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Abstract
Estimation of critical oil rate for simultaneous water and gas coning in horizontal
wells is vital in defining the profitability of reservoirs experiencing such scenario. The
ability to predict the critical oil rate at which water and gas will break in
simultaneously in oil reservoirs is most critical in oil rim reservoirs. The determination
of this rate would assist in planning better exploitative strategies. This study presents
a modification of an existing model to account for critical oil rate for the simultaneous
water and gas coning. The model also determines the optimum point to place the
horizontal well that will maximize pre- breakthrough cumulative recovery. The main
attraction of this model is its simplicity while at the same time competing favourably
with other similar correlations. Sensitivity analysis performed revealed that
parameters such as horizontal well length, oil column thickness, anisotropy, and
water density had a direct influence on critical rate, while parameters such as oil
viscosity and gas density had an inverse influence on critical rate.
Keywords - Critical rate, gas- water coning, horizontal well, well placement.
1. Introduction
Petroleum reservoirs in some cases have a gas cap and/or an aquifer. In such
situation, they are often subjected to gas and/or water movement towards the well.
Usually, as oil production begins, the interface between the fluids, that is, gas-oilcontact (GOC) or water-oil-contact (WOC) deforms from its initial plane shape to a
cone or a crest. When a field is developed with vertical wells, the shape of the
deformation is called a cone, but when a field is developed with horizontal wells, the
deformation is better described as a crest. Coning is the term used to describe the
mechanism underlying the upward movement of water and/or the downward
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movement of gas into the perforations of a producing well. The application of
horizontal well technology in developing hydrocarbon reservoir has been widely used
in recent years. A major objective of using this technology is to improve hydrocarbon
recovery from water and/or gas-cap drive reservoirs. The main advantage of using a
horizontal well over a conventional vertical well is that it reduces pressure
depression in the well’s neighbourhood due to the smaller flow rate per unit length of
the well for a given production rate. Therefore, a horizontal well tends to attract the
fluid contacts more uniformly over a larger area than vertical wells and therefore,
decreases the tendency of the water and gas to “cone” into a producing well
especially in oil rim reservoirs. The encroachment of water crest and gas cap is still
a limitation to further improvement of oil production rate in a horizontal well
especially in cases where the thickness of oil column is small. Hence the
determination of the maximum water/gas free oil production (critical rate) is a very
practical problem in a horizontal well evaluation.
Recommendable efforts have been made over the years by several authors to
develop correlations for estimating critical rate and breakthrough time in vertical
wells and horizontal wells in recent times. Muskat and Wyckot (1935) published the
first work on this subject. They determined critical coning rate analytically by solving
Laplace equation for single-phase flow for a partially penetrated well. Meyer and
Garder (1954) suggested that coning development is a result of the radial flow of the
oil and associated pressure sink around the wellbore. In their derivations, they
assumed a homogeneous system with a uniform permeability throughout the
reservoir, i.e., kh = kv .They developed separate correlations for determining the
critical oil flow rate in a vertical well. Pirson (1977) combined the Meyer and Garder
(1954) correlations for water coning and gas coning to produce a simplified
expression for determining the critical oil rate for simultaneous water and gas coning
in a vertical well. This correlation will be modified by this study for applications in
horizontal wells. Joshi (1988) used the derived expression by Meyer and Garder to
derive critical rate of horizontal wells using an effective wellbore radius concept, and
concluded that for any situation, the critical rate for horizontal well is higher than that
for vertical well. Papatzacos, et al (1989) developed a semi analytical solution for
estimating break-through time and optimal horizontal wellbore placement for
simultaneous water and gas coning situation in an anisotropic, infinite reservoir with
a horizontal well placed in the oil column. Obah and Chukwu (2000) developed a
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generalized coning model by empirical correlation of field data. Their model has
been found to predict fairly well in the Niger Delta where most reservoirs are
characterized by thin oil column overlain by large gas cap and bottom water. The
authors correlated parameters such as well penetration, drawdown, vertical and
horizontal permeability ratio, gas oil ratio (GOR), basic sediments and water
(BS&W),

and

hydrocarbon

contact.

By multiple

regression

analyses,

the

corresponding coefficients for the selected parameters were generalized for
simultaneous water and gas coning in a vertical well. Okwanake and Isehunwa
(2008) in their work used conformal mapping to combine steady-state flow,
volumetric voidage and pressure drop due to gravity effect in horizontal well to obtain
models that predicts critical rates and breakthrough time. They observed that critical
rate in horizontal wells are affected directly by effective permeability, well length, oil
column thickness, etc. They concluded that their correlation can be applied in both
horizontal and vertical wells. Onwukwe (2011) developed a semi-analytical model by
applying the principle of nodal analysis. He combined Joshi (1988) two models and
estimated the critical production rate and optimum horizontal well placement for
reservoirs with thin oil zones sandwiched between gas cap and bottom water.
Most of these correlations for horizontal wells are developed for critical rate in oilwater system and gas-oil system respectively. The fact that most oil reservoirs are
sandwiched between an aquifer and a gas cap gas calls for a correlation to
determine critical oil rate for simultaneous water and gas coning in a horizontal well.

2. Method/Model
2.1 Development of the working equations
Basic assumptions
The following assumptions were adopted:
-

Steady State flow condition.

-

Homogeneous and isotropic reservoir.

-

Sharp interface exist between gas-oil and oil-water interfaces

-

The thickness of the horizontal well is neglected.

-

Horizontal well is perforated in the entire length in the oil zone.
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The original conditions of reservoir fluids exists as shown schematically in Fig. 1
below, water underlying oil and gas overlying oil. It is assumed that the well is
partially penetrating the formation so that the production interval is halfway between
the fluid contacts.

Figure 1: Original reservoir static condition (Ahmed, 2001)
Meyer and Garder (1954) proposed the following expressions for estimating oil
critical rate in an oil-gas system and water-gas system in a vertical well as follows:
For oil-gas system:
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Pirson (1977) combined equations (1) and (2) to obtain an expression for
simultaneous critical rate for and gas coning in a vertical well to obtain the
correlation:
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For optimum well placement, Pirson (1977) also derived an equation for the
estimation of Dt from GOC (See fig. 1) to the top of the perforation as follows:
(
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The above Pirson’s equations (3) and (4) were modified to suit a horizontal well by
incorporating equations (5) and (6)
i.

Vertical well drainage radius (re ) was substituted with horizontal well
drainage radius (reh) in equation (3) as derived by Joshi:

√

ii.

5

Vertical well effective wellbore radius (rw) was replaced with horizontal well
effective wellbore radius (r’w) in equation (3) as also derived by Joshi:
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Where “a” is half the major axis of drainage ellipse, and is given by:
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For optimum well placement of Dt from GOC, hp = 0, since the well is horizontal
(Fig.2). Therefore the final expression for stand-off (critical) rate for simultaneous
water and gas coning in a horizontal well is given as (8) below:

GAS
GOC
OIL

Dt

Db
WATER

WOC

Figure 2: Horizontal well at original reservoir static condition
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For optimum well placement:
[

]

9

While:
10

2.2

Anisotropy effects

For a reservoir with different horizontal and vertical permeability, the diffusivity
equation can be written as:
11
Multiplying and dividing through by √
*

√

, (11) becomes:

+

12

Where
√

13

And effective horizontal reservoir permeability is defined by Joshi (1991) as:
√

14

Thus the influence of reservoir anisotropy can be accounted for by modifying the oil
column thickness as:
√

15

3. Results and Discussion
To apply the modified correlations derived for the determination of critical oil rate for
simultaneous water and gas coning in a horizontal well and optimum well placement,
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an “Excel program” was developed for fast and easy evaluation. The program
interface is shown in Fig.3 below. Results are generated based on input
reservoir/fluid data as shown in Table 1 to test equations (8) and (9). Critical rate for
simultaneous water and gas coning is approximately 186 STB/D. Also, the optimum
point of well placement between GOC and WOC, Dt is

approximately 34.07 ft and

Db is approximately 45.93 ft. From the results of well placement, it is observed that
the well will be placed farther away from the WOC, that is, closer to the GOC. This is
because the density difference between water and oil is less than the density
difference between oil and gas which will result in water from aquifer coning faster
than gas from the gas cap.

It has been noted that other factors such as

vertical/horizontal permeability, oil viscosity, oil column thickness etc. could still affect
the positioning of the well from GOC and WOC.
Table 1: Sample Reservoir/Fluid Data
Oil density, ρo (lb/ft3)

41.64

Water density, ρw (lb/ft3)

62.43

Gas density, ρg (lb/ft3)

13.61

Oil viscosity, µo (cp)

0.42

Oil FVF, βo (rb/stb)

1.1

Effective
(md)

352

horizontal

perm

kh 70

Effective vertical perm kv (md)

50

Oil column thickness, h (ft)

80

Horizontal well length, L (ft)

1640

Wellbore radius, rw (ft)

0.3

Drainage area, A (acres)

160

Nwachukwu, A Simple Model of…

Figure 3: Excel program interface.
3.1 Model Validation
It was noted that very few correlations exist in the literatures for determining critical
oil rate for simultaneous water and gas coning in a horizontal well. The works of
Papatzacos et al (1989) and Onwukwe (2011) were used to validate this model.
Using the same data as Onwukwe (2011), the results obtained are shown in figure 4.
Table 2 shows the outcome of comparison between the models developed in this
study with that of Papatzacos et al (1989) and Onwukwe (2011). The results from
this study compared favourably with the other works. The validity of the this study is
better seen from the fact that the work of Papatzacos et al (1989) was extensively
tested by a general numerical simulation model for validation as reported by the
authors. Secondly, reservoir anisotropy – a very vital parameter in horizontal well
development was incorporated in this study.

Figure 4: Model validation results
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Table 2: Model Comparisons
Parameters

Study
model

Onwukwe
(2011)

Papatzacos et al
(1989)

Critical oil rate, stb/d

6951.5

6600

6600

Optimum well placement
from GOC, ft
Optimum well placement
from WOC, ft

19.7

14

16

60.3

66

64

4. Parameter Sensitivity Analysis
The authenticity of the correlation derived could be further confirmed by the
sensitivities of different parameters in the correlation. They were found to be in
agreement with the natural laws of reservoir behaviour.
4.1 Critical Rate
The sensitivity of various reservoir / fluid properties on the critical oil rate for
simultaneous water and gas coning of a horizontal well were investigated.
4.1.1 Effect of Well Length on Critical Rate
The effect of horizontal well length on critical rate was carried out by varying the
horizontal well length at different reservoir thickness. The result obtained as shown
in Fig.5 shows that well length has a direct influence on critical rate and

Critical Rate (stb/d)

consequently on the overall productivity of the well.

20f
t
40f
t
60f
t
80f
t
Horizontal Well Length (ft)

Figure 5: Effect of horizontal well length on critical rate at varying reservoir
thickness
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4.1.2

Effect of Oil Viscosity on Critical Rate

The effect of oil viscosity on critical rate was carried out by varying oil viscosity at
different reservoir thickness. The result obtained in Fig.6 shows that oil viscosity has
an inverse influence on critical rate. Critical rate decreases with increasing viscosity.
However, it tends to be constant at high values of viscosity. This implies that water
cresting is a severe problem in heavy oil reservoirs.

250

Critical Rate (stb/d)

200
150

20ft
40ft

100

60ft
80ft

50
0
0

2

4

Oil Viscosity (cp)

Figure 6: Effect of oil viscosity on critical rate at varying reservoir thickness
4.1.3 Effect of Reservoir Anisotropy on Critical Rate.
From Fig.7, it can be seen that critical rate decreases as the ratio k h/kv decreases
that is, as it moves from anisotropy towards isotropic form. This implies that
anisotropy favours high production, especially when the horizontal permeability k h is
far greater than the vertical permeability kv.
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Figure7: Effect of reservoir anisotropy on critical rate at varying reservoir thickness

4.1.4 Effect of Oil Column Thickness on Critical Rate
It is clearly shown in figures 5, 6, and 7 that oil column thickness has a direct
influence on critical rate. Thus the thicker the oil column, the higher the critical rate.
4.1.5 Effect of Water and Gas Density on Critical Rate
Water density has a direct influence on critical rate as shown in Fig.8. That is, critical
rate increases with increase in water density. This can be attributed to the fact that
gravitational forces is higher at high water density, thereby a stable water cone is
maintained permitting higher production rate. On the hand, gas density has an
inverse influence on critical rate as shown in Fig.9. This is due to the fact that
increase in density of gas increases the tendency.
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Figure8: Effect of water density on critical rate

4.2

Figure 9: Effect of gas density on critical rate

Optimum Well Placement

Based on the model for optimum well placement, the major parameters that would
affect horizontal well placement to achieve simultaneous water and gas coning are
water and gas densities.

4.2.1 Effect of Water Density on Optimum Well Placement
The effect of water density on horizontal well placement can be seen by carefully
evaluating Fig.10. As the water density increases, the distance between the WOC to
the horizontal well, that is, Db decreases. This is due to the fact that at higher density
of water, gravitational effect is higher and a more stable interface between oil and
water exists. This implies that the well could be placed closer to WOC at very high

Oil Column Thickness (ft)

water density without fear of easy cone breakthrough.
100
80
60
40

Db (ft)

20

Dt (ft)

0
45 50 55 60 65 70 75 80

Water Density, ρw (lb/ft3)

Figure 10: Effect of water density on well placement
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4.2.2 Effect of Gas Density
The effect of gas density on the horizontal well placement as shown in Fig.11 is in
the reverse direction compared with that of water density and WOC. That is to say,
as gas density increases, the distance between the GOC to the horizontal well, that
is, Dt increases. This could be attributed to the fact that at higher gas density, the
tendency of gas coning into the well is increased and so the easy caution to take is

Oil Column Thickness (ft)

to shift the well farther away from the GOC.
100
80
60
Db (ft)

40

Dt (ft)

20
0
5

10 15 20 25 30

Gas Density, ρg (lb/ft3)

Figure 11: Effect of gas density on horizontal well placement
5. Conclusions
Water and gas coning has always been a challenging reservoir engineering problem
especially in the development of oil rim reservoirs sandwiched between an aquifer
and gas cap gas. Horizontal well technology has been adopted and developed over
the years to improve oil recovery in this situation. Hence accurate prediction of
critical oil rate and well placement for simultaneous water and gas coning is needful
so as to maximize oil recovery.
From the study carried out, it can be concluded that:
1. A simple and fast correlation has been derived for critical oil rate for
simultaneous water and gas coning in a horizontal well for oil reservoirs
sandwiched between a gas cap gas and an aquifer.
2. Also, a simple and fast correlation was also derived for optimum well
placement in the oil zone.
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3. The applicability and simplicity of the correlation was demonstrated using a
sample data and an “Excel Program” developed for this study.
4. The model was validated using some existing models and compared
favourably.

Nomenclature
A =

horizontal well drainage area in acres.

H =

oil column thickness, ft

hp =

vertical well perforation interval, ft

L =

horizontal well length, ft

= distance between the horizontal well and the WOC, ft
= distance between the horizontal well and the GOC, ft
k

= permeability, md
=effective horizontal permeability, md
= effective vertical permeability, md
= effective permeability, md

P

=

pressure, psi

Pwf =

flowing bottom hole pressure, psi

Qoc =

critical oil rate, STB/D

= drainage radius, ft
x

= main vertical direction

y

= main horizontal direction
= wellbore radius, ft
= oil viscosity, cp
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= oil formation volume factor, rb/stb
=

density of gas, lb/ft3

= density of oil, lb/ft3
= density of water, lb/ft3
GOR = gas to oil ratio, scf/stb
WOC = water to oil ratio, stb/stb
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