1 to 0.75
every case includes five scenarios represented by oil flow
rate from 800 BPD to 5000BPD.

33 Density Difference (Ap)

Density difference is water density minus oil density in
reservoir. To evaluate its effect, five cases were selected
by changed Ap from 5 Ib/ft* to 17.85 Ib/ft>.On the other
hand, every case includes five scenarios listed as oil flow
rate from 800 BPD to 5000 BPD.

3.4  Viscosity Ratio(uo/uw)

Viscosity ratio means oil viscosity to water viscosity in
reservoir. To evaluate its effect, five case were selected by
changed po/pw from 1 cp.

to 50 cp.On the other hand, each case includes five
scenarios listed as oil flow rate from 800 BPD to 5000
BPD.

3.5  Reservoir Radius To Well Radius (ro/rv)

This ratio have a small effect on coning behavior there for
; to evaluate its impact five cases were selected by
changed re/rw from 2500/0.25 to 20000/0.25.0n the other
hand ,every case includes five scenarios listed as oil flow
rate from 800 BPD to 5000 BPD .

Five parameters which are controlling coning problem has
been taken in construction coning model ,these parameters
are (Ap, po/pw, re/rw, kv/kh, hp/h ) all these parameters
affects on critical flow rate Q, as follows ; Q.00 Ap , Qo0
po/uw, Qo are/rw, Qo a1/ kv/kh, Qo a hp/h, Q. a 1/t .
Therefore the following formula has been suggested to
represent the behavior of breakthrough time versus oil
flow rate affected by these parameters, as in equation (1)



78 Almanar Faleh, and Jalal A. Al-Sudani / Association of Arab Universities Journal of Engineering Sciences (2019) 26(3): 73-81

that constructed depending on simulation results for base
case as follows .

b _g e
1800><Ap“><[ln(rr—;)] xe P
t= ol (1)

kEx=2" x
VX0 Qo

Where a, b, ¢, d, e, f are constant to multiply simulator
results with a ,The effect of Q, versus Ap. b, The effect of
Q. versus re/rw. d, The effect of Q, versus hp/h. e, The
effect of Q, versus kv/kh. f, The effect of Q, versus po/pw
. All the effects of these parameters has been involved in
equation(1) which can be written as follows;

h

_1ex®

1800xapxin(Xe)xe "W 1
w

Joss 2)

t=|

K)7x22xQ,
Bw

Eq.(2) is created using the base case parameters which is
listed in table (1) ,(2) and (3) therefore the application
Eq.(2) can be expanded to any variable in these reservoir
and fluid parameters this can be done by rewriting Eq.(2)
as follows;

h

p

Ap(A)xtn(:—e)Xe‘(l'G*C)xT 1
w

Joss ()

t = [1800
PR PN
E (!‘:_w) XQo

Where A, C, D, and E are correction factors for the effect
of (Ap, po/uw, re/rw, kv/kh, hp/h) variation on
breakthrough time respectively, these factors results by
changing cases smaller and greater than the base case to
have more of fluid and reservoir properties which can be
determined from charts as in figures(11-14) . Eq.(3) can be
used to calculate the breakthrough time of water coning in
homogeneous and anisotropic reservoirs with active
bottom aquifer .

The simulator has been run further cases as follows:

1-  Ap: the value of Ap has been taken (5-7.85-10-
13.85-17.85 )Ib/ft’.

2-  po/pw:the value of po/pw has been taken (1-3.33-
5-10-20).

3- rery. the value of rJ/ry has been taken
(2500/0.333-5000/0.333-7500/0.333-
10000/0.333-20000/0.333).

4-  ky/kn: the value of k,/ky has been taken (0.1-0.35-
0.5-0.75-1.0).

5- hy/h: the value of hy/h has been taken (0.25-0.3-
0.4-0.5-0.6).

The effect of changing these parameters on coning time
has been drawn for each case to extract the parameters
sensitivity, which can be shown in Figures(11-14).
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Figure 11:Correction factor for the variation of density
than basic density value.
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Figure 12: Correction factor for the variation of vertical
to horizontal permeability ratio than basic ratio.
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Figure 13: Correction factor for the variation of viscosity
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Figure 14: Correction factor for the variation of
perforated thickness over reservoir thickness ratio than
basic ratio.

However, it is found that the variation of reservoir to well
radius has no traceable effect on detecting of breakthrough
time, and thus it can be truly state the correction factor
equals to unity.

4. Results and Discussion

Since, the model reflects the real situations of reservoir-
aquifer zone systems; in which the aquifer has a specific
strength to support the reservoir pressure drop depending
on its characteristics and water properties.The results show
that water coning is complex phenomena that depends on
all reservoir and fluid properties; the dynamic critical flow
rates affected simultaneously by both of the displacing
fluid zones. This result shows that increase in anisotropy
ratio (i.e. increase in vertical permeability,k,) have an
effect on breakthrough time decreased as anisotropy ratio
increased, on the other hand as perforation ratio increased
the breakthrough time decreased ,and as density difference
increased the time of breakthrough is decreased , also
increase the viscosity ratio lead to decreased the time of
breakthrough, but the reservoir to well ratio has no effect
on the breakthrough time. The results show that the
breakthrough time of the presented formula provides
extreme accuracy with many numerical simulator cases of
same reservoir and fluid properties. Fig.15-17 show three
different cases varies in perforated interval thickness,
vertical to horizontal permeability ratio and reservoir to
well radius ratio; it can be seen clearly high accurate results
between the suggested experimental model estimated
breakthrough time with that obtained from the numerical
simulations. The Breakthrough time curves are depicted in
these figures which explain the times(in days) every cone
elevation developed from the water-oil contact( WOC) by
their corresponding rates breaks into the vertical well as
the peak of the cones mobile steadily to the direction of the
well bore. As can show there are a difference between the
simulation and model in small values of flow rates .
Therefore, the suggested model can be considered as an
alternative, quick and easy use tool than that of numerical
simulation models, which consumes time and efforts.
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Figure 15: comparison between model's breakthrough
time versus numerical simulator results for different
production rates; h,=0.45,r.=10000ft,r,=0.333ft
J/kw=1.0 , Ap=13.85 ,1o/pw=2.
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5. Conclusion

It is important to study the development of two cones of
water/gas with oil, and the interrelation between both; i.e.

the water cone speed effects on the speed of gas cap cone.
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Nomenclature

Tgr= Breakthrough time, days.
Cr=Rock Compressibility, psi-
h = Reservoir thickness, ft

Qoc= Critical oil flow rate, BPD
r. = Reservoir radius, ft

rw = Well radius, ft

K,= Vertical permeability,md

Ap = Density difference between water and oil (p,, —

Po) Ib/ft?

u,=0il viscosity, Cp
u,,=Water viscosity, Cp
Greek symbols

¢ Porosity
p Density

Abbreviations

FOPR
FWPR
FWCT

Field oil production rate
Field water production rate
Field water cut

of Chemical



Almanar Faleh, and Jalal A. Al-Sudani / Association of Arab Universities Journal of Engineering Sciences (2019) (2019) 26(3): 73-81 81

L) BlSlacal) aladindy Alal) (31 AY) Cd g anls

2 ] aa/gl) 2o Pl Flalise mlld liad)

moonlightmm9156@gmail.com « 3/l c)/sis ek deals chdil) Lu2is aud!
ja[sud@yah()o_com 3 ) colaky c)aks drala chadil) Laia fa.a.uiz
moonlightmm9156@gmail.com s Y 3l el ve zll§ jlial) :Siaal) Calall *

2019 i 31 1b i

PUIRCPREE: PENI U | JUHE DN pR o pepaN: SJ\M\UALSAUAM\CMGJ;yysd\ﬁ\)ﬂ\g\w@u\euﬂ\mj_u)d\
4+uu54.;‘5)“\4_.\;“s‘uhg\d‘)ﬂwwumwum\wy&ﬂ\@i&d\n&hﬂ\ LJJQ:JL&A:YD&N\CJ)AJ\)&)LJ
i Caai I peSall jlad Coad A ) SIS g 2u8Y) 20085 A ) Aaa gend) 43830 Aans cdaiial) Addatal)l )yl Aual) Askaial)
128 (uSay eCua | adil) g8l (e Adlide Y ame Aused] Aliaid o3 slyall &BSJ\J@\JBY\QAJ'Q:Q\MH&dsjﬁt,)l.d\
L (mlids) acal Badae 5 8 A gal) oluall dida clliad Cua ¢ Sl ) HA) dilaia g (peSall dilaia pUail Agdall glia oY) #3 gaill
GlSad aladiuly (gaomll z3 gaill oliy o3 celly e 3 Ble 5 aland Al Al Gl Al paibad § elSall paibad e laldie) (Sl
Tasad 2l sl 2S5 (625) 5. Jaa 4380 il e J peand) (S Cum (5 sard) olad¥W) (S dala 5 il 5 jia (e o jally Jan 4380
uicsuﬂm)@_mj G)RAY cd g e Jsjsuﬂ\uéstmg\j\Q\M\ww@:ﬂ\hmz&uﬁj@e\mug\ﬁw¢.§,
iy 8 il da yad) 3 ¥ aee Al Gl ) gl 5 eSSl (ge JS ailiad e aaiad il saiaall jal sl e sa elall aal
o&&uﬁhwmﬁﬂ‘@wbﬁd‘)ﬂyuw\wﬂd\ﬁY\w‘)u\@hﬂ\u‘)@kb %\)A\d.\\juﬂ\dkl_ud.\ﬁwh\j
el (e S alasia) Al g Ay o g Aoy 31alS Aa yital) Laal) e (S (L B guall atliad 5 (paSall (ad (o Ap02al)

JRPEN| PG JA| I PR i PR ERIRES - NP



