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A  Drainage area in Acres. 

a  Half the major axis of drainage ellipse in ft. 

Bo  Oil formation volume factor in rb/STB. 

GOC  Gas-Oil Contact. 
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OWC  Oil-Water Contact. 

qD  Dimensionless rate. 
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ABSTRACT 

Coning tendencies in oil rim reservoirs pose serious hindrance to optimizing oil 
production in the thin oil beds as unwanted fluids tend to replace the oil in the 
production stream, which invariably limits the ultimate oil recovery. In this study, 
a semi-analytical method of estimating critical production rate (qoc) and optimum 
horizontal well placement (hopt) was developed for reservoirs with thin oil zones 
sandwiched between gas cap and bottom water. Also, proxy models was generated 
for qoc and hopt from analysis carried out with the developed semi-analytical 
method. Accurate estimation of qoc and hopt can help control coning tendencies in 
oil rim reservoirs, thereby improving the cumulative oil recovery. The developed 
semi-analytical method was done by applying the principle of nodal analysis to 
graphically combine the two Joshi (1991) models of estimating critical rates in gas-
oil reservoir system and oil-water reservoir system respectively. The resultant 
graphical solution can therefore estimate the qoc and hopt for gas-oil-water reservoir 
system (i.e. oil rim reservoirs). Estimates made from applying the semi-analytical 
method to a set of oil rim reservoir data obtained from the Niger Delta oil field, 
gave the critical rate and optimum horizontal well placement from GOC, as 
6600stb/d and 14ft respectively. When this result was compared with the result 
calculated from the existing Papatzacos et al (1989) method, the developed semi-
analytical result shows a favorable comparison with 2.5% difference in obtained 
values. Experiment design was further performed using Plackett-Burman design to 
evaluate the individual effect of the reservoir parameters in estimating qoc and hopt 
in oil rim reservoirs. The result indicates that, among the parameters considered, 
horizontal permeability, kh; oil formation volume factor, Bo; and the oil column 
thickness, h; have the most significant effect in estimating critical rate, while two 
parameters, oil column thickness, h, and oil density, ρo, have the most significant 
effect in estimating optimum horizontal well placement in oil rim reservoirs. The 
advantage of the semi-analytical method developed in this study is that, unlike 
other models, it can estimate hopt with a corresponding qoc which an oil rim 
reservoirs may be produced without the incidence of water and/or gas coning.   
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CHAPTER ONE 

1.0 Introduction 

Oil rim reservoirs refer to reservoirs with thin oil zones sandwiched between gas 

cap and bottom water. Such reservoirs may contain large volumes of oil.However, 

this oil is often extremely difficult to produce economically by conventional 

methods due to the double coning phenomena. The production of water and gas 

from oil wells is common occurrence that increases the cost of operations and may 

reduce the efficiency of the depletion mechanism and the recovery of reserves. 

This inadequate production of water and/or gas with oil from the reservoir can 

result from coning. 

Coningrefers to the upward movement of water and/or the downward movement of 

gas in the reservoir, into the perforations of a producing well (Ahmed, 2006). The 

term is referred to as coning because the shape of the interface resembles an 

upright (water coning) or inverted cone (gas coning) when the well produces the 

unwanted phase (water and/or gas). Coning occurs when viscous forces exceed 

gravity forces near the wellbore of a producing well, which results in a high gas/oil 

ratio (GOR) in case of gas coning, or high water cut (BS&W) in case of water 

coning. Water and gas coning are common in oil rim reservoirs, with attendant 
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consequences of drastic drop in reservoir pressure and the overall recovery 

efficiency of the oil reservoirs. 

 A review of some Niger Delta oil reservoirs indicates that most of the reservoirs 

are less than 80ft thick and therefore vulnerable to coning problems(Obuekwe, 

2010; Kabir et al.,2004; Obah and Chukwu, 2000). Developing these types of 

reservoirs poses many technical challenges. One important issue in the 

development of these reservoirs is water and/or gas coning problems that have a 

detrimental effect on the ultimate oil recovery, and hence the project economics. 

Due to high coning occurrences (High GOR/WOR) in the Niger- Delta, most wells 

have been shut-in and a lot of recompletions are being made in order to combat this 

problem.  

The applications of horizontal well technology in developing oil rim reservoirs 

have been widely used in recent years due to their larger capacity to produce oil at 

the reduced drawdownwhen compared with conventional vertical well, at a given 

production rate.Horizontal wells therefore have been generally accepted as a better 

way to improve recovery, in the case of coning (Okwananke and Isehunwa, 2008). 

1.1 Simultaneous Coning Concept 

To prevent double coning of water and gas into oil wells for an oil reservoir with 

thin oil zones sandwiched between gas cap and bottom water, the oil should be 
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produced under double critical rate conditions, that is, two rates of production 

without breakthrough of gas and water into the well. It is intuitively apparent that 

there would be a critical production rate at which both the water and gas fluids will 

cone simultaneously into the well. At this simultaneous critical rate of pre-

breakthrough time, cumulative oil production is maximized. 

1.2Coning Phenomenon in Horizontal Wells 

One of the main reasons for coning is pressure drawdown. A vertical well exhibit a 

large pressure drawdown in the vicinity of wellbore, unlike horizontal wells which 

provide an option whereby pressure drawdown is minimized and high production 

rate sustained. However, in order to optimize production in thin-oil columns, 

determining the exact location of the horizontal wells in the oil zone between the 

bottom water and gas cap can be a significant challenge.  

For reservoirs with gas cap and bottom water, coning will never occur if piston-

like displacement is maintained between the oil and gas, and/or oil and water 

interfaces. However, a non piston-like displacement can occur as production 

progresses. In such situation, there is cresting particularly when the viscous forces 

are much higher than the gravity forces. Thus gas and water will make their way to 

the wellbore. Coning tendencies are inversely proportional to density difference 

and are directly proportional to the viscosity (Joshi, 1990). The density difference 
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between gas and oil is normally larger than the density difference between water 

and oil. Hence gas has less tendency to cone than water. However gas viscosity is 

much lower than the water viscosity, and therefore, for the same pressure 

drawdown in the given reservoir, the gas flow rate will be higher than the water 

flow rate. 

Thus, density and viscosity difference between water and gas tend to balance each 

other. Therefore to minimize gas and/ or water coning, a preferred perforated or 

completion interval is at the centre of the oil pay zone. Practically, many wells are 

however completed closer to the OWC than to the GOC. 

Thus to achieve a given production rate, one has to impose a large pressure 

drawdown in a low permeability reservoir than in a high permeability reservoir. 

However in naturally fractured reservoirs, especially those with vertical fractures, 

one can have severe coning in spite of high reservoir permeability. This happens 

with the fact that bottom water and top gas travel through high-permeability 

(vertical) fractures. This is very true in fractured reservoirs with low matrix 

permeability and large matrix blocks where water imbibition in the matrix is very 

slow (Joshi, 1990).  

1.3 Statement of Problem 

Coning problem in oil rim reservoirs is very sensitive when the oil column is 

sandwiched between gascap and bottom water. Estimating critical production rate, 
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and the exact location, within the oil column; to place the horizontal well is a 

major challenge in optimizing oil production from such reservoirs. 

Most coning models used for estimating critical oil production rate are either for 

gas-oil reservoir system or oil-water system(Meyer and Garder, 1954; Bournazel 

and Jeanson, 1971; Schols, 1972; Chaperon, 1986; Guo and Lee, 1993; Joshi, 

1991). Such models can not accurately predict situations for gas-oil-water reservoir 

system, as it is the case in oil rim reservoirs. 

This work therefore seeks to proffer solution to the problem of water and/or gas 

coning in gas-oil-water reservoir system. 

1.4Objective of the Study 

Thisstudy examines the challenges of coning in producing oil rim reservoirs and 

subsequently, developed a semi-analytical method andproxy modelsthat can aid in 

optimizing oil recovery. It will control coning tendencies in oil 

reservoirssandwiched between gascap and bottom water.  

The developed models can therefore, be used to: 

i. Estimate the critical production rates for optimizing recovery from oil rim 

reservoirs. 
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ii. Estimate the optimum horizontal well placement in the oil column, between 

GOC and WOC, in the reservoir. 

 

1.5 Scope of the Study. 

The study addresses the problems of simultaneous water and gas coning 

situationsin oil rim reservoir with horizontal well placed in the oil column.The 

method developed addresses the problems coning in oil rim reservoirs through 

critical rate and optimum horizontal well placement estimation.The reservoirs 

considered in this study were of pay thickness of between 20ft to 80ft, and 

assumed to be homogeneous. 
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CHAPTER TWO 

2.0 Literature Review 

A tremendous amount of research work has been done ranging from experimental 

studies to analytical and numerical simulation studies in order to understand and 

predict water coning and cresting in vertical and horizontal wells respectively.  

Since the awareness of the coning problem in both horizontal and vertical wells, 

efforts have been made to control it. These have been made through several 

analysis, proposing various analytical and empirical correlations, simulation 

studies, etc. some of these models, if not most, have been put into practice in one 

or many oil field(s) encountering coning problems, and have yielded results to 

varying degrees. 

2.1 Experimental Studies of Water Coning 

The pioneering work on water coning problem focused on coning mechanisms and 

experimental studies. Muskat and Wyckoff, (1935) published the first paper to 

analyze water coning in oil production theoretically. They presented the 

fundamental physical principles underlying the behavior of the water oil contact 

(OWC) when oil was produced from a partially penetrated well in the oil zone 

before water breakthrough to the well. They suggested that, water coning was 
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induced by the pressure differential existing in the well and the reservoir, and the 

advance of the OWC was directly proportional to this pressure differential. 

They also pointed out that, it was impossible to eliminate bottom water when 

producing from a thin oil zone unless the production rate of the well was reduced 

to uneconomically low values. Their results showed that, water-free oil production 

rate could be maintained for a short-penetrated well, and this rate decreased with 

increasing well penetration. They defined the critical oil production rate (qoc) as the 

maximum allowable oil flow rate that can be imposed on the well to avoid a cone 

breakthrough. The critical rate would correspond to the development of a stable 

cone to an elevation just below the bottom of the perforated interval in an oil-water 

reservoir. By analytically solving the Laplace equation for single phase flow, they 

developed a correlation to calculate the critical rate for partially completed wells 

as: 

............. (2.1) 

 Muskat (1946) presented the determination of the shape of water cones for various 

pressure drops in homogeneous reservoirs; He concluded that the critical pressure 

drop at the beginning of water coning was a function of well penetration and oil-

zone thickness, and the critical oil production rate was controlled by the pressure 

gradient caused by the oil production. 
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Meyer and Garder (1954) derived a correlation for the critical oil rate required to 

achieve a stable water cone. They found that the critical rate for a well was 

determined by: the length of well penetration, density difference of oil and water 

and the oil zone thickness. Their correlation for critical oil rate is expressed as: 

                           ............ (2.2) 

where, all the parameters are in field units. 

Chaney et al. (1956) developed a set of working curves to determine the critical oil 

rate. The curves were generated by using a potentiometric analyzer study and 

applying the water coning mathematical theory as developed by Muskat and 

Wyckoff (1935). 

Chierici et al. (1964) used a potentiometric model to study the coning behavior 

invertical oil wells. They developed dimensionless graphs to address the water and 

gas coning problems and considered the vertical and horizontal permeability in 

their dimensionless graphs. With given reservoir and fluid properties, position and 

length of the perforated interval, the graphs could be used to determine the 

maximum oil production rate without gas/water coning. The graphs could also be 

used to determine the optimum position of the perforated interval with only 

reservoir and fluid properties.  
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Sobocinski and Cornelius (1965) presented a correlation to calculate the 

breakthrough time, which is the time needed for a water cone to enter the 

perforation after the beginning of oil production. Based on the experimental and 

modeling data, they developed a correlation to estimate the breakthrough time by 

using dimensionless cone height and dimensionless breakthrough time. 

Khan (1970) used a three-dimensional scaled laboratory model to observe the 

coning behavior in a reservoir with natural water drive. His results indicated that 

the degree of water coning and the value of the water cut increase with production 

rate, the mobility ratio and the ratio of aquifer to oil-sand thickness. He found that 

the mobility ratio had great influence on the value of water cut and the degree of 

water coning at a given total production value: the higher the mobility ratio, the 

faster water coning develops. 

2.2. Numerical Simulation Studies of Water Coning 

With the increase of computing power and improvement of simulation technology, 

several computer simulators make it possible to simulate more complex coning 

problems. The first numerical simulation research on coning problem was carried 

out by Welge and Weber (1964). They applied two-phase, two-dimensional model 

using the alternating direction implicit procedure (ADIP) in the gas and water 

coning simulation. 
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They found that special computational techniques must be used after cone 

breakthrough to achieve reliable results and keep calculation costs within 

reasonable limits. Their simulation results matched the producing histories of a 

laboratory sandpacked model and of several producing wells experiencing water or 

free gas production by coning. They suggested that the average horizontal and 

vertical permeability and the kh / kv ratio are critical parameters in the coning 

study. 

Pirson and Metha (1967) developed a computer program to simulate water coning 

based on the Welge and Weber’s mathematical model. They studied the effects of 

various factors such as vertical to horizontal permeability ratio, mobility ratio 

between oil and water, specific gravity differential between the two phases and 

flow rate on the advance of a water cone. The cone shapes and positions were 

drawn for each case, and the results were found to agree with known phenomena. 

Comparing their results to Muskat’s approximate method, they found that 

Muskat’s method gave higher critical rate because of ignoring the water-oil 

transition zone. 

MacDonald and Coats (1970) described and evaluated three methods for the 

simulation of well coning behavior. They improved upon the small time step 

restriction of coning problems by making the production and transmissibility terms 
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implicit, and it could increase the simulation speed much more than the traditional 

IMPES (Implicit Pressure Explicit Saturation) method. 

Letkeman and Ridings (1970) presented a numerical coning model based on 

implicit transmissibilities and linear interpolation which could use much larger 

time steps than those in IMPES simulators. The model exhibited stable saturation 

and production behavior during cone formation and after breakthrough. Their work 

made coning simulation practical and economical using modified equations. 

Byrne and Morse (1973) presented a systematic numerical coning simulation study 

which included the effects of reservoir and well parameters. Their results showed 

that the critical oil rate decreased with the increase of well penetration depth, water 

breakthrough time decreased and WOR (water oil ratio) increased significantly 

when the production rate increased, however, the ultimate recovery was 

independent of production rate. The wellbore radius was not so important on water 

breakthrough time and WOR. 

Schols (1972) developed an empirical formula for critical oil rate based on results 

obtained from numerical simulator and laboratory experiments as: 

                ........... (2.3) 

where, all the parameters are in field units. 
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Miller and Rogers (1973) presented detailed coning simulation approach which 

was suitable to evaluate water coning problem for a single well in a reservoir with 

bottom water. They simulated a single well using radial coordinates and a grid 

system which could be used to determine the most important parameters in water 

coning on both short term and long term production. Their results for critical oil 

rate matched well with Schols’ (1972) critical rate correlation. 

Mungan (1975) presented experimental and numerical studies on water coning in 

an oil producing well under two phase, immiscible and incompressible flow 

conditions. His results indicated that the numerical model simulated the 

experiments adequately. Increasing the production rate or the wellbore penetration 

led to earlier water breakthrough, however, oil recovery was independent of 

production rate. The oil recovery at any given WOR became greater when the ratio 

of gravity to viscous forces increased. High vertical permeability decreased the oil 

recovery, while the opposite was true for horizontal permeability. 

Chappelear and Hirasaki (1976) developed a correlation to evaluate the critical oil 

production rate for a partially perforated well in a reservoir with bottom water. 

Their coning model was derived by assuming vertical equilibrium and segregated 

flow in two-phase, two-dimensional reservoir.  
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Kuo and DesBrisay (1983) used a numerical simulation to determine the sensitivity 

of water coning behavior to various reservoir parameters. Based on the simulation 

results, they developed a simplified correlation to predict the water cut in bottom 

water drive reservoirs. 

Chaperon (1986) proposed a simple correlation to estimate the critical rate of a 

vertical well in an anisotropic formation. The correlation accounted for the 

distance between the production well and reservoir boundary. The proposed 

correlation has the following form: 

                ........... (2.4) 

where, all parameters are in field units. 

Hoyland et al. (1989) presented two methods to predict critical oil rate for a 

partially penetrated well in an anisotropic bottom water drive reservoirs. The first 

method was an analytical solution, and the second was a numerical solution to the 

coning problem. Based on Muskat and Wyckoff’s (1935) theory, they used the 

method to address boundary conditions, and they developed a correlation to predict 

the critical rate in steady state. 
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Guo and Lee (1993) demonstrated that the existence of the unstable water cone 

which depended on the vertical pressure gradient beneath the wellbore. They found 

that when the vertical pressure gradient was higher than the hydrostatic pressure 

gradient of the water, an unstable water cone happened. Based on the simulation 

data, they developed a correlation to calculate the critical oil rate and determine the 

optimized well penetration length as: 

........... (2.5) 

where, all the parameters are in field units. 

2.3. Water Coning Control Methods 

Several practical solutions have been developed to delay the water breakthrough 

time and minimize the severity of water coning in vertical wells (Kisman et al 

(1991, 1992); Widmyer, 1955; Shirman, 1998). The basic methods included: 

i. increasing the distance between the bottom perforation and the original 

OWC,  

ii. separating oil and water in the OWC using horizontal impermeable  barriers,   

iii. controlling the fluids mobility in the reservoir,  



16 
 

iv. producing oil and water separately by Downhole water sink (DWS) wells 

and so on.  

Karp et al. (1962) considered several factors involved in creating, designing and 

locating horizontal barriers for controlling water coning. They studied different 

designs of the horizontal barriers, such as barrier radius, thickness, permeability 

and position. They established an experimental apparatus to test the effects of 

differentcement barriersfor different reservoirs. They found that reservoirs with 

high-density or high viscosity crude oils, low permeability or thin oil-zone 

thickness were not suitable to use this technology. On the other hand, this 

technology might impede the water drive from the field point of view.  

Pirson and Mehta (1967) found that the horizontal barrier just delayed the water 

breakthrough time while it did not provide absolute remedy to the water-coning 

problem. Water would overpass the barrier and breakthrough to the production 

interval when the cone radius became greater than the barrier. It is useful only 

where the horizontal fracture is available to form such an impermeable barrier. 

Smith and Pirson (1963) investigated the effect of fluid injection to control water 

coning in oil and gas wells. They considered position and length of the completion 

interval, point of fluid injection, the viscosity of the injected fluid and thicknesses 

of the oil and water sections. They found that the WOR was reduced by injecting 
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oil at a point below the producing interval and the reduction was improved if the 

injected fluid was more viscous than the reservoir oil. From the experimental 

results, they concluded that: the optimum point of fluid injection was the point 

closest to the bottom of the producing interval that did not interfere with the oil 

production when the production rate is normal; the injection point moved down 

with the increase of production rate for maximizing the coning control efficiency. 

However, more and more fluid should be injected back to the reservoir with the 

increase of time. 

Mobility control means injecting chemical additives such as surfactants and 

polymers or other gelling agents into the water phase to control its mobility. Paul 

and Strom (1988) proposed to inject water-soluble polymeric gels to control the 

bottom water mobility. They designed different polymeric gels for various water 

properties and carried out a series of experiments in the lab. 

Kisman et al (1991, 1992) proposed two methods to reduce the water cut in the 

well by injecting a composite slug comprising water wetting agent into the 

reservoir to modify the reservoir matrix to increase its water-wettingcharacteristic 

and non-condensable gas for further laterally extending the matrix surface 

modification. The slug of a water wetting agent ensured the main path of the 

following gas slag through the water zone where it would increase gas saturation 
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area. Thus relative permeability to water would be reduced. The methods could 

delay the water breakthrough time and reduce water cut in the produced fluids. 

2.3.1 Downhole Oil-water Separation (DOWS)Technology 

In recent years, downhole oil-water separation (DOWS) technology, as a technique 

of separating water downhole to reduce surface water production has been 

developed (Widmyer, 1955). This technique allows water to be separated in the 

wellbore and injected into a suitable injection zone downhole while oil is produced 

to the surface. Shortly after the introduction of the DOWS technology to the oil 

industry in the 1990’s, considerable research work has been done and several trial 

applications have been undertaken to test the technology.  

2.3.2. Downhole Water Sink (DWS) Technology 

One of the main reasons of water coning in oil well is the pressure drop caused by 

the oil production in oil zone. If an equal pressure drop in the aquifer is applied, 

water will not rise up and water coning can be controlled, then the drained water 

can either be lifted to the surface or be injected into the same aquifer at a deeper 

depth. The first method is known as Downhole Water Sink (DWS) technology 

which has been studied and applied for many years, while the second one is the 

Downhole Water Loop (DWL) technology which is relatively new comparing to 
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DWS but showing beneficial advantages and potentials to improve oil production 

(Inikori, (2002)). 

In 1955, Widmyer introduced and patented a novel coning control idea to the 

petroleum industry -downhole water sink (DWS) technology. In his patent, he used 

two separated completions in one well to control water coning: one produced oil 

from the oil zone and the other drained water in the aquifer. Thus, the water coning 

could be controlled by the two opposite pressure drawdown. Pirson and Mehta 

(1967) numerically tested this technology and concluded that, DWS might reduce 

the growth of water cone. 

Driscoll (1972) refined the idea by having multiple completions with the 

lowermost completion below the oil/water contact. However, little attention was 

paid to this technology at that time; the reasons might be that, industry had low 

confidence to install it and water coning problem was not as serious as nowadays 

at that time. 

The interest of the oil industry returned to the DWS technology after Wojtanowicz 

and Xu, (1992) improved it even further into a more workable and successful 

method when they simulated a dual completion using a “tailpipe water sink” in 

1991 as shown inFigure 2.1 (Shirman, 1998). First, an oil well is drilled through 

the oil-bearing zone to the underlying aquifer. Then, the well is dually completed 
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both in the oil and water zones. A packer separates the oil and water perforations. 

During production, oil flows into the upper completion being produced up the 

annulus between the tubing and the casing, while water is drained through the 

lowermost completion through perforations in the casing and then lifted up through 

the open tubing below the initial OWC. As a result, the produced oil is water free 

and the drained water is oil free. 

 

Figure 2.1 Downhole Water Sink (DWS) Well Completion (Shirman, 1998) 

Considerable efforts have been put on the research of DWS worldwide (Shirman 

and Wojtanowicz, 1997; Gunning et al, 1999; Ould-amer et al, 2004; Siemek and 

Stopa, 2002; Utama, 2008 and so on). Until now, DWS completion has been field 

tested in numerous reservoirs all over the world with good results. The drawback 
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of this technology is that, it brings large amount of water to the surface which 

requires more water processing facility and adds the production costs. 

2.3.3. Downhole Water Loop (DWL) Technology 

In order to overcome this disadvantage of DWS system, Wojtanowicz and Xu 

(1992) proposed a concept of Downhole Water Loop (DWL) technique to cut back 

the volume of formation water produced by an oil well from a hydrocarbon 

reservoir underlain by a water zone. The method employed dual completion of the 

well inside the water zone, below the OWC to install the water loop equipment 

(separated by a packer) in addition to the conventional completion in the oil zone 

(above the OWC). The water loop installation included a submersible pump, the 

upper (water sink) perforations and the lower (water source) perforations. A 

submersible pump would drain the formation water around the well from the water 

sink, and then would reinject the same water back to the water zone through the 

water source perforations (Figure 2.2). 
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Figure 2.2 Downhole Water Loop (DWL) Well Completion (Wojtanowicz and 

Xu, 1992) 

 

It is possible to use the flow potential theory to develop expressions for the 

streamlines and isopotential lines for a number of cases of 2D fluid flow in the 

DWL well system as shown in Figure 2.3 (Wojtanowicz and Xu, 1992) . In a radial 

system, the change of pressure with respect to radius dp/dr is inversely 

proportional to the radius 1/r (Smith and Pirson, 1963). It means that at large 

distance from the wellbore, pressure gradient would be extremely small. This 

pressure gradient is even smaller for the partial perforation. By reinjecting the 
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produced water far away from the production interval, pressure interference is 

avoided and the water displacement mechanism is maintained. Also, 

supplementing the produced water reinjection with external water, in order to 

enhance the water displacement may additionally improve oil recovery (Kjos et al. 

1995; Pang and Sharma, 1997; Singh, 2002). 

 

 

Figure 2.3: Flow Streamlines from Uniform Source and Point Source to Point 

Sink (Wojtanowicz and Xu, 1992). 
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2.4 Application of Horizontal Well Technology to Coning Control  

Several researchers have recommended horizontal well technology as a solution 

for the development of reservoirs with water coning problems (Vijay et al, 1998; 

Vo et al, 2000; Al Kaioumi et al, 1996). While vertical wells act like point source 

concentrating all the pressure drawdown around the bottom of the wellbore, 

horizontal wells act more like a line sink and so distribute the pressure drawdown 

over the entire length of the wellbore. The result is reduced pressure drawdown 

around the wellbore. The nature of fluid influx into a horizontal well remains a 

challenge to analysts. Three models have been presented to explain the flow 

pattern in a horizontal wellbore. They are:  

i. Infinite conductivity 

ii. Uniform flux 

iii. Finite conductivity.  

Infinite conductivity assumes there is no pressure loss in the wellbore. Uniform 

flux assumes that the influx of fluid into the wellbore from the reservoir in constant 

along the length of the horizontal well. The finite conductivity assumption is more 

encompassing as it incorporates the effect of friction pressure loss in the wellbore 

and changes in the distribution of fluid flux along the wellbore. The most 

controversial and least accepted of all three is the uniform flux assumption. 
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Research efforts have led to the development of mathematical equations for the 

evaluation of the performance of horizontal wells in coning control. Geiger (1984) 

developed a correlation for evaluating the productivity index of single-phase oil 

production or the pre-water breakthrough oil production rate in an isotropic 

reservoir. Consequently, Geiger (1984) developed a correlation to compare the 

performance of vertical and horizontal wells of length, L, in an isotropic reservoir 

as given in Eq. 2.8: 

                    …………….. (2.6) 

(where, reH and rev are the respective drainage radius of a horizontal and vertical 

well, rwH and rwv are the respective wellbore radius of the horizontal and vertical 

wells, L is the length of the horizontal well and h is the reservoir net thickness). 

 Joshi (1991) in his analysis of critical production rate for gas coning in vertical 

and horizontal wells showed that the ratio of critical oil production using 

horizontal and vertical well is of the form: 

                   ……………... (2.7) 
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Joshi (1991) further showed that, the critical production rate for a gas-oil system 

and oil-water system can respectively be given in the form: 

……………. (2.8) 

and 

……………. (2.9) 

Ben Wang et al (1993) used Joshi’s (1991) equation for scaling of productivity of 

horizontal well over vertical well in which they defined the drainage radius of the 

form: 

………………… (2.10) 

and effective wellbore radius of horizontal well of the form: 

……………….. (2.11) 

Where, 

,     and  ………….. (2.12) 
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Wagenhofer and Hatzignatiou (1996) suggested that there is a location within the 

oil zone at which both water and gas fluids cone simultaneously into the horizontal 

well, at this location the pre-breakthrough time, cumulative oil production is 

maximized. They therefore developed correlations for predicting the time at which 

gas and water cone simultaneously into a horizontal well and the optimum location 

of the well with respect to water-oil and gas-oil contact. 

Yang and Wattenberger (1991) developed several correlations from the result of 

numerical simulation studies for predicting water-oil-ratio (WOR) as well as the 

critical rate and time to water breakthrough for horizontal wells considering a 

closed outer boundary reservoir in transient state.  

Chugbo et. al. (1989) observed that the euphoria of horizontal well technology for 

the development of thin oil columns in an unconsolidated sand deposit in a deltaic 

environment may be erroneous and dangerous. Unfortunately, they did not report 

the result of further studies to validate this claim.  

Permadi et. al. (1997) investigated the horizontal well completion with a stinger 

introduced into the perforated pipe to redistribute the crest profile along the 

wellbore. They concluded that inserting a stinger about 0.25 times the length of the 

horizontal well provides a better pressure drawdown distribution and therefore 

more uniform flux along the wellbore. 
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 Asheim and Oudeman (1997) recommended an optimal perforation scheme that 

reduces perforations at the heel and increases perforation density toward the tail 

end and so redistribute the fluid influx model to possibly achieve uniform influx 

pattern. Ehlig-Economides (1996) proposed that a dual horizontal well completion, 

one in the oil zone and one in the water zone could reduce water cresting problem 

in horizontal wells. She did not present the results of research to validate the 

proposition. 

Peng and Yeh (1995) concluded that the use of horizontal wells is a proven 

technology for reducing coning problems and improving recovery in reservoirs 

underlain by water. However, recent field evidence shows that the fact of reduced 

pressure drawdown is not a total solution to water influx. Horizontal wells, by their 

nature and geometry, have inherent problems. One such problem is that the 

increased contact with the reservoir, which  is an advantage in terms of fluid 

production rates, actually becomes a disadvantage when water breaks through into 

the wellbore causing a very rapid increase in watercut.  

Like their vertical well counterpart, the typical critical oil production rates to avoid 

water influx to the wellbore are also too low for any economic purpose. Thus 

typical production rates are usually higher than the critical rates for these wells. 

The result is that high mobility bottom water invades the oil zone and ultimately 

moves toward the well. In other words, although critical rates are typically higher 
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for horizontal wells than for vertical wells and the time to water breakthrough is 

also longer for horizontal wells than for vertical wells, the typical high production 

rates expected of horizontal wells soon creates the problem of unwanted water 

influx.  

Various methods have recently been recommended by researchers to improve on 

the productivity of horizontal wells with regards to combating water coning 

problems.  

2.4.1 Horizontal Well Completion with Stinger  

This method involves redistributing the pressure losses along the wellbore by 

inserting a piece of pipe of a smaller diameter into the completion/production liner 

(Figure 2.4). This smaller piece of pipe is typically called “the stinger”. Permadi 

et.al (1970) studied this approach both numerically  and with a Hele-Shaw physical 

model and concluded that a stinger length of 0.25 times the producing length of the 

horizontal wellbore is adequate to redistribute the pressure drawdown and have a 

more uniform flux along the wellbore. They also reported that the rate reduction 

due to the insertion of the un-perforated stinger is relatively small and is overcome 

by the much longer delay in the time to water breakthrough. They recommended a 

stinger outside diameter-to-liner inside diameter ratio of 0.667 as most appropriate 

for optimum combination of annulus pressure loss and production rate increase. 
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For most of the pipe length studied, they observed that inserting the stinger was 

capable of delaying the time to water breakthrough in horizontal wells by as much 

as four times. 

 

Figure 2.4: Horizontal Well Completion with a Stinger(Permadi et.al, 1970) 

Brekke and Lien (1992) reported that the stinger completion method, in 

combination with reduced perforation density, could provide up to 25 percent 

increase in well productivity during the first part of the production life.  

Thus, the completion of the horizontal well with stinger creates improved sand face 

pressure profile by controlling the inflow of fluid along the wellbore. This process 

helps to redistribute the frictional pressure loss along the perforated part of the 

well.  

2.4.2 Water Cresting Control with Variation of Perforation Density  

Another scheme commonly recommended for controlling water cresting in 

horizontal wells is variation of perforation-density to uniformly distribute the 
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influx of fluid (Figure 2.5). In other words, the perforation density is less at the 

heel than at the toe of the horizontal well. 

Asheim and Oudeman (1997)investigated the option of varying the perforation 

density in order to create a uniform production and injection profile along the 

wellbore. They observed that the uniform inflow design may involve some 

marginal reduction in productivity compared to uniform perforation density 

method. However, the sweep efficiency is higher and there is attendant delay in 

water breakthrough time and improved ultimate recovery.   

Heel Toe  

        Figure 2.5: Schematic of Typical Variable Perforation Density(Asheim 

and Oudeman, 1997) 

Marett and Landman (1993) observed that in cases where water or gas cresting is 

anticipated, the perforation strategy of most interest is uniform fluid inflow from 

the reservoir into the well. To accomplish this type of optimization, the well is 

partitioned into small number of uniformly perforated segments. The perforation 

density in each segment is varied (either by varying size of perforation or by 
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varying the number of perforation for the same hole sizes) until the optimum 

distribution is achieved. For the case of water cresting control, the optimum 

distribution is when each segment has the same inflow. However, the perforation 

density is least at the heel of the well and increases toward the toe. 

2.5 Dynamics of Oil Rim Reservoir Production 

Oil rims are relatively thin oil columns sandwiched between water and gas layers. 

They are usually in the order of a few to tens of feet thick.They often occur in 

reservoirs with lightly compacted sands having high porosities and high 

permeability, and they commonly contain light oils. These properties culminate in 

favourable reservoir flow conditions, reflected in a low drawdown required for 

production. However, these properties can also cause production problems, in 

particular water or gas coning leading to early water or gas breakthrough. 

Due to small thickness of oil rim, gas cusping and/or water coning will influence 

production and economic feasibility of the project, especially when permeabilities 

are high. Coning and cusping will happen when viscous forces (drawdown) exceed 

gravity forces (Figure 2.6). Less than optimal production rates can occur when 

trying to prevent critical drawdowns for water coning and gas cusping. Excess gas 

production usually depletes the gas cap, significantly reducing reservoir energy. 

This leads to losses in ultimate recovery (Figure 2.7).   
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Figure 2.6: Water Coning and Gas Cusping Phenomena 

 

Figure 2.7: Typical Effect of Gas Cusping/Water Coning(Obuekwe Mogbo, 

2010). 

 

Understanding oil rim reservoir production dynamics is critical to successful 

development of thin oil rims. Thin oil rim development can be likened to the 
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production of a large oil column towards the late end of its economic life when 

abandonment would be strongly considered (Figure 2.8). The interplay of 

subsurface factors and production constraints determine the dynamics of oil rim 

reservoir production. Oil and gas recovery from a thin oil column under the 

influence of gas cap and water support is strongly dependent on oil column 

thickness, formation permeability, gas cap size, aquifer strength, reservoir 

geometry, magnitude of bed dip, and oil viscosity (Vo, 1999). Reservoir 

management for thin oil columns should focus on predicting these parameters and 

planning wells accordingly. Besides viscous forces, oil recovery depends on two 

driving forces: one pushing from the gas cap expansion and one pushing from the 

bottom water rise/encroachment. Prolonging the balance of these two forces will 

result in higher recovery.  

 

Figure 2.8: Snapshot Showing a Laterally Extensive Oil Rim Reservoir 

(Obuekwe Mogbo, 2010) 

2.5.1 Gas and Water Coning/Cresting 

Coning, cusping or cresting occurs when the pressure drawdown created by a well 

is large enough to overcome the gravitational resistance of nearby water or gas 
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causing these fluid(s) to be drawn into the well. This phenomenon (generally 

referred to as coning) is affected by the characteristics of the fluids (density and 

viscosity), rock properties (vertical and horizontal permeability) and geometry of 

the reservoir and well type and location. The development of gas and water cones 

for the situation of a horizontal well is shown schematically in Figure 2.9. 

 

Figure 2.9: Schematic Vertical Cross-Section through Horizontal Well and 

Reservoir 

 

The production rate at which there is a balance between gravitation and viscous 

pressure forces is known as the critical coning rate. Producing below the critical 

coning rate will prevent the breakthrough of unwanted water and gas and may 

seem attractive. However critical coning rates are normally very small and 
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economically unattractive. It is generally inevitable that oil rims will be produced 

at rates above the critical coning rates with the production of water and/or gas, 

although off-take rates need to be controlled to avoid excessive production. 

Excessive coning of gas or water limits oil recovery due to poor reservoir sweep 

and loss of reservoir drive energy. However, gas coning could be desirable for 

lifting oil to the surface after water breakthrough (natural gas lift). The extent of 

coning can also greatly depend on local geological features such as shale barrier or 

faults and baffles. 

2.5.2 Gas cap oil re-saturation 

The oil column will be displaced upward due to gas cap production under an active 

water drive. This will leave a zone of residual oil behind the advancing water and a 

zone of residual gas behind the advancing oil. Due to excessive gas cap production, 

a pressure gradient develops between the crest of the structure and the aquifer. As 

gas withdrawals continue and oil rim moves significantly, the oil column will 

gradually “smear out” through the gas cap. This leads to the loss of mobile oil (re-

saturation of original gas cap) and trapping of gas. This effect can be countered by 

the existence of initial oil saturation in the gas cap, which is caused by the 

migration history of hydrocarbons into or out of the reservoir (Figure 2.10). 
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Figure 2.10:Movement of Fluid Contacts over Oil Rim Reservoir life 

(a) The oil rim at static conditions 

(b) The GOC has moved downward due expansion on oil production 

(c) The oil rim has moved upward due to displacement by the aquifer 

(d) Loss of mobile oil due to strong aquifer displacing oil into gas cap 

 

2.5.3 Sweep Efficiency 

Depending on the geometry of the reservoir and oil rim, it could be possible that 

the remaining oil at abandonment is minimized by initially producing the gas cap 

and allowing the oil rim to move to the crest of the reservoir. This can result in 

a b c d 

gas 

oil 

water 
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much improved sweep efficiency especially for strong water-drive. During gas cap 

blow down from a well positioned at the crest, the active aquifer would displace 

the oil column upward and re-saturate most of the original gas cap volume. Part of 

this oil may not be recoverable, as it remains residual. 

Depending on the specific reservoir geometry, dominant drive mechanism and 

development strategy being adopted, this can lead to an abandonment oil column at 

the crest of the reservoir smaller than the strict oil rim development case (see 

Figure 2.11). 

Initial Condition 1. Gas Cap Blowdown

Abandonment Volume 1 < Abandonment Volume 2

2. Strict GOR Control

 

Figure 2.11: Sweep Efficiency Considerations in Oil Rim Development 

(Castelijns, 2008) 

 

2.5.4 Fluid Contact Movement 

In addition to deformation of the fluid interfaces at the production wells due to gas 

coning and cresting, the position of the fluid contacts throughout the reservoir will 

change over time. The extent of the movement will depend on relative strength of 
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the aquifer drive and gas cap drive. In reservoirs with strong aquifer drive it is 

more likely that the oil-water contact will move upwards. Fluid contact movement 

is often non-uniform due to variations in sand development, the lateral 

extensiveness of the reservoirs, gas cap size and differences in aquifer strength. 

Production off-take control is often applied to wells in order to prevent the fluid 

contacts moving pass the perforation intervals. Application of off-take controls is 

discussed below. 

2.5.5 Key displacement Parameters 

As oil rims are developed it is inevitable that the fluid contacts will move relative 

to the perforation intervals. The extent of the fluid contact movement depends on 

the relative strength of the aquifer and gas cap drives. The two most important 

displacement mechanisms for oil recovery from oil rims are:  

i. Displacement of oil by water due to aquifer influx, and  

ii. Displacement of oil by gas due to the expanding gas cap.  

 

2.5.6 Production (Off-take) Control 

A GOR control is often applied to oil rim development wells as a means of 

controlling the movement of the fluid contacts and maximizes recoverable oil 

volumes. The principles of GOR control are shown in Figure 2.12. 
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GOR control of wells aims to balance several competing factors that affect 

recovery from oil rim reservoirs. Operating wells at too high or too low GOR’s can 

both limit oil ultimate recovery. For any given situation there will be an optimum 

GOR policy at which oil recovery is maximized and the factors that determine the 

optimum value are outlined in Figure 2.13. 

Optimum producing GOR from a well or a reservoir can evolve with time as the 

production conditions change and relaxation or tightening of the GOR control 

should be implemented as necessary. Separate GOR limits can be applied to wells 

and the reservoir as a whole with a view to maximizing oil recovery. 

 

 

 



41 
 

 

Figure 2.12: Principles of GOR Control 

 

 

 



42 
 

 

Figure 2.13:Factors Affecting Optimum GOR Control 

 

Producing at too high GOR effectively always increases the quantities of gas cap 

gas that cone into the production wells. The negative aspects of this are impact on 

gas handling capacity of surface facilities, the loss in reservoir drive energy, 

reduction in reservoir pressure and movement of the oil rim into the initial gas cap 

region, all of which result in loss of oil recovery. 

Producing at too low GOR restricts the drawdown applied to the wells and limits 

the production of gas cap gas into the wells. This has a negative effect on oil 

recovery as it delays production, causes unstable well flow especially as BSW 

increases and potentially results in poor oil rim sweep as depicted in Figure 2.10. 
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2.5.7 Shrinkage Losses 

Shrinkage losses relate to the abandonment pressure of the remaining oil volume at 

the end of oil rim development. The situation is depicted in Figure 2.14. At initial 

condition the oil volume is a function of the initial oil saturation and initial 

Formation Volume Factor (Boi) of the oil. The oil in the oil rim is typically 

considered to be at the saturation point or bubble point and as the pressure 

declines, Formation Volume Factor (Bo) will also decline in the saturated region. 

The volume of remaining oil at abandonment is an inverse function of the Bo value 

at abandonment pressure, Bofinal. At higher abandonment pressures the value of 

Bofinal is higher and results in less remaining oil volume. At lower abandonment 

pressure the value is lower and a greater volume of stock tank is required to make 

up the residual oil saturation. Oil recovery is therefore maximized at higher 

abandonment pressure. This relates to the higher volume of gas dissolved in the oil 

at higher abandonment pressure and which effectively expands the oil volume so 

that less stock tank oil is required to make up the residual oil volumes at higher 

abandonment pressures. Managed abandonment through GOR and drawdown 

control is the key to minimizing shrinkage losses. 
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Figure 2.14:Shrinkage Losses (Castelijns, 2008) 

 

2.6 Oil Rim Development Concepts 

The development of hydrocarbon reservoirs generally falls into three broad 

categories. Primary recovery relates to using the natural energy of the reservoir to 

drive production. Secondary recovery relates to supplementing the natural drive 

with additional energy via water or gas injection. Tertiary recovery relates to 

injection of fluids to change the chemical or physical properties of the in-situ 

hydrocarbons. In principle, all three-recovery mechanisms can be applied to oil rim 

reservoirs.  

However, within this class of recovery mechanisms, a range of possibilities can be 

considered. These include: 

i. Sequential development 

ii. Alternative phased development 
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iii. Concurrent oil and gas development 

iv. Gas only development 

2.6.1 Sequential Development – Oil then Gas 

This is the conventional development strategy for oil rim development. This 

development concept initially targets wells into the oil rim and attempts to manage 

the off-take to minimize movement of the rim. Oil recovery and production 

performance depends to a large degree on the balance of water drive and gas cap 

drive. Conservation of gas cap energy will generally lead to higher oil recoveries. 

Production rates are controlled to manage coning and cusping effects and so 

prevent excessive gas production. After the oil rim has become economically 

exhausted, the second phase is to develop the gas cap. 

2.6.2 Alternative Phased Development – Gas then Oil 

Behrenbruch and Mason (1993) showed that oil recovery could be maximized from 

an oil rim reservoir with a small gas cap by blowing down the gas cap during the 

initial production phase, provided a strong aquifer exists. The essence of this 

strategy is to develop the gas cap first and then allow the oil rim to move to the 

crest of the reservoir that will be produced by the same crestal gas cap well rather 

than attempting to control off-take and manage coning and cusping effect. Re-

saturation losses will occur. However, depending on the geometry of the reservoir, 
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the remaining oil at abandonment should be less in this case than in the 

conventional oil then gas scenario described above. 

2.6.3 Concurrent Oil and Gas development 

In a concurrent oil and gas development, the gas cap is either developed fully or 

partially while the oil rim is produced. Development of the gas cap can take place 

either at the same time as the oil rim or be delayed to a later point in time 

depending on the particular subsurface conditions of the reservoir. The 

development involves simultaneously producing oil and gas through either separate 

conduits or through a single conduit. The main driver would be to accelerate gas 

production whilst not reducing significantly the oil recoverable volumes. 

Producing oil and gas concurrently improves overall project value since gas 

development is not deferred till the end of oil production when the gas cap is 

blown down. By producing gas from the gas cap, energy is lost from the system 

and there is the risk of losing oil through, for example, saturation losses in the gas 

cap due to the presence of an active and strong aquifer. 

According to Van Putten et al (2007), there are two major approaches to 

concurrent oil and gasdevelopment: 

i. Limiting the oil rim movement and trying to manage the drive mechanisms 

accordingly. This can be achieved by increasing the support to the least 

dominant drive through injection to either the gas cap or aquifer. 
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Alternatively, decreasing support to the most dominant drive through 

production from either the gas cap or the aquifer can limit oil rim 

movement. Reservoir pressure decline could however be excessive under 

this scheme. 

ii. Allowing some controlled movement of the oil rim and applying 

recompletion technology to track the movement of the rim or alternative 

well design and/or smart completion design to optimize oil recovery. 

2.6.4 Gas only Development 

This development strategy focuses totally on the gas cap and makes no attempt at 

oil rim development. This is generally applied when the oil rim is considered to be 

uneconomic to develop. The gas recovery factor strongly depends on the aquifer 

size/support, residual gas saturation and availability of surface compression. The 

encroachment of an aquifer can result in large amounts of gas being trapped at high 

pressure as well as bypassing large areas of gas if water breaks through to the wells 

preferentially through high permeability zones.  

2.7 Factors Affecting Recovery from Oil Rim Reservoirs 

There are a number of sub-surface factors that affect the recovery process of oil 

rim reservoirs. The main subsurface factors quoted in a variety of different studies 

and field experiences are (Paris et al 2008): 

i. Oil column size 
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ii. Gas cap volumes/size 

iii. Permeability 

iv. Aquifer strength 

v. Oil viscosity 

All of these factors play an important role in determining the fluid flow dynamics 

and recovery factor for a given oil rim configuration. In addition, the impact of 

other subsurface factors such as reservoir geometry (the presence of high 

permeability streaks, extensive shale breaks), degree of heterogeneity and 

magnitude of bed dip, well type and location and operating philosophy can also be 

significant. 

Based on results of performance data in the industry, horizontal wells are the better 

option for developing reservoirs with oil rims as compared to conventional wells. 

Other factors to consider when formulating the depletion strategy are well 

placement/positioning with respect to the fluid contacts, well length and spacing 

and off-take constraints. Although there are notional best practices for all of these 

factors, individual and tailored reservoir modeling is key to designing the optimum 

development strategy for a given oil rim case. 

2.8 Evaluating Feasible Oil Rim Development Concepts 

A wide range of review of different oil rim development options was presented by 

Wynne (2005). The review considered oil rim thickness and gas cap size (or m-



49 
 

factor) as the key drivers to selecting an optimal development concept. Wynne 

(2005) presented the conclusion in the form of a development matrix and the 

results are summarized below (Figure 2.15 (a)): 

i. For oil rims greater than 30ft and m-factors greater than 2, a concurrent 

development is justified. This is typically a 5% off-take of GIIP per annum 

concurrently with oil development. 

ii. For oil rims less than 30ft, a straight gas cap blow down with no oil 

development was justified. 

iii. For m-factors less than 2 and oil rims greater than 30ft, an oil development 

followed by gas development was proposed. 

Four zones representing conditions under which it is difficult to choose between 

the different developments concepts are shown in Figure 2.15 (b) below. When the 

thickness of the oil rim falls between 20 ft - 30 ft and the m-factor is between 1 and 

3, the full range of subsurface and development factors need to be considered. 

Under favorable subsurface conditions, a 20 ft oil rim could be considered for 

dedicated oil development while under other conditions, concurrent development 

or gas only development could be preferable. 
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Figure 2.15(a):Matrix for Evaluating Feasible Concepts 
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Figure 2.15(b):Matrix for Evaluating Feasible Concepts 

 

2.9 Oil Rim Reservoir Management 

The preceding sections have largely been concerned with the development of oil 

rim reservoir. However after a development concept has been selected and 
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implemented for a particular reservoir, it is critical that the reservoir is 

subsequently well managed throughout the production life to ensure optimal 

recovery is achieved. Different oil rim development strategies require specific 

operating procedures to accommodate different production system pressures, GOR 

control and surveillance activities. 

The Reservoir Management strategy should be updated as more understanding of 

the reservoir recovery dynamics is developed. For a specific reservoir, a dedicated 

Reservoir Management plan (includes surveillance requirements) should be 

developed to take account of the specific reservoir conditions and development 

concept being applied. Some guiding principles and general consideration for 

developing an effective Oil Rim Reservoir Management Plan include: 

i. Surveillance: 

Surveillance covers a wide range of activities related to monitoring 

well and reservoir performance so that informed decisions can be 

made to adjust the operating conditions or implement corrective 

actions to maximize recovery. 

ii. Well Testing Control: 

For a particular oil rim reservoir the optimum development concept 

might involve producing the well and/or reservoir under a specific 

GOR limit. Regular well testing and pro-active well control will be 



52 
 

required to ensure the reservoir is being operating within the specific 

limits. 

Depending on the Oil Rim development concept being applied (e.g. Oil then 

Gas, Concurrent Oil and Gas, etc) surface facilities will be subject to different 

operating conditions, pressures and production rates. The facilities need to be tuned 

to accommodate the specific development concept being applied so that optimum 

recovery can be achieved. 
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CHAPTER THREE 

3.0 Research Methodology 

To achieve optimum oil recovery from the thin oil rim reservoirs, efforts must be 

made to avert or at least minimize the coning tendencies.To proffer solutions to 

coning problem in reservoirs,with horizontal wells placed in the oil 

column;thisstudy developed a semi-analytical method and proxy modelsthat can be 

used to estimate critical rate and the optimum horizontal well placement in oil rim 

reservoirs, with a view to combat coning phenomena in oil rim reservoirs. Special 

emphasis is placed on the Niger Delta, as all the data used in this study are 

generated from the Niger Delta oil fields. 

To develop the semi-analytical method for controlling water and/or gas coning in 

oil rim reservoirs, Joshi’s (1991) equations for gas-oil system and oil-water system 

was respectively combined graphically using the principle of nodal analysis to 

obtain the critical rate,qoc, whichwater and gas will conesimultaneously, and the 

corresponding optimum horizontal well placement, hopt.  

Experimental Design was also carried out using the DOE++ to generate 

thePlackett-Burman Design of experiment with 12 runs. The Plackett-Burman 

Design was usedto study the effect of reservoir fluid and rock parameter on the qsc 

and hopt. The result from the developed semi-analytical method wasvalidated using 

existing model of Papatzacos et al (1989)to authenticate its efficiency. 
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3.1 Semi-Analytical Method Development 

3.1.1 Critical Rate Determination 

Vertical movement of water or gas across bedding plane near the wellbore, occur 

when viscous forces around the wellbore exceed gravity forces due to density 

difference between the fluids.  

Gravity force is given by: ΔPg= 0.433Δρh      ..………………(3.1) 

For a gas-oil system:ΔPg=0.433(ρo-ρg)h …………………(3.2) 

For a water-oil system: ΔPg=0.433(ρw-ρo)h……………….(3.3) 

 Viscous force is given by:  

…………….… (3.4) 

If viscous forces are greater than gravity forces, coning will occur and vice versa. 

Thus, the optimum oil production rate (critical rate) is that at which the gravity and 

viscous forces are at equilibrium. 

That is: 

…………………… (3.5) 
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3.1.2 Application to Horizontal Well 

Joshi (1991) in his analysis of critical production rate for gas coning in vertical and 

horizontal wells showed that the ratio of critical oil production using horizontal 

and vertical well is of the form: 

……………………..(3.6) 

Joshi (1991) further showed that, the critical production rate, using horizontal well, 

for a gas-oil system and oil-water system can respectively be given in the form: 

………………….(3.7) 

…………………(3.8) 

Where: 

 ,                                                 ………………. (3.9) 

 

    ,                       ……………... (3.10) 

And, 
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………………… (3.11) 

 

3.1.3 Application of Nodal Analysis to simultaneous coning 

The principle of Nodal system analysis may be applied to analyze the performance 

of system composed of interacting components (Beggs, 1991). This principle was 

employed to determine the critical rate for simultaneous water and gas coning, and 

the optimal horizontal wellbore placement, in the gas-oil-water reservoir system. 

The procedure as applied in this study involves calibrating the oil column thickness 

as nodes, and thereby determining the oil critical rate of the interacting gas-oil 

system (qogc) and that of the oil-water system (qowc) at each node(Table 3.1). 

Table 3.1:Nodal Analysis Format 

Node ht hb qogc qowc 
GOC:1 ht0 hb9  

2 ht1 hb8  
3 ht2 hb7  
4 ht3 hb6  
5 ht4 hb5  
6 ht5 hb4  
7 ht6 hb3  
8 ht7 hb2  
9 ht8 hb1  

OWC:10 ht9 hb0  
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3.1.4 Semi-Analytical Method Procedure 

The steps involved in using the proposedsemi-analytical method for estimating 

critical rate and horizontal well placement in oil rim reservoirs are summarized as 

follows: 

Step 1:Assuming that horizontal wells are placed at intervals in the oil column (i.e. 

between the GOC to the OWC), then tabulatethe distance of the horizontal wells 

from the GOC (ht), and OWC (hb) respectively at each of the assumed 

intervals.(Table 3.1). 

Step 2:Calculate the critical rate for gas coning (qogc) and the critical rate for water 

coning (qowc) at each of the assumed intervals using equation 3.7 and 3.8 

respectively. 

Step 3: Plot ht vs qogc and hb vs qowc respectively on the same scale.The point of 

interception of the resultant plot is the critical rate (qoc)and corresponding optimum 

horizontal well placement (hopt) respectively.  

3.2 Experimental Design 

Experimental design methods have found broad application in many disciplines. 

Experimental design presents a method to quantitatively assess various 

uncertainties by running sensitivity on all identified uncertainties with a minimal 

number of simulation runs. This minimization of runs is required due to the 

computational demands of reservoir simulation. It provides a means of identifying 
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significant uncertainties governing a given economic and production forecast, and 

also provides results that can be used to generate a response surface or proxy that 

will be used to develop probabilistic models. A response surface or a proxy is a 

representation of the simulation results in a simple mathematical form. 

In this study, Plackett–Burman design (Table 3.2)was used to do a parametric 

studyon simultaneous water-and-gas coning critical rates, and horizontal well 

placement, involving various reservoir fluid and rock parameters. A linear 

screening of the uncertainties was conducted to determine the significant 

uncertainties. These serve as an independent parameter input toallow the effect of a 

range of subsurface uncertainty to be captured to enhance better prediction.  

Table 3.2:12-Run Plackett-Burman Design 

Run No 01 02 03 04 05 06 07 08 09 10 Y1  Y2 

1 -1 1 1 -1 1 1 1 -1 -1 -1   

2 1 -1 1 1 -1 1 1 1 -1 -1   

3 1 1 -1 -1 -1 1 -1 1 1 -1   

4 1 -1 -1 -1 1 -1 1 1 -1 1   

5 -1 -1 -1 1 -1 1 1 -1 1 1   

6 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1   

7 -1 -1 1 -1 1 1 -1 1 1 1   

8 1 1 -1 1 1 1 -1 -1 -1 1   

9 1 -1 1 1 1 -1 -1 -1 1 -1   

10 -1 1 -1 1 1 -1 1 1 1 -1   

11 1 1 1 -1 -1 -1 1 -1 1 1   

12 -1 1 1 1 -1 -1 -1 1 -1 1   
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3.3Coning Breakthrough Time Prediction. 

Papatzacos, et al (1989) developed a semi analytical technique for estimating 

breakthrough time for simultaneous water and gas coning situation in an 

anisotropic, infinite reservoir with a horizontal well placed in the oil column.  

There method is summarized as follows: 

Step 1: Calculate the dimensionless flow rate, given by: 

…………… (3.12) 

Step 2: Calculate the density difference ratio, given by: 

……………(3.13) 

Step 3: From Figure 3.1, for qDand , find the dimensionless breakthrough 

time,tDBT. 

Step 4: Estimate the time to breakthrough, given by: 

…………….(3.14) 
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Figure 3.1: Dimensionless Time for Two-Cone Case. (Paptzacos, P. et. al., 

1989) 

3.3.1Horizontal Well Placement Prediction 

Papatzacos, et al (1989) also used the same procedure above to estimate the value 

of optimal horizontal wellbore placement. The method is summarized below: 

Step 1:Calculate the dimensionless flow rate, qD, from Equation 3.12 

Step 2:Calculate the density difference ratio, ѱ, from Equation 3.13 

Step 3:Read the fraction well placement, βopt, from Figure 3.2 by using the 

calculated values of ѱ and qD. 

Step 4:Calculate the optimum placement of the horizontal well above the WOC by 

applying the following expression: 
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…………………….. (3.15) 

 

Figure 3.2: Optimum Well Placement for Two-Cone Case. (Paptzacos, P. 

et.al., 1989) 
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CHAPTER FOUR 

4.0 Results and Discussion 

Table 4.1 shows the set of reservoir fluid and rock data used in the analysis of the 

development semi-analytical method of estimating critical rate and horizontal well 

placement in oil rim reservoirs. The data are obtained from the Niger Delta oil 

field.  

Figure 4.1 is a summaryof the semi-analytical solution for the set of reservoir data 

in Table 4.1.The result estimates the critical rate and the optimum horizontal well 

placement from GOC as 6600 stb/d and 14 ft respectively.When compared withthe 

optimum horizontal well placement correlation by Papatzacos et al (1989), with 

assumed vertical permeability of 500md, it shows a favorable comparison with 

2.5% difference in the obtained values (Table 4.2). However, the apparent 

difference may be due to the neglect of the vertical permeability of the reservoir in 

the semi-analytical approach, which was considered by Papatzacos et al (1989) in 

their correlation. 

Table 4.3 is a summary of a sensitivity study carried out with the developed semi-

analytical method on the set of data in Table 4.1;the result shows that the critical 

production rate decline as the oil-column is being depleted.That is, the critical rate 

is proportional to the oil column thickness (Figure 4.2). Also, there is a linear 
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relationship between the oil column thickness and the optimal horizontal well 

placement for reservoirs within the same field, or of similar rock and fluid 

properties (Figure 4.3) 

Table 4.1: Reservoir Rock and Fluid Properties 

S/N Reservoir Properties Value 

1 Water density (lb/ft3) 63.50 

2 Oil density (lb/ft3) 50.63 

3 Gas density (lb/ft3) 11.24 

4 Oil viscosity (cp) 0.27 

5 Oil formation volume factor (rb/stb) 1.69 

6 Horizontal permeability (md) 3400 

7 Oil column thickness (ft) 80 

8 Horizontal well length (ft) 1500 

9 Drainage area (acres) 498 

10 Wellbore radius (ft)  0.33 

 

 

 



64 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Summary of Semi-AnalyticalSolution 

 

 

 

Node ht(ft) hb(ft) qogc(stb/d) qowc(stb/d) 

1 0 80 0 1109.817 

2 20 60 336.2499 
1040.453 

3 30 50 468.348 
953.7487 

4 35 45 525.3904 
897.3903 

5 40 40 576.4283 
832.3625 

6 50 30 660.4908 
676.2946 

7 60 20 720.5354 
485.5448 

8 70 10 756.5622 
260.1133 

9 75 5 765.5689 
134.3919 

10 80 0 768.5711 
0 
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Table 4.2: Model Comparisons 

Parameters Developed model Papatzacos’ method Percentage Difference 

qoc 6600 stb/d 6600 stb/d - 

hopt 14ft from GOC 16ft from GOC 2.5% 

 

 

Table 4.3: Summary of Sensitivity Study 

 h hopt    (ft) qoc    (stb/d) 

80 14 6600 

70 12 5200 

60 10.5 3990 

50 8.8 2750 

40 7 1800 

30 5.3 1020 

20 3.5 450 
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Figure 4.2: Sensitivity Plot for qoc and h 

 

 

Figure 4.3:  Sensitivity Plot for hopt and h 
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4.1 Proxy Models Development 

A Proxy model representing the graphical semi-analytical approach of estimating 

critical rate and optimum horizontal well placement was developed in this section. 

The equation relating critical rate (qoc) and optimum horizontal well placement 

(hopt) to the reservoir parameters is respectively of theforms: 

   ……….4.1 

    ……….4.2 

Where a0, a1, a2, a3, a4, a5, a6, a7, a8, a9 and b0, b1, b2, b3, b4, b5, b6, b7, b8, b9 

are respective coefficients. 

Table 4.4show 12 runs of reservoir parameter and the corresponding qoc and hopt 
estimations from the semi-analytical approach of Figure 4.1. Regression analysis 
carried out on the sets of data in Table 4.4, with the qoc and hoptasrespective 
dependent variable, gave the values of the respective coefficient as shown in Table 
4.5 and Table4.6. 

The proxy model for estimating critical rate, qoc, and optimum horizontal well 

placement, hopt, is thereby generated as: 
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Table4.4: Simulation Runs on Reservoir Parameters 

Run 
No. 

kh  

(md) 
ho 

(ft) 
ρo-ρg 
(lb/ft3) 

ρw-ρo 
(lb/ft3) 

µo  

(cp) 
Bo 

(rb/stb) 
A 
(acres) 

L  
(ft) 

rw  

(ft) 
qoc 

(bbl/d) 
hopt(ft) 

1 5000 20 33.68 15.22 1.05 3.25 800 500 0.25 35 16.2 

2 100 80 33.68 19.32 1.05 1.05 50 500 0.45 100 66 

3 5000 80 45.02 3.88 0.24 1.05 50 1800 0.25 24000 50 

4 100 80 45.02 3.88 0.24 3.25 800 500 0.45 64 50 

5 100 80 40.75 19.32 0.24 3.25 800 1800 0.25 182 62 

6 5000 80 52.09 7.98 1.05 3.25 50 500 0.25 225 50 

7 5000 80 40.75 15.22 1.05 1.05 800 1800 0.45 1500 59 

8 5000 20 33.68 19.32 0.24 3.25 50 1800 0.45 230 16.8 

9 5000 20 52.09 7.98 0.24 1.05 800 500 0.45 840 12.5 

10 100 20 45.02 7.98 1.05 1.05 800 1800 0.25 11.8 13.2 

11 100 20 40.75 15.22 0.24 1.05 50 500 0.25 29 14.8 

12 100 20 52.09 3.88 1.05 3.25 50 1800 0.45 16 12 

 

 

Table4.5: Coefficients for Critical Rate 

qoc coefficients Values 
a0 0.00067 
a1 0.69 
a2 1.47 
a3 -0.1 
a4 -0.4 
a5 -0.98 
a6 -1.21 
a7 -0.12 
a8 0.68 
a9 0.21 
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Table4.6: Coefficients for Optimum Horizontal Well Placement 

hopt Coefficient Values 
b0 2.803 
b1 -0.001 
b2 0.998 
b3 -0.436 
b4 0.098 
b5 -0.003 
b6 0.013 
b7 -0.002 
b8 0.007 
b9 0.008 

 

4.2 Model Comparison with the Semi-Analytical Approach 

The proxy models of estimating qoc and hoptwas compared with thedeveloped semi-

analytical method of estimating qoc and hopt, for a given set of data in Table 

4.4.Table 4.7 and Figure 4.4 shows that the qoc estimated from the proxy model 

compare favourably with that of the semi-analytical method with an R Square of 

0.96447. Also Table 4.8 and Figure 4.5 shows a perfect match in the hoptestimated 

from the Proxy model and that estimated from the semi-analytical method with an 

R Square of 0.99995. 
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Table 4.7: Critical Rates Assessment 

Run No 
qoc(stb/d) 

Proxy model 
qoc(stb/d) 

Semi-analytical method 
1 24.3 35 
2 70.6 100 
3 17380.5 24000 
4 101.1 64 
5 113.5 182 
6 322.3 225 
7 1940.5 1500 
8 353.7 230 
9 567.9 840 

10 19.3 11.8 
11 37.3 29 
12 10.2 16 

 

 

Figure 4.4: Critical Rates Comparison 

 



71 
 

Table 4.8: Optimum Horizontal Well Placements Assessment 

Run No 
hopt (ft) 

Proxy model 
hopt (ft) 

Semi-analytical method 
1 16.1 16.2 
2 65.8 66 
3 49.7 50 
4 50.2 50 
5 61.6 62 
6 50.2 50 
7 59.1 59 
8 16.9 168 
9 12.4 12.5 
10 13.3 13.2 
11 14.8 14.8 
12 11.9 12 

 

 

Figure 4.5: Optimum Horizontal Well Placements Comparison 
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4.3 Experimental Design 

The aim of the experimental modeling in this section is to quantitatively assess the 

effect of various reservoir parameter uncertainties in estimating critical rate (qoc) 

and optimum horizontal well placement (hopt) in oil rim reservoirs. Table 4.9 is a 

range of reservoir rock and fluid parameters used for the Experimental Design. A 

12-run Plackett-Burman Design was generated using DOE++. Table 4.10 is the 

generated design, with simulation responses ofqoc and hopt. Figure 4.6 and Figure 

4.7 shows the corresponding Pareto charts for critical rate (qoc) and horizontal well 

placement (hopt) responses respectively from the modeling.  

Figure 4.6 indicates that all the parameters fall to the left of the “95% confidence 

level” line. One should not wrongly conclude that these parameters do not 

influence the process; rather, the parameters cannot produce “statistical 

significance” at the specified 95% significant limit. However, the full design with 

all possible combination of ten field parameters shows that, horizontal permeability 

(kh); oil formation volume factor (Bo); and the oil column thickness (h); have the 

most significant effect in estimating critical rate in oil rim reservoirs. Also, as 

indicated in Figure 4.7, two parameters, oil column thickness (h) and oil density 

(ρo) have the most significant effect in estimating optimum horizontal well 

placement in oil rim reservoirs. It can therefore be inferred that the higher the oil 
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column thickness the lesser the coning tendencies, and also, the heavier the oil the 

more the water coning tendency.  

Table 4.9: Ranges of Reservoir Rock and Fluid Parameters  

S/N Parameter Units Low (-1) High (1) 

1 ρo lb/ft3 47.20 58.54 

2 ρg lb/ft3 6.45 13.52 

3 ρw lb/ft3 62.42 66.52 

4 kh md 100 5000 

5 ho ft 20 80 

6 µo cp 0.24 1.05 

7 Bo rb/stb 1.05 3.25 

8 A acres 50 800 

9 L ft 500 1800 

10 rw ft 0.25 0.455 
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Table 4.10: 12-Run Plackett-Burman Design of Oil Rim Parameters 

Run 

No. 

ρo 

(lb/ft3) 

ρg 

(lb/ft3) 

ρw 

(lb/ft3) 

kh 

(md) 

ho 

(ft) 

µo 

(cp) 

Bo 

(rb/stb) 

A 

(acres) 

L 

(ft) 

rw 

(ft) 

 qoc 

(bbl/d) 

hopt 

(ft) 

1 47.2 13.52 62.42 5000 20 1.05 3.25 800 500 0.25 35 16.2 

2 47.2 13.52 66.52 100 80 1.05 1.05 50 500 0.45 100 66 

3 58.54 13.52 62.42 5000 80 0.24 1.05 50 1800 0.25 24000 50 

4 58.54 13.52 62.42 100 80 0.24 3.25 800 500 0.45 64 50 

5 47.2 6.45 66.52 100 80 0.24 3.25 800 1800 0.25 182 62 

6 58.54 6.45 66.52 5000 80 1.05 3.25 50 500 0.25 225 50 

7 47.2 6.45 62.42 5000 80 1.05 1.05 800 1800 0.45 1500 59 

8 47.2 13.52 66.52 5000 20 0.24 3.25 50 1800 0.45 230 16.8 

9 58.54 6.45 66.52 5000 20 0.24 1.05 800 500 0.45 840 12.5 

10 58.54 13.52 66.52 100 20 1.05 1.05 800 1800 0.25 11.8 13.2 

11 47.2 6.45 62.42 100 20 0.24 1.05 50 500 0.25 29 14.8 

12 58.54 6.45 62.42 100 20 1.05 3.25 50 1800 0.45 16 12 
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Figure 4.6: Relative Contribution of Parameters to qoc 
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Figure 4.7: Relative Contribution of Parameters to hopt 
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4.4 Effect of Parameters on Critical Rate 

The effect of five potential reservoir parameters on critical rate in producing oil 

rim reservoir was studied. 

Figure 4.8 show thatan increase in horizontal well length has a corresponding 

increase in the critical rate.  

Figure 4.9 show that the drainage area of a reservoir has an inverse influence on 

critical rate, that is, critical rate decreases when a reservoir has a large drainage 

area. 

Fig 4.10 indicates that oil viscosity has an inverse influence on critical rate; this 

implies that reservoirs with heavy oil are prone to coning tendencies. 

Figure 4.11 shows that horizontal permeability has a direct influence on the critical 

rate and consequently on the overall productivity of the well.  

Figure 4.12 indicates that wellbore radius does not have any significant effect on 

oil critical rate. (See Appendix B for supplementary analysis) 
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Figure 4.8: Effect of Horizontal Well Length on the Critical Rate 
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       Figure 4.9: Effect of Drainage Area on the Critical Rate 
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Figure 4.10: Effect of Oil Viscosityon the Critical Rate 
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Figure 4.11: Effect of Horizontal Permeability on the Critical Rate 
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Figure 4.12: Effect of Wellbore Radius on the Critical Rate 
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CHAPTER FIVE 

5.0 Conclusions and Recommendations 

In this work, the mechanism of simultaneous water and gas coning phenomenon 

and control in oil rim reservoirs was reviewed and analyzed, and a semi analytical 

method for estimating critical rate (qoc) and optimum horizontal well placement 

(hopt) in oil rim reservoir was developed through a graphical combination of Joshi’s 

(1991) models for gas-oil system and oil-water system respectively. In addition, a 

proxy models was also developed for estimating qoc and hopt.   

Unlike other existing coning model, which can only estimate qoc and/or hopt in 

either reservoirs of gas-oil system or reservoirs of oil-water system, the developed 

models in this work can estimate qoc and hoptin reservoir of gas-oil-water system. 

The developed model therefore can be used to making quick and informed 

decisions for effective management of oil rim reservoirs with a view to controlling 

coning tendencies and optimizing oil production. 

5.1 Conclusions 

The major conclusions of this work are summarized as follows: 

i. The developed models in this work can be used as a tool to make a first 

pass assessment in the development of oil rim reservoir anticipated to 

experience water and/or gas coning during production. The models can 

respectively estimate the critical production rate and the optimum 
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horizontal well placement for a given set of reservoir rock and fluid 

properties. 

ii. Thedeveloped models mayallow for the simulation of various oil rim 

reservoir scenarios and allows comparison with field and simulation data. 

iii. Control coning tendencies in oil rim reservoirs is strongly dependent on 

the following sub-surface parameters:  1) oil rim thickness, 2) drainage 

area, 3) horizontal permeability, and 4) oil viscosity. An oil rim 

development strategy needs to take these parameters into account. 

iv. The optimum development strategy for any particular oil rim reservoir is 

likely to be a combination of technical, economical, and operational 

factors. Each reservoir has to be evaluated on an individual basis. 

5.2 Recommendations 

The following recommendations and direction for future work on this research are 

made as follows: 

i. The effect of the size of the Gascap and the strength of the bottom water on 

critical rate and horizontal well location in oil rim reservoirs should be 

investigated as that was neglected in the study. 

ii.  Further research may address the rate of cone buildup in situations where 

critical rate is exceeded. 
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iii. Future researchmay also address the possibility of producing above the 

critical rate in oil rim reservoirs without the intrusion of water and/or gas 

cone in to the oil zone. 
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Figure A.1: Sensitivity Analysis  
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Table A.1: Nodal Analysis Format for the Determination of Critical Rates 

(h=80ft) 

Node  ht    (ft) hb (ft) qogc  (stb/d) qowc  (stb/d) 

1 0 80 0 7745.792511 

2 10 70 1852.353549 7624.764503 

3 20 60 3457.726626 7261.680479 

4 30 50 4816.119228 6656.540439 

5 40 40 5927.531358 5809.344383 

6 50 30 6791.963014 4720.092311 

7 60 20 7409.414198 3388.784223 

8 70 10 7779.884907 1815.42012 

9 80 0 7903.375144 0 
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Table A.2: Nodal Analysis Format for the Determination of Critical Rates 

(h=70ft) 

Node  ht    (ft) hb (ft) qogc  (stb/d) qowc  (stb/d) 

1 0 70 0 6035.069763 

2 10 60 1633.71503 5911.905074 

3 20 50 3016.089287 5542.411007 

4 30 40 4147.122769 4926.587562 

5 40 30 5026.815478 4064.434739 

6 50 20 5655.167413 2955.952537 

7 55 15 5875.09059 2309.33792 

8 60 10 6032.178573 1601.140958 

9 70 0 6157.84896 0 
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Table A.3: Nodal Analysis Format for the Determination of Critical Rates 

(h=60ft) 

Node  ht    (ft) hb (ft) qogc  (stb/d) qowc  (stb/d) 

1 0 60 0 4511.586515 

2 10 50 1406.585745 4386.264667 

3 20 40 2557.428628 4010.299124 

4 30 30 3452.528647 3383.689886 

5 

35 

25 

3804.175084 

       

2976.393881 

6 40 20 4091.885804 2506.436953 

7 50 10 4475.500098 1378.540324 

8 55 5 4571.403672 720.6006239 

9 60 0 4603.37153 0 
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Table A.4: Nodal Analysis Format for the Determination of Critical Rates 

(h=50ft) 

Node  ht    (ft) hb (ft) qogc  (stb/d) qowc  (stb/d) 

1 0 50 0 3187.195631 

2 5 40 617.8870028 3155.323675 

3 10 30 1170.733269 3059.707806 

4 20 25 2081.303589 2677.24433 

5 25 20 2439.027643 2390.396724 

6 30 10 2731.71096 2039.805204 

7 35 5 2959.35354 1625.469772 

8 40 0 3121.955383 1147.390427 

9 50  3252.036857 0 
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Table A.5: Nodal Analysis Format for the Determination of Critical Rates 

(h=40ft) 

Node  ht    (ft) hb (ft) qogc  (stb/d) qowc  (stb/d) 

1 0 40 0 2074.324899 

2 5 35 496.0606787 2041.913573 

3 

10 

30 

925.9799335 

       

1944.679593 

4 15 25 1289.757764 1782.62296 

5 20 20 1587.394172 1555.743674 

6 25 15 1818.889155 1264.041735 

7 30 10 1984.242715 907.5171434 

8 35 5 2083.45485 486.1698982 

9 40 0 2116.525562 0 
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Table A.6: Nodal Analysis Format for the Determination of Critical Rates 

(h=30ft) 

Node  ht    (ft) hb (ft) qogc  (stb/d) qowc  (stb/d) 

1 0 30 0 1185.905461 

2 4 26 301.1634859 1164.822697 

3 
12 

18 
774.4203922 

       
996.1605869 

4 15 15 907.5238971 889.4290955 

5 20 10 1075.583878 658.836367 

6 22 8 1123.985153 548.1518574 

7 25 5 1176.419867 362.3600019 

8 28 2 1204.653943 152.8500371 

9 30 0 1210.031863 0 
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Table A.7: Nodal Analysis Format for the Determination of Critical Rates 

(h=20ft) 

Node  ht    (ft) hb (ft) qogc  (stb/d) qowc  (stb/d) 

1 0 20 0 535.2302108 

2 2 18 103.7626268 529.8779087 

3 4 16 196.6028718 513.8210023 

4 8 12 349.5162165 449.5933771 

5 10 10 409.5893162 401.4226581 

6 12 8 458.7400342 342.5473349 

7 15 5 511.9866453 234.1632172 

8 18 2 540.6578974 101.69374 

9 20 0 546.1190883 0 
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Appendix B 

Table B.1: Effect of Horizontal Well Length on the Critical Rate at Varying 

Reservoir oil Thickness 

L h qoc 

2000 

80 6980 

60 4080 

40 1850 

20 475 

1500 

80 5805 

60 3400 

40 1580 

20 405 

1000 

80 4700 

60 2760 

40 1280 

20 332 

500 

80 3390 

60 2040 

40 960 

20 252 
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Table B.2: Effect of Drainage Area on the Critical Rate at Varying Reservoir 

Oil Thickness 

A h qoc 

1000 

80 5100 

60 2902 

40 1340 

20 344 

500 

80 5900 

60 3400 

40 1580 

20 405 

300 

80 6600 

60 3900 

40 1800 

20 460 

100 

80 9200 

60 5240 

40 2580 

20 670 
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Table B.3: Effect Horizontal Permeability on the Critical Rate at Varying 

Reservoir Oil Thickness 

kh h qoc 

4000 

80 9000 

60 5290 

40 2410 

20 620 

2000 

80 4500 

60 2630 

40 1210 

20 310 

1000 

80 2250 

60 1340 

40 605 

20 155 

100 

80 225 

60 132 

40 60 

20 15.5 
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Table B.4: Effect of Oil Viscosityon the Critical Rate at Varying Reservoir Oil 

Thickness 

µо h qoc 

1.05 

80 2350 

60 1360 

40 630 

20 162 

0.8 

80 3100 

60 1800 

40 820 

20 212 

0.5 

80 4900 

60 2850 

40 1320 

20 338 

0.3 

80 8200 

60 4800 

40 2200 

20 564 
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Table B.5: Effect of Wellbore Radius on Critical Rate at Varying Reservoir 

Oil Thickness 

rw h qoc 

0.5 

80 5900 

60 3450 

40 1590 

20 405 

0.3 

80 5850 

60 3400 

40 1580 

20 403 

0.25 

80 5800 

60 3400 

40 1578 

20 402 

0.2 

80 5799 

60 3390 

40 1575 

20 401 
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