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Abstract

Many carbonate reservoirs in the world show a tilted in originally oil-water contact
(OOWC) which requires a special consideration in the selection of the capillary
pressure curves and an understanding of reservoir fluids distribution while initializing
the reservoir simulation models.

An analytical model for predicting the capillary pressure across the interface that
separates two immiscible fluids was derived from reservoir pressure transient
analysis. The model reflected the entire interaction between the reservoir-aquifer
fluids and rock properties measured under downhole reservoir conditions.

This model retained the natural coupling of oil reservoirs with the aquifer zone and
treated them as an explicit-region composite system; thus the exact solutions of
diffusivity equation could be used explicitly for each region. The reservoir-aquifer
zones were linked by a capillary transition zone that reflected the pressure difference
across the free water level.

The principle of superposition theorem was applied to perform this link across the
free water level to estimate the reflected aquifer pressure drop behavior that holds the
fluid contacts in their equilibrium positions.

The results of originally oil water contact positions generated by the proposed
model were compared with data obtained from a carbonate oil field; the results given
by the model showed full agreement with the actual field data.
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Introduction The actual cause for the tilt of

Many carbonate reservoirs in the
world show a tilted in OOWC; an
inaccurate determination for this tilting
causes erroneous results in estimating
the original oil in place (OOIP) in
reservoir simulation process, and
provides inadequate water flooding
schemes while field development
process, would affect reservoir
recovery  process and  reserve
prediction.

OOWC s still under investigation. The
difficulties in studying the OOWC tilt
related to the lack of flank wells
intersecting the OOWC. In addition,
most of the available information
coming from edge wells in areas of
high cristal production resulting in
dynamic oil water contact (OWC), not
OOWC. This OOWC differs from the
dynamic OWC that is related to the
pressure gradient caused by oil
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production and subsequent pressure
drop in the producing area which vary
along the oil-water interface and
causing the water to move with varying
speeds in the different parts of the
reservoir; this causes a distortion in the
OwC.

Previously, a wide explanation for
the tilt was a huge regional dynamic
aquifer to what recently has established
the cause for the regional temperature
gradient variation [1]. Several theories
were presented in the past to
investigate the tilted OOWC, but in
fact none were able to account
successfully for the origin of this
phenomenon. However, Stenger [2]
shows that the geothermal gradient is a
controlling parameter of the aquifer
salinity and this affects the gradual
change in oil-water densities. Shawket
G.Ghaidan et al. [3] stated that
capillary  pressure  reflects  the
interaction of rock and the fluids filling
these pores. The measurements of
capillary pressure must ideally perform
in reservoir conditions to reflect the
actual field analysis, but unfortunately
one is extremely difficult and is
usually done by injecting mercury at
ambient conditions. However, the
experience showed that either capillary
pressure measured in the laboratory or
capillary  pressure  converted to
reservoir conditions may not match the
log derived Sw - Pc data which also
has an accuracy of +/- 10% in best and
may be as high as +/- 20% [3].

Anderson [4] also confirmed that the
capillary  pressure -  saturation
relationship depends on the interaction
of wettability, pore structure, initial
saturation, and saturation history. No
simple relationship exists that relates
the capillary pressure determined at
two different wettabilities. Therefore,
the most accurate measurements are
made with cores that have native
reservoir wettability.
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Majid Hassanizadeh et al. [5] stated
that although the processes that
determine the distribution of fluid
phases in porous media are extremely
complicated. The main theoretical and
practical tool currently used to quantify
the capillary pressure function is an
empirical relationship between
capillary pressure and saturation and as
such, it lacks a firm theoretical
foundation. This simple empirical
model is implicitly assumed to account
for all effects and processes that
influence the equilibrium distribution
of fluids, such as surface tension,
presence of fluid—fluid interfaces,
wettability of solid surfaces, grain size
distribution, and microscale
heterogeneities. All of these effects are
essentially lumped into the capillary
pressure and saturation relationship. In
fact, there is ample theoretical and
experimental evidence that this simple
relationship is not unique, but it
depends on the flow dynamics; it
depends on both the history and the
rate of change of saturation. The
dependence of capillary pressure—
saturation curves on the history of flow
is known as capillary pressure
hysteresis this is a well-known effect
and has been the subject of extensive
investigations. The dependence of
capillary curves on the rate of change
of saturation is due to dynamic effects.

Theories Used in Initialization of

oowcC
Due to the variance of the theories

made to explain the reasons of tilted

OOWC, Hsueh et al. [1] suggested

four different methods that could be

used in initializing the OOWC as
follows:

1- Initialization with capillary pressure
correction: This method provides a
correction term  for capillary
pressure added to the general
definition of capillary pressure to
balance the difference in oil column
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thickness with respect to the free

water level.
2- Initialization with specified water
saturation: This method suggests
that if there is a large saturation
contrast in the vertical direction, it
may cause instability at time zero of
reservoir saturation initialization;
this instability may extend over the
course of the history match.
Initialization by equilibrium region:
This method is simple in
application; the reservoir area is
divided into two equilibrium
regions with two different OWC.
The disadvantage of this method is
that it is not applicable to account
for more than one tilt direction.
Initialization by dynamic injection-
production method: This method
suggests using pseudo
injection/production wells located at
the sides of the tilt to artificially
create the tilted OWC. The pseudo
injection well is located at the side
of high water column of the tilt,
while the pseudo production well is
located at the lower water column
of the tilt.

w
1

AN
1

Image Theory

The most powerful techniques in
reservoir engineering is the principle of
image theorem that can be applied to
removing the restrictions that have
been imposed on various forms of
solution. The principle of image
theorem says that the response of the
system to a number of events is exactly
equal to the sum of the responses to
each of the events as if they were
present by themselves.

It is well known that the capillary
pressure holds the fluid interfaces at
their equilibrium positions unless a
pressure disturbance may occur at the
contacted free fluid interfaces [6].
Thus, the new theory of measuring the
dynamic capillary pressure under
reservoir conditions suggests creating
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reservoir pressure drop pulse that is
usually performed throughout
conventional well test analysis.

Therefore, it is essential to formulate
dynamic capillary pressure model in an
appropriate way due to its importance
in reservoir simulation and engineering
applications; in order to reduce the
complexity, the formulation of an
accurate analytical dynamic capillary
pressure model in which the created
reservoir pressure drops moving
between two different fluid mediums
(oil and water) could be analyzed by
treating each fluid-phase zone as
explicit single-phase zone that takes its
own fluid and rock properties, as
already adopted by Layne et al. [7];
hence, the reservoir-aquifer zones are
linked across the free water level (zero
capillary pressure) by a capillary
transition zone that is balancing the
pressure difference across the free
water level.

Hence, the free water level could be
considered as a no-flow boundary and
the reservoir may behave as an infinite
acting reservoir as well as the free
water level still not affected by the
created reservoir pressure drops. Based
on this principle, the pressure
difference across the free water level
must remain constant while the
pressure transient flow period which
reflects the dynamic capillary pressure
across the free water level representing
the initial transition zone thickness of
height depends on the density
difference between the oil and water.

Thus, the exact solution could be
generated using the principle of image
theorem throughout reflecting the
created reservoir pressure drops at the
free water level to estimate the
reflected pressure drops in a manner
exactly identical to the procedure used
to estimate the reservoir pressure drops
for a well bounded by a no-flow
boundary; therefore, this solution is
valid only during the pressure transient
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flow period. Hence, both of the created
and the reflected pressure drops should
exhibit transient flow behavior.

Since, based on the principle of
image theorem, the exact solution to
estimate the pressure difference across
the free water level is exactly equal to
the sum of the responses for the
reservoir and aquifer zones, taking into
consideration that the solution of Van-
Everdingen and Hurst [8] for infinite-
radial flow will represent the created
reservoir pressure drops encountered
due to oil production activity, and
Keith Coats [9] exact solution to
represent the imposed reflected
pressure drops encountered at free
water level.

The aquifer will respond to the
created reservoir pressure drops by an
imposed reflected pressure drops that
depend on its own water and rock
properties. Hence, both of the created
and the imposed reflected pressure
drops should exhibit transient flow
behavior, as well as the created
reservoir pressure drops have not
reached the free water levels yet.

Estimation
Pressure
The main theoretical and practical
tool currently used to quantify the
capillary pressure function is only an
empirical simple function that lacks
meeting all parameters affecting
capillary pressure-saturation
relationship as given by Eq. 1.

Dynamic  Capillary

P.=P,—P, (1)

Where (P,and B,) are the pressures
exerted at the free water level by both
of reservoir fluid and aquifer water
zones, respectively.

Adding and subtracting the initial
reservoir pressure (P;) to the right hand
side of Eg. 1 and arranging it which
could be rewritten as follows;
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P=®F—-HB,)—(P—F) (2

The term (P; — P,) represents the
created  reservoir  pressure  drop
behavior during transient flow period,
which could be estimated using Van-
Everdingen and Hurst [8] for infinite
radial flow solution; while, (P; —P,)
represents the imposed reflected
pressure drops by the aquifer zone,
which could be estimated using Keith
[9], for two dimensional flow solution.

The numerical results for a computer
program prepared to estimate the
pressure difference across the free
water level for many different
hypothetical systems show constant
pressure difference behavior between
the created and the reflected pressure
drops during the pressure transient
solutions as shown in Fig. 1; however,
the values of pressure difference
depend entirely between the contacted
rock and fluid properties (Darcy’s
law).
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Fig. 1, Schematic drawing shows the constant
difference between the created and reflected
pressure drops denoting the dynamic capillary
pressure across the free water level

As commonly used in reservoir
performance analysis, the pressure
drop behavior could be represented in
dimensionless  form.  Thus, the
capillary pressure term could also be
converted to dimensionless capillary
pressure form. Therefore, Eq. 2 can be

-Available online at: www.iasj.net



Jalal Abdulwahid Al-Sudani

expressed in dimensionless form as
follows:

Pep = Ppyw — Ppo ..(3)

Where(P.p) is the dimensionless
dynamic capillary pressure.

Hence, the dynamic capillary
pressure is zero at the free water levels;
thus Equation 2 could be written at the
water free level as follows;

Ppyw = Ppo (4)

Using Van-Everdingen and Hurst
[8], for infinite radial flow solution for
the created reservoir pressure drops
expressed by the following expression:

Pp, = 0.5 [In(Tp,) + 0.809]  ...(5)

Where  (Tp,)  represents the
dimensionless time provided by the
following expression as given by John
Lee et al. [10] and Tarik Ahmed [11]:

0.006328 K,.t

T, =
Do (Poﬂocorvzv

..(6)

Where (¢, and K,) are the reservoir
porosity and permeability (u, and C,)
are the reservoir fluid viscosity and
compressibility, respectively, (r,) is
the producing well radius, and (t) is
the producing time.

While, the reflected pressure drops
by the aquifer zone exhibit two
dimensional flow in radial and vertical
directions using the solution of Keith
Coats [9], which can be written as
follows:

Ky HW\/_
258 A+— ln(TDW)] Py,
A7)

Where (Tpw) represents  the
dimensionless time provided by the
following expression which is written

-Available online at: www.iasj.net

by using aquifer zone properties as
follows:

T __0.006328 Ky,.t
Dw —

...(8)

‘Pwﬂwcwr\%/

M is dimensionless aquifer size,
which is expressed as follows [9, 11]:

= HufTn .9)

Te/ Ky

A is a constant that depends on
aquifer size as given by Keith Coats
[9].

The final form of Keith Coats [9]
model given by (7) was arranged by
Al-Sudani [12] to be applicable in all
reservoir sizes as follows:

[24.M + 0.5 In(Tpy,)] = Ppy, ...(10)

Where Pp, is the dimensionless
aquifer pressure drops at free water
level.

K
PDWZK_‘ZPDt (11)

Substituting Egs. 5, 6, 8 and 10 in
Eg. 3 will generate the following
expression:

CD—[05[2A M+o0.51n (M)]] _

Pwity, Ct 5

[O.S[In (%) + 0.809]] ..(12)

PotoColw
The values of (A) as given by Keith

Coats [9] behave as shown in the
following expression:

A=05M08 ...(13)

Substituting Eqg. 13 in 12 yields the
following:

Pep = [O.S[MO-2 +0.51n (7"'006328’(w-t>]] -

Pwhty, Cerd

[0.5[1 (%) +o0. 809]] ...(14)

Polo orw
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Simplifying Eq. 14 vyields the
following:

0.006328 Ky,.t ot yColia
P D — ln *
¢ Pwit, CwTe  0.006328 Ko.t
(M°? —0.809) ...(15)

And;

Ky Pot,Co
PCD =lIn (K—owfm) + (Y) (16)

Where (Y) is the effect of aquifer size
on capillary transition zone that is
expressed by:

Y = (M°2 — 0.809) .17

For further simplification, it is
assumed that the displaced and
displacing fluid zones have the same
porosities; thus, Eq. 16 could be
rewritten as follows:

P, =in ("—Wi) L) ..(18)

Ko u,,Cw

Eqg. 18 provides general expression
for dimensionless dynamic capillary
pressure  term  performed  under
reservoir conditions. The expression
can be converted to its dimensional
form throughout multiplying the
dimensionless values by (AP/Pp):

A_P __141.2+Qo uo Bo
Pp = Koto ...(19)

Thus, the dynamic capillary pressure
term could be written as follows:

141.2% B,
P.=P,—P, = % P, ...(20)

However, the transition zone
thickness is the function of the
pressure difference across the free
water level and the density difference
between oil and water, which is
commonly expressed as given by [1
and 5] as follows:
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144 P,
He, = Todp ...(21)
Where, Ap = (py, — py) ...(22)

While (H,,) and (P.) represent the
initial transition zone thickness and the
dynamic capillary pressure,
respectively and (g.) is conversion
parameter  that equals =32.17
ft.ibmass/tbrorce- S€C?.

Application of this method requires
only one conventional drawdown well
test analysis and some simple
laboratory measurements for oil and
water viscosity and compressibility at
initial reservoir conditions to estimate
accurately the dynamic capillary
pressure rather than performing some
complicated laboratory measurements
for capillary pressure which in due
course cannot be done at reservoir
conditions.

Results and Discussion

The presented model given in Eq. 20
which is derived from the simple
definition of capillary pressure shown
in Eg. 1 involves all rock and fluid
properties for both of reservoir and
aquifer zones. Moreover, all of the
properties can be measured under
reservoir conditions as the reservoir
permeability can be obtained from well
test analysis; while, the aquifer’s zone
permeability can be estimated from
injectivity test or using Voigt’s [13]
model. Then, both of reservoir and
aquifer viscosity and compressibility
can be estimated from PVT data at
actual  reservoir  pressure  and
temperature. Since, the developed
model reflects the real interaction
between all rock and fluid properties,
and will eliminate the logging analysis
and coring works in determining the
fluid contact positions.

Figs 2, 3 and 4 were built for a
hypothetical reservoir-aquifer system
as given in Table 1; the effects of

-Available online at: www.iasj.net
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reservoir and aquifer permeabilities,
reservoir thickness and aquifer size
properties were verified to take full
knowledge for the  controlling
parameters on dynamic capillary
pressure. Investigating these figures
show the emphasized effect for
reservoir characteristics in increasing
the dynamic capillary pressure which
led for thicker transition zone than that
observed for aquifer characteristics.

Table 1. Reservoir-Aquifer hypothetical
system variables

Fig. 2 Fig. 3 Fig. 4
Q,, B/D 5000 5000 5000
K,, md Variable 600 600
K,,, md Variable 120 120
W, CP 2 2 2
Wy, CP 1 1 1
0o, b/t 52.1 52.1 52.1
Dy, I/ 63.2 63.2 63.2
H,, ft 90 Variable 90
H,, ft 80 80 80
B,,RB/STB 1.2 1.2 1.2
B, RB/STB | 1.01 1.01 1.01
C,, Psi'’ 8*10° | 8*10° | 8*10°
C,, Psi' 2*10° | 2*10° | 2*10°
Ty, ft 0.25 0.25 0.25
o, 0.2 0.2 0.2
04 0.2 0.2 0.2
S 0.0 0.0 0.0
M 0.005 0.005 | Variable
Sue 0.2 0.2 0.2

It is noticed that the aquifer
permeability has an adverse effect on
dynamic capillary pressure compared
with  the effect of reservoir
permeability as shown in Fig. 2; this
conclusion gives an accurate thorough
explanation for the variation in oil
water contact positions than previously
acknowledgment, which only relates to
the  phenomenon  for  reservoir
permeability variation. The reason for
the shortage explanation of tilt OOWC,
can be attributed for unavailable exact
theoretical model in the literature to
estimate the dynamic capillary pressure
that involve all influencing reservoir
and aquifer properties. While Figs 3
and 4, respectively, show the adverse

-Available online at: www.iasj.net

effect for reservoir thickness and
aquifer sizes on dynamic capillary
pressure. This can be attributed for the
reduction in reservoir pressure props.
Hence, it can be stated that same
effects for both reservoir and aquifer’s
fluids  properties  (viscosity and
compressibility) on dynamic capillary
pressure, as both of them affect the
created and imposed reflected pressure
drops.
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Meanwhile, the tilt in originally oil-
water contact has been studied for Iraqi
carbonate oil field producing from two
main  reservoirs under  different
reservoir-aquifer properties as given in
Appendix-A; the generated results
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from the current model were compared
with the actual field data that showed
very identical results.
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Fig. 4: Effect of Dimensionless aquifer size on
capillary pressure

Conclusions

The presented model provides the

real measurements and full explanation
without any limitation for the tilts in
OOWC  under actual reservoir
conditions. This method uses only the
conventional ~ well test analysis
performed in reservoir. Moreover, the
theory has a lot of advantages which
could be stated as follows;

1- The analysis provides the actual
measurements of the tilt in OOWC.

2- It is directly applied using reservoir
pressure transient analysis and no
experimental  laboratory  works
needed, since it is a cost effective
procedure when performing some
complicated experiments.

3- This method could be applied in any
position within the entire reservoir
area, since it could provide the tilt
of OOWC in all directions.

4- The model will assist in accurately
evaluating the originally
hydrocarbon in place throughout
determining the transition zone
intervals and saturation distribution.
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5- The model can be considered an
easy tool in estimating the OOWC
in reservoir simulation studies.

Nomenclature

| Symobile  Difintion Unit |
B, Oil formation volume factor
RB/STB

BOPD Barrel oil per day.

Cy . Total Aquifer compressibility
Psi’

C, . Total reservoir compressibility
Psi’

FWL Free Water Level

e Conversion constant =32.2

H, Oil reservoir column thickness,
ft

Hy, Transition zone thickness,
ft

K Aquifer zone permeability in
horizontal direction.

K, Reservoir zone permeability

K, Aquifer zone permeability in
vertical direction.

K,, Absolute aquifer zone permeability
M Dimensionless Aquifer size.

P, Capillary pressure,
Psi

P.p Dimensionless capillary
pressure

p; Initial reservoir pressure,
Psi

B, Aquifer pressure at FWL
Psi

P, Reservoir pressure at FWL
Psi

P,  Dimensionless pressure drop
P,, Dimensionless reservoir pressure
drop

P,; Dimensionless reflected pressure
drop occurs in the free water level

Pp,, Modified dimensionless reflected
pressure drop occurs in the free water
level

Q, Oil flow rate,
STB/Day

Ty Well  radius,
ft
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t Production time,
days

Tp,  Dimensionless time

Tpy Dimensionless time calculated
using aquifer zone properties

Tp, Dimensionless time calculated
using reservoir zone properties

Y  Aquifer size effect on capillary
zone.

Greek Symbols

o Oil  viscosity
Cp

L Water  viscosity
Cp

Po Oil  density
Ib.m/ft®

Pw Water  density
Ib.m/ft®

Ap Density  difference
Ib.m/ft®

¢, Reservoir porosity
¢@w Aquifer porosity
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APPENDIX-A:

Field Example: It is an Iragi carbonate
oil field given by Al-Sudani [12]
produced from two main reservoirs
under bottom water drive aquifer. The
reservoir and aquifer zones properties
are listed as shown in Tables A-1 and
A-2, respectively.

Other reservoir and aquifer fluids
properties are as follows; (C,=8.95*10
° Psi?, 1,=0.65 Cp, B,=1.46 RB/STB)
and (Cw=2.5*10° Psi?, u,=0.705 Cp,
B.=1.02 RB/STB), app. oil
density=53.4 Ib/ft®, approximate water
density=63  Ib/ft.  Approximate
dimensionless aquifer size = 0.005.
Four wells penetrating the main
reservoirs were selected in this test
representing the west and east sides of
the reservoir; the flow rates of these
wells are listed in Table A-3.

Required: Estimation of Capillary
transition zone thickness to predict the
tilt in OOWC.

Table A-1: Main reservoir characteristics

Unit A D
Net thickness (ft) 25 125
) 0.21 0.24
K- md 580 1115
Table A-2: Aquifer characteristics
West East
Unit A D A D
Ky—md | 1381 | 2297 | 305 | 1165
) 0.32 023 | 014 | 0.2
Thick- ft 92 100 43 110

Table A-3: Well Production of Oil in units A
and D (BOPD)

Reservoir | West Region East
Region
A 8300 4100
D 7875 5155
Solution:

A computer program on Excel sheet
was prepared to be used in estimating
dynamic capillary pressures and the
transition zone thickness based on the
derived analytical model represented
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by Egs. 18, 20 and 21; the results are
listed as shown in Table A-4;

These results obtained by the new
model show high tilted OOWC that
exists between west-east regions for
units (A and D); the results confirm
this carbonate field of OWC
characteristic and may provide the best
explanation for the tilted OOWC in
some carbonate reservo

irs which is still under investigation.

Table A-4: Calculated values of capillary
pressure and transition zone thickness

(A); (A); (D); (D);
East West East West

P, | 1.15379 | 4.63114 | 2.7346 | 4.2977

P, 43.716 | 355.221 | 13.553 | 32.539

H,,, | 20.3836 | 165.630 | 6.3195 | 15.1722

The results of this field data exactly
show the titled in originally oil-water
contact from west to east, especially in
reservoir unit (A) due to the high
variation in rock and fluid properties
with the aquifer, compared with what
is observed in reservoir unit (D). The
results confirm the actual tilts in
OOWC from west to east in both units;
therefore, the new methodology may
explain the reasons beyond this
phenomenon which is still under
investigation by some authors such as
Hsueh [1].
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