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Abstract 
Horizontal well applications have been predominant since their conception, for reasons such 
as effective depletion of oil reservoirs and especially in water cresting, gas cresting or water 
and gas cresting applications due to the casings enhanced exposure to the reservoir. Cresting 
is hugely dependent on oil production rate, pressure drawdown and can negatively influence 
the degree of depletion as well as the overall recovery efficiency of oil reservoirs. This paper 
presents a novel procedure of mimicking horizontal wells aimed at investigating 
experimentally the effect of varying inclined sections (having different vertical and 
horizontal displacements) of horizontal wells at low angles of inclination (15o-30o) in a 
homogeneous reservoir underlain by a strong bottom aquifer and overlain by a considerable 
gas cap drive occurring simultaneously.  
 
The results for the performance of the different horizontal well geometries in terms of 
cumulative oil recovery and Water-Oil-Ratio; over a fixed liquid production time were 
compared. From the results obtained, it was observed that the short radius well with 30o angle 
of inclination and ratio of vertical displacement of the inclined section to reservoir height of 
0.07 resulted in the highest oil recovery of 38.73%. Using the presented procedure, 5.60% 
increment in oil was recovered with 11.40% reduction in cumulative produced water were 
observed between the best and worst cases from the same reservoir. At higher withdrawal 
rates and pressure drop, long radii wells are recommended due to cresting delay ability while 
improving oil recovery. 

Keywords 
Cresting, optimization, oil recovery, inclined section, Inclination angle, homogeneity 

1. Introduction 
Drilling of horizontal wells have been common practice (Permadi, 1996) for almost a century. 
The reason for this is their ability to access difficult to target oil pay zones and high 
productivity, by effectively delaying water and gas breakthrough times (Al Zarafi, 1993, 
Chen, 1993, Coffin, 1993, Murphy, 1990, Sherrard et al., 1987). The productivity of 
horizontal wells depends to a large extent on the total length and distribution of the open 
intervals (Goode and Wilkinson, 1991). Horizontal wells are a preferred candidate to vertical 
wells due to more reservoir exposure of its laterals resulting in a lower pressure drop at the 
same withdrawal rate, which is important for minimizing cresting effect. At static condition, 
the reservoir gas, oil and water phases are separated by gravity, in order of their density 



 2 

differences (Balazs et al., 2009, Beveridge et al., 1970, Singhal, 1996). Moments after 
production starts, the original plane interfaces between bottom water and oil and the 
overlying gas and oil become distorted (Permadi and Jayadi, 2010) rapidly as a result of 
pressure drawdown being greater than the hydrostatic pressure that exist between the oil and 
gas (gas cresting), oil and water (water cresting) or water, oil and gas (water and gas cresting) 
occurring simultaneously.  

Cresting in horizontal wells unlike coning in vertical wells is a well-known reservoir 
problem, often described as the protruded, crest-like movement of water and or gas in an oil 
reservoir towards the perforation of a horizontal well as a result of the imbalance of 
gravitational and viscous forces (Kromah and Dawe, 2008, Makinde et al., 2011, Permadi, 
1996). The water and gas move up and down respectively towards the perforations of the 
well, while displacing the oil along its path and after the breakthrough time elapses, 
insurgence of water and or gas will be experienced. At this point, factors such as liquid 
production rate (Lozada et al., 2011) or withdrawal rate, ratio of water-to-oil mobility, ratio 
of vertical-to-horizontal permeability, distance from the wellbore to oil-water contact, 
productive length of the wellbore, and both the size and shape of drainage area will determine 
the water cut increment (Permadi and Jayadi, 2010, Yang and Wattenbarger, 1991). Water 
cresting is known to have an adverse effect in oil producing reservoirs (Weijun et al., 2014) 
and could lead to the early shutting-in of producing wells. Due to the increased volume of 
effluents (water and gas) produced over time, cresting is considered uneconomical because 
more money is spent in handling these effluents: the water is known to be corrosive in nature 
(Smith and Pirson, 1963) while the gas could damage surface facilities, both influencing the 
overall recovery efficiency of the oil reservoirs.  
 
Most research on water and gas cresting have focused on critical rates, breakthrough times, 
its delay and prevention, but very few have considered the inclined section at low angles of 
inclination for optimization purposes for horizontal wells in oil reservoir faced with cresting 
problems. Benamara and Tiab, 2001, investigated the effect of withdrawal rate, perforated 
thickness for vertical wells, horizontal well length and reservoir parameters in the Gas-Oil-
Ratio (GOR) post breakthrough behavior. Balazs et al., 2009, investigated water and gas 
cresting in horizontal producing wells using an experimental model. The sole aim of their 
research was to provide fluid mechanics-based engineering guidelines for optimizing the 
productivity in horizontal wells. Makinde et al., 2011 numerically studied the performance 
of a horizontal well after breakthrough of water and further performed sensitivity analysis by 
setting a base case model and varying reservoir parameters (oil production rate, vertical and 
horizontal permeability, length of perforation, height above perforation, area extent of 
reservoir and the porosity of the formation) and production rate independently. Freeborn et 
al., 1990, undertook a case study of water cresting in South Jenner pool, a thin oil rim 
reservoir with thick bottom water. Medium and long radii wells of 420 m and 1042 m 
horizontal displacements respectively were drilled to determine their inflow performances 
compared to a vertical well in the presence of bottom water. When the production results 
were reviewed it was observed that the maximum production rate was highest for the long 
radius well however they indicated that the possible causes of poor performance of the short 
radius well was due to the cemented completion in the pay zone and the ineffectiveness of 
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jet perforation in penetrating drilling damage. In addition, the water cut over time for each 
well was not reported. (Freeborn et al., 1990) numerically investigated different placement 
of the horizontal well from the top of the reservoir and observed that there was a decline in 
oil reserves produced when the well is closer to the OWC and water cresting is more likely 
to occur faster due to the upward water flood provided by the bottom water. A more 
comprehensive and general review on cresting can be found in (Makinde et al., 2011, Permadi 
and Jayadi, 2010).  
 
Owing to the fact that cresting is a natural phenomenon which will occur at some point in the 
production life of a horizontal well despite producing at a water and gas-free oil rate ‘critical 
rate’ (Leemhuis et al., 2007), there is a need to determine an optimum well geometry for 
better oil recovery in reservoirs with cresting problems. Previous researchers have 
investigated the use of horizontal wells in reducing cresting effects but have only considered 
the effect of varying the lateral lengths and measured depths (MD) of inclined or deviated 
wells without considering the effect of the steepness of such wells on its performance such 
as in the works of Balazs et al., 2009. In this regard, a novel procedure for mimicking inclined 
or deviated wells was developed for the purpose of this research. This procedure involved 
varying the inclined section of the horizontal well without altering the lengths of the laterals 
(having same completion mechanism) and vertical (main bore) sections of the horizontal well 
unlike in the works of Freeborn et al., 1990. This was possible using compression and 
pneumatic fittings. Using these fittings, the modeled inclined sections can be fitted to the 
lateral and main bore sections with ease. This instigates a change in the measured depths, 
true vertical depth (TVD), horizontal and vertical displacements of horizontal wells, vertical 
and horizontal displacements of the inclined sections at any preferred angle of inclination.  

2. Experiment description and procedure 
The facility used in this investigation is illustrated in Figure 1. The water and gas-cresting 
rig consists of a reservoir, 0.45 m long, 0.10 m wide and 0.43 m high. The reservoir was 
made of clear acrylic [Poly (methyl methacrylate)] for visibility of the water and gas cresting 
process and had a free surface for easy filling of the polymer pellets (porous media). The 
water inlet points 1 and 2 were for the water feed to the reservoir, which was taken from a 
water storage tank.  In this study, the horizontal wells were considered to have configurations 
as described in Table 1 and 2. The horizontal wells had an internal diameter of 0.006 m and 
external diameter, 0.008 m and a fixed lateral section of 0.305 m, exposed to the reservoir. 
These wells were constructed and coupled to the reservoir. The constructed inclined sections 
of 15o-30o angles were fitted to the vertical and lateral sections of the horizontal well using 
compression fittings. Production was instigated and stopped using a ball valve. A 
comprehensive summary of the dimensions for the different geometries of the horizontal well 
models used in this investigation, such as the measured depth, true vertical depth, horizontal 
displacement (Hd) of the inclined section as well as the ratio of the Vertical displacement of 
the inclined section to reservoir height (Vd / Hr), are illustrated in Tables 1 and 2. For the case 
of this investigation, Cases-1A, 1B and 2A were considered long radii, Cases-3A, 2B and 
1C, medium radii wells, while Cases 3C, 3B and 2C were short radii wells. The radius of arc 
r, for each inclined section was calculated using equation 1.  
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𝒍𝒍 =  
𝒏𝒏𝒐𝒐

𝟑𝟑𝟑𝟑𝟑𝟑𝒐𝒐
 𝒙𝒙 𝟐𝟐𝟐𝟐𝟐𝟐             (1) 

Where l is the length of arc in meters, 𝑛𝑛𝑜𝑜 is the angle of inclination in degrees, r is the radius 
of arc in meters and 𝜋𝜋 = 3.142. 

Figure1: Water and gas cresting facility. 

The influx of fluid into the fixed perforated lateral section of the horizontal was radial in 
nature, having four shots per cross-section. The lateral distance between perforations was 
0.05 m, with hole-sizes of 0.002 m. The reservoir type being modeled in this investigation 
was an oil reservoir; with the oil sandwiched between strong water bottom aquifer and a 
considerable gas cap drive. A strong bottom water drive was achieved with a total bottom 
water flow rate of 0.03 kg/s through two inlet points located at the bottom of the reservoir to 
enable uniform water distribution. The bottom water was considered strong since the mass 
flow rate of the injected bottom water was greater than the overall approximate liquid mass 
flow rate (0.01kg/s) for all cases while the considerable gas cap drive was modeled at 
atmospheric pressure. Silicone oil [Poly (dimethylsiloxane)] was the oil used in this 
investigation due to its non-stain, non-sticky nature and most importantly it is insoluble in 
water at low and intermediate pressures.  

Table 1: Geometry of horizontal wells [exp.-1 (m)] 
 

Digital manometer 
pressure tapping

Ball valve

Water inlet 1 Water inlet 2

ReservoirInclined section of well

Clamp

Vacuum chamber

Cases Angle of 
inclination 
(Degrees) 

MD 
 

TVD 
 

Build section 
Measurement  

Vd/ Hr 

 
Main 
bore 

Lateral 
length 
outside 

reservoir 
Vd Hd 

Case-1A 15 7.18 2.17 0.77 1.02 0.54 1.40 1.66 
Case-1B 23 7.01 2.03 0.63 0.93 0.43 1.40 1.66 
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Table 2: Geometry of horizontal wells contd. [exp.-1 (m)] 
 

 

For effective visualization of the water and gas cresting process, the water used was colored 
with fluorescein Sodium Dye-Fluorescent tracer, while clear-shiny plastic pellets were used 
as the porous media to distinguish the gas zone from the oil zone. Polymer pellets were first 
inserted to the required level (0.43 m from the base of the reservoir). Colored water was then 
pumped through the bottom inlets to the required WOC level (0.03 m from the base of the 
reservoir). Silicone oil was introduced into the reservoir from the top of the reservoir to 
achieve a uniform WOC interface and until a GOC level of 0.37 m was attained prior to the 
start of production. The water was supplied at constant rate and pressure while producing oil. 
The production time for each scenario was 300 seconds (time enough for water and gas to 
breakthrough into the wellbore). Each analysis was run three times and the average values 
taken. 

The cresting behavior of the water and gas was recorded using a video camera to enable the 
process to be analyzed frame by frame. The production mechanism of the silicone oil was by 
capillarity and pressure differential provided by a vacuum at a constant negative pressure of 
-4.351 Psig. However, for the purpose of sensitivity analysis, operating pressures of -7.25 
and -10.15 Psig were used in a number of cases. The pressure variation in the reservoir was 

Case-1C 30 6.90 1.94 0.54 0.85 0.38 1.40 1.66 
Case-2A 15 6.83 1.90 0.50 0.80 0.35 1.40 1.66 
Case-2B 23 6.76 1.87 0.47 0.78 0.32 1.40 1.66 
Case-2C 30 6.64 1.74 0.34 0.73 0.21 1.40 1.66 
Case-3A 15 6.48 1.72 0.32 0.49 0.22 1.40 1.66 
Case-3B 23 6.40 1.69 0.29 0.44 0.20 1.40 1.66 
Case-3C 30 6.34 1.67 0.27 0.41 0.19 1.40 1.66 

Horizontal 
departure of 

well  

Length of 
horizontal 

lateral 
section 

Distance 
between 

perforation 

Distance 
from bridge 

block to 
first 

perforation 

Length 
of lateral 

inside 
reservoir 

 
Arc 

Length 

 
Arc 

radius 

5.75 4.73 0.50 0.40 3.05 1.05 4.02 
5.66 4.73 0.50 0.40 3.05 0.88 2.23 
5.58 4.73 0.50 0.40 3.05 0.78 1.49 
5.53 4.73 0.50 0.40 3.05 0.70 2.68 
5.51 4.73 0.50 0.40 3.05 0.63 1.59 
5.46 4.73 0.50 0.40 3.05 0.51 0.98 
5.22 4.73 0.50 0.40 3.05 0.35 1.34 
5.17 4.73 0.50 0.40 3.05 0.27 0.70 
5.14 4.73 0.50 0.40 3.05 0.21 0.40 
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measured using a digital manometer with probes placed at fixed points (0.18 m from top-left 
and right edges respectively) and depth of 0.22 m in the reservoir. 

2.1 Assumptions 

There were a number of assumptions that were considered with the experimental setup: 
• The Water-Oil and Gas-Oil interfaces were assumed to be straight lines.  
• Capillarity experienced at the different inclined sections were assumed to be 

negligible.  
• The reservoir was assumed to have a free top surface. 

2.2 Total porosity and permeability determination 
Total porosity, usually represented in fraction or percentage is a measure of the pore volume 
to the total volume of a representative sample of the medium. The reservoir was filled with 
polymer pellets of diameters between 0.002 m and 0.003 m in size to instigate a homogeneous 
but irregular packed porous media. Although the reservoir does not mimic a typical 
homogeneous reservoir, it was considered homogeneous based on the same grain sizes and 
high-interconnected pore spaces visible in the free ray CT-Scanned images of the reservoir 
sample (Figure 2). This was possible by filling a cylindrical shaped vessel with the same-
sized pellets and performed a free ray scan using the GE Phoenix v|tome|x high-resolution 
CT-Scanner.  

 

Figure 2: A free ray CT-Scan of reservoir sample showing pore spaces and grains. 

The porous media used was polyethylene terephthalate (PET), with density 1302 kg/m3. The 
total porosity of the reservoir was therefore high due to the small grain size of the porous 
media, achieving a calculated total porosity of 19.10%, using equation 2. 
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∅ =
𝒗𝒗 − 𝒗𝒗𝐬𝐬
𝒗𝒗

=
𝒗𝒗𝐩𝐩
𝒗𝒗

             (2) 

Where ∅ is the total porosity in fraction, 𝑣𝑣 is the bulk volume of the reservoir in cubic meters, 
𝑣𝑣s is the total volume of the polymer pellet in cubic meter and 𝑣𝑣p is the volume of the pore 
space in cubic meter. 

Permeability is a property that significantly affects cresting and depends to a large extent on 
porosity of the given medium, such as the pore or grain size, packing of the grains, shape of 
the grains and the grain size distribution. The permeability of the oil, water and gas were 
determined from steady state experiments and using Darcy’s linear equation (Equation 3). 
Figure 3 demonstrates how the permeability for gas (air) was determined. Compressed air 
was used as the source gas delivered at an upstream pressure (read from the in-line air 
regulator) to the top–inlet of the Fancher sample holder. The downstream pressure from the 
bottom-outlet of the sample holder was read from the pressure gauge at an airflow rate read 
from the airflow meter. Similar set up was used for oil and water permeability determination. 
The values of these permeabilities are in millidarcy and other reservoir parameters are 
summarized in Table 3. 

𝑄𝑄 =  
𝑘𝑘𝑘𝑘(𝑃𝑃2 −  𝑃𝑃1)

𝜇𝜇𝜇𝜇
              (3) 

Where 𝑄𝑄 is the flow rate in cubic centimeter per second, 𝜇𝜇 is the viscosity of the fluid in 
centipoise, 𝑘𝑘 is the permeability in Darcy, 𝑃𝑃2 is the Upstream Pressure in atmospheres, 𝑃𝑃1 is 
the downstream pressure in atmospheres, 𝜇𝜇 is the length of flow in centimeters and 𝑘𝑘 is the 
cross-sectional area of flow in centimeters. 

Figure 3: Set up for gas permeability determination 

Table 3: Reservoir data. 

Parameter Values 
Viscosity of silicone oil (cP) 50 

Viscosity of water (cP) 1.004 
Permeability of silicone oil  (md) (exp.-2) 0.11 

Permeability of gas (md) (exp.-2) 0.44 

Downstream 
pressure (P1)

Upstream 
pressure (P2)

Fancher core/
sample holder

Air flow meter

In-line Air 
regulator
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Permeability of water  (md) (exp.-2) 0.29 
Density of silicone oil (Kg/m3) 972 
Density of dyed water (Kg/m3) 998 

 

2.3 Horizontal well placement and scaling 
The placement of a horizontal well is directly related to its performance, especially in oil 
reservoirs that experience cresting problems. Due to the nature of the reservoir considered in 
this study, the well was placed at a distance closer to the GOC such that both water and gas 
are produced at approximately the same time of 140 seconds. The horizontal lateral exposed 
to the reservoir was fixed at 0.67 times the length of the reservoir and 0.5 times the height of 
the reservoir. For scaling purposes, the arc lengths, vertical and horizontal displacements of 
the inclined section, as well as the ratio of vertical to reservoir height were plotted against 
measured depth of the horizontal wells, as illustrated in Figures 4-8 respectively. Figure 4, 
illustrates a plot of the horizontal well’s lengths of arc against the measured depth. In this 
figure, the measured depth is seen to increase linearly with increase in length of arc.  In Figure 
5, an increase in horizontal and vertical displacement of the inclined section results in 
increase in measured depth of the horizontal wells. The measured depth is seen to increase 
with increase in ratio of vertical displacement and reservoir height depicted in Figure 6. 
Figure 7 illustrates the plot of horizontal displacement of the inclined section versus Angle 
of inclination. As seen in this figure, the horizontal displacements of the inclined section 
decrease geometrically with increase in inclination angle. In Figure 8, the vertical 
displacement is seen to decrease with increasing angle of inclination. Figures 4-8 can be 
interpolated to match field conditions. 

 
Figure 4: Plot of arc length versus measured depth. 
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Figure 5: Plot of vertical and horizontal displacements of inclined section of wells against 
measured depth. 

 

Figure 6: Plot of ratio of vertical displacement and reservoir height versus measured depth. 
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Figure 7:Plot of horizontal displacement versus angle of inclination. 

 
Figure 8: Plot of vertical displacement versus angle of inclination. 
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Reynolds number (Re) is a dimensionless number usually applied to determine the fluid flow 
regime prediction, whether laminar partially turbulent or turbulent. This dimensionless 
number has been applied for the purpose of generalization of results from the scaled model 
used in this study. Since fluid flow in this study is through a pipe (horizontal well), equation 
4 was used to estimate the Reynolds number. The Reynolds numbers for all horizontal well 
cases shown in Table 4 were less than 2000 (Re < 2000) specifically < 1, hence depicting 
laminar flow due to dominant viscous forces to forces of inertia. A correlation between the 
Reynolds number and measured depths of all horizontal well cases as well as the effect of 
change in oil production rate (change in outlet / surface pressure) on the Reynolds number 
for Cases-1A, 2B and 3B is illustrated in Figure 9. As shown in Figure 9, Reynolds number 
is independent of the measured depth of horizontal wells. However, Reynolds number is seen 
to increase with increase in oil withdrawal rate or increase in pressure drop for Cases-1A, 2B 
and 3B. As expected, similar trend can be observed for the plot of TVD against Re. Figure 9 
shows that the Reynolds number increases with an increase in the true vertical depth of the 
horizontal wells.       

𝑅𝑅𝑅𝑅 =  
𝜌𝜌𝑜𝑜𝐷𝐷𝑖𝑖𝑄𝑄𝑜𝑜
𝜇𝜇𝑜𝑜𝑘𝑘

              (4) 

Where 𝑄𝑄𝑜𝑜 is the oil flow rate in cubic meter per second, 𝐷𝐷𝑖𝑖 is the inside diameter of the pipe 
in meters, 𝜇𝜇𝑜𝑜 is the viscosity of the oil in Newton-second per square meter, 𝜌𝜌𝑜𝑜 is the density 
of the oil in Kilogram per cubic meters, 𝑘𝑘 is the cross-sectional area of the pipe in square 
meters and 𝑅𝑅𝑅𝑅 is the Reynolds number in dimensionless unit. 

Table 4: Effect of oil withdrawal rates and measured depth on Reynolds number at 300 
seconds (exp.-2). 

Cases TVD (m) Measured depth (m) Reynolds number (dimensionless)  
 

-4.351Psi -7.25Psi -10.15Psi 
Case-1A 21.70 71.80 37.11 39.24 40.32 
Case-1B 20.30 70.10 36.41   
Case-1C 19.40 69.00 36.20   
Case-2A 19.00 68.30 35.33   
Case-2B 18.70 67.60 36.86 37.24 38.86 
Case-2C 17.40 66.40 37.78   
Case-3A 17.20 64.80 35.79   
Case-3B 16.90 64.00 37.33 37.79 39.79 
Case-3C 16.70 63.40 36.66   
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Figure 9: Effect of measured depth, TVD and oil withdrawal rate on Reynolds number at 
300 seconds. 

3. Results 
The first step in this investigation was to observe water and gas cresting occurring 
simultaneously. Figure 10(a) shows the reservoir at static condition prior to oil production, 
while Figure 10(b) shows the simulation after 60 seconds for Case-1A. In Figure 10(a), the 
red and black dotted lines represent the initial Water-Oil-Contact and Gas-Oil-Contact 
respectively whereas the blue and black dotted lines represents the simulated Gas-Oil-
Contact and Water-Oil-Contact respectively in Figure 10(b). 
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(a) (b)  

Figure 10: (a) reservoir at static condition (b) Water and Gas cresting occurring 
simultaneously. 

3.1 Effect on cumulative liquid production rate 
Table 5 illustrates the summary of the cumulative liquid production rates in cubic centimeters 
per seconds (cm3/s) at a total production time of 300 seconds for all cases while Figures 11-
13 show a comparison of the cumulative liquid production rates for long radii wells, medium 
radii and short radii wells respectively. As shown in Figure 11, Case-1A resulted in higher 
liquid production rate and cumulative barrel of oil produced per second. Oil was produced at 
a highest cumulative rate of 8.91cm3/s, while water was produced at the lowest cumulative 
rate at 3.70cm3/s. Case-2A had the lowest oil production rate (8.48cm3/s) and highest water 
production rate (4.05cm3/s). This is due to a shorter well length when compared with Cases-
1A and 1B, which explains the fact that at the same operating condition the shorter the well 
length, the faster the water breakthrough time. Hence, Case-1B succeeded Case-2A with a 
cumulative water production rate of 3.76cm3/s.  
 
Figure 12, follows similar trend for cumulative water production rate depicted in Figure 11. 
In Figure 12, Case-3A being the shortest in measured depth is seen to have the highest 
cumulative water production at a rate of 4.27cm3/s and lowest oil production rate at 
8.59cm3/s. Unlike Case-2A, Case 3A with a measured depth of 6.48exp. -1m was most 
significant in terms of cumulative liquid production rate for medium radii wells. However, 
Case-2B is seen to have higher cumulative oil production rate of 8.85cm3/s with considerable 
cumulative water production rate of 3.83cm3/s. 
 
In Figure 13, the cumulative liquid production rates for Cases-2C, 3B and 3C have higher 
overall cumulative liquid production rate when compared to medium and long radii wells. 
This is expected, due to the shorter lengths of wells having slightly lower pressure drop 
compared to longer lengths of wells. Figure 13 shows that Case-2C produced oil at highest 
cumulative rate of 9.07cm3/s. Case-2C also produced water at the lowest rate (3.41cm3/s). 
More so, Case-2C a short radius horizontal well is seen to have performed best when 

GOC

WOC

Time = 0 second

GOC

WOC
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compared to both the long and medium radii horizontal wells, which contradicts Freeborn et 
al.’s results. However, the result from this study clarifies Freeborn et al.’s reason for poor 
performance of short radii wells. As earlier stated, the reason for the poor performance of the 
short radius well was due to completion mechanism and perforation jet issues. However, in 
this case the possible result of the poor performance of the long and medium radii wells could 
be due to longer arc lengths (longer horizontal and vertical displacements of the inclined 
region), resulting in a slightly higher-pressure drop, as well as the more time for the mobility 
of the fluid(s) to be affected by gravitational pull. A closer observation has been given to the 
results obtained from Freeborn et al., regarding the performances of the long and medium 
radii wells with the same completion mechanism. They reported that the long radius well 
performed better at higher production rates than the medium radius well. This is in contrast 
with the results presented here. From the results, it was observed that the shorter the length 
of the well, the higher the liquid production rate, hence the medium radius wells performed 
better having higher average oil recovery ratios compared to long radius wells. This is 
because of the uniform pressure distribution along the entire length of the longer radius wells 
resulting in lower pressure drop and hence lower production rates. 

The performance of horizontal wells depends on its length and as such a percentage 
difference of 6.51% was observed for cumulative oil production rate between Case-2C and 
Case-2A, whereas significant percentage difference of 20.14% was observed between Case-
2C and Case-3A for cumulative water production rate. In Figures 11 to 13, the water and oil 
cumulative production rates were very close in all cases, due to very close difference in 
pressure drop resulting from slight differences in measured depths between the horizontal 
wells. However, a longer production time, greater than 300 seconds could yield significant 
difference between all cases. 
 

Table 5: Cumulative liquid production rate at 300 seconds. 

Cases Cumulative oil 
(cm3/s) 

Cumulative water 
(cm3/s) 

Total cumulative liquid 
(cm3/s) 

Case-1A 8.91 3.70 12.61 
Case-1B 8.74 3.76 12.50 
Case-1C 8.69 3.56 12.25 
Case-2A 8.48 4.05 12.53 
Case-2B 8.85 3.83 12.68 
Case-2C 9.07 3.41 12.48 
Case-3A 8.59 4.27 12.86 
Case-3B 8.96 3.56 12.52 
Case-3C 8.80 3.91 12.71 
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Figure 11: Cumulative liquid production rate comparison for long radii wells at 300 

seconds. 
 

 
Figure 12: Cumulative liquid production rate comparison for medium radii wells at 300 

seconds. 
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Figure 13: Cumulative liquid production rate comparison for short radii wells at 300 

seconds. 
3.2 Effect of increase in pressure drop on cumulative liquid withdrawal rate 
Table 6 is a summary of the effect of increase in pressure drawdown on the cumulative liquid 
withdrawal rate at 300 seconds. Figures 14-16 show the graphical illustration of the pressure 
drops increment for Case-1A, case-2B and Case-3B respectively. In Figure 14, an increasing 
in pressure drop resulted in increasing in both water and oil production rates. For an overall 
increase in pressure drop of -5.80Psig, an increase of 7.95% and 1.86% in oil and water 
cumulative production rates respectively. As expected, Figures 15 and 16 produced at higher 
oil and water cumulative production rates; a trend similar to that in Figure 14. Hence for 
Case-2B an increase of 5.15% (cumulative oil production rate) and 10.30% (water 
cumulative production rate) was observed while there was an increase of 6.18% and 9.21% 
in oil and water cumulative production rates respectively for Case-3B.  

The results of the sensitivity analysis performed demonstrate that an increase in pressure drop 
results in an initial increase in oil produced but accompanied with higher volume of unwanted 
water. In other words, at higher withdrawal rates, higher cumulative Water-Oil-Ratio over 
the same production time will be obtained.  From the analysis, the longer radius well (Case-
1A) performed best at a cumulative oil production rate of 9.68cm3/s and least cumulative 
water production rate at 3.70cm3/s. The reason is longer wells have higher pressure drop 
along its length when compared to shorter wells at the same operating condition, which 
delays cresting effect and hence highly recommended for economic reasons where high 
production rates are necessary. 
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Table 6: Effect of pressure drop on cumulative liquid withdrawal rate at 300 seconds. 

 
Cases 

Pressure at surface 
(-)(Psig) 

Cumulative liquid production rate 
Oil (cm3/s) Water (cm3/s) 

 
Case-1A 

4.351 8.91 3.70 
7.25 9.42 3.76 
10.15 9.68 3.77 

 
Case-2B 

4.351 8.85 3.83 
7.25 8.94 4.20 
10.15 9.33 4.27 

 
Case-3B 

4.351 8.96 3.55 
7.25 9.07 3.80 
10.15 9.55 3.91 

 

 
Figure 14: Effect of increase in pressure drop on cumulative liquid withdrawal rate (Case-

1A) at 300 seconds. 
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Figure 15: Effect of increase in pressure drop on cumulative liquid withdrawal rate (Case-

2B) at 300 seconds. 

 
Figure 16: Effect of increase in pressure drop on cumulative liquid withdrawal rate (Case-

3B) at 300 seconds. 
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3.3 Effect of varying inclined sections on oil recovery  
Table 7 shows a summary of oil recovery ratio in percentage for the different cases used in 
this investigation. Figure 17 is a histogram illustrating the data contained in Table 7 for a 
production time of 300 seconds. From the plot, it can be clearly seen that Case-2C, a medium 
radius well at 30o angle of inclination and 0.73 exp. -1m horizontal displacement of the 
inclined section resulted in the highest oil recovery ratio of 38.73%, preceded by Case-3B 
(0.44m horizontal displacement of the inclined section and 0.70m short arc radius) having an 
oil recovery of 38.26%, while the lowest oil recovery ratio of 36.20% was obtained from 
Case-2A (long radius 2.68exp. -1m and horizontal displacement of the inclined section, 
0.80m). However, the short radii well (Cases-2C, 3C and 3B) had the highest average oil 
recovery of 38.18% whereas long radii and medium radii wells had 37.18% and 37.19% 
respectively. Therefore, for a production time of 300 seconds, drilling shorter radii horizontal 
wells characterized by a lower measured depth and higher fluid mobility (due to lower 
pressure drop) is recommended for water cresting problems, as this could also be economical 
in the overall length of pipe used during drilling. However, this may not be the case for longer 
production times. Interestingly, a percentage difference in oil recovered between the best 
case (Case-2C) and the case with lowest performance (Case-2A) was 6.53%. However, for 
longer production times, larger difference in oil recovered may be obtained. 
 

Table 7: Oil recovery at 300 seconds. 

Cases Original oil in place (cm3) Oil (cm3) Oil recovery (%) 
Case-1A 7027.24 2671.78 38.02 
Case-1B 7027.24 2622.02 37.31 
Case-1C 7027.24 2605.80 37.08 
Case-2A 7027.24 2543.80 36.20 
Case-2B 7027.24 2655.25 37.79 
Case-2C 7027.24 2721.55 38.73 
Case-3A 7027.24 2577.98 36.69 
Case-3B 7027.24 2688.32 38.26 
Case-3C 7027.24 2638.87 37.55 
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Figure 17: Oil recovery for different horizontal well geometries at 300 seconds. 

 

From the results presented in sections 3.1, 3.2 and 3.3, it is evident that there are differences 
in the cumulative oil, water production rates and oil recovery for all cases. This is due to 
differences in measured depths as a result of variations in horizontal and vertical 
displacements of the inclined section between all horizontal well cases. Hence at the same 
operating pressure, variation in pressure drop along the lengths of all horizontal wells is 
expected. Higher cumulative liquid production rate is highest for shorter radii wells (Cases-
2C, 3C and 3B) due to shorter well lengths when compared to medium (Cases-1C, 2B and 
3A) and longer radii (Cases-1A, 2A and 1B) wells. The lower pressure drop values along its 
length at some point in time during production is also a contributing factor. The same 
principle is expected for medium and long radii wells but at increasing pressure drop values 
along their lengths, highest in the later cases. 

4. Conclusions and future work 
In this work a novel experimental procedure was presented for investigating the performance 
of horizontal wells with varying horizontal and vertical displacements of the inclined section. 
From the results presented it can be concluded that: 

1. The steepness of the inclined section is important in optimizing the productivity of 
horizontal wells in oil reservoirs affected by severe water cresting. The lower the ratio 
of the vertical displacement of the inclined section to the reservoir height, the better 
the performance of the horizontal well in terms of lower Water-Oil-Ratios.  
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2. The higher the pressure drop, the higher the water cut due to a higher mass withdrawal 
rate at any given point in time. In other words, the fluid mobility is dependent on the 
pressure drop. At low production rates above the critical rate, shorter radii wells are 
recommended but at higher production rates for economic purposes, the longer radii 
wells are recommended due to high cresting delay tendency and hence improve oil 
recovery. 

3. Giving reference to the reservoir model and properties described in this paper, good 
results in terms of higher oil recovery efficiency and least water production rate can 
be achieved with a vertical displacement of 0.34exp. -1m and 0.07, with regard to the 
ratio of vertical displacement of the inclined section to reservoir height.  

4. The performance at the inclined section of a horizontal well depends on the angle of 
inclination and its vertical displacements. For a given geometry, the higher the angle 
of inclination, the lower the vertical displacement of the build section. Performance 
of horizontal wells depends on its measured depth. 

5. The permeabilities for water, oil and gas were estimated and presented in this study 
using Darcy’s linear flow equation. However, the behavior of flow for water and oil 
in each case was not presented. This behavior will be investigated in future works by 
determining the relative permeabilities of the phases involved using an appropriate 
set up. 

6. Using this novel procedure a percentage increment of 5.60% in oil was recovered 
with 11.40% reduction in cumulative produced water from the same reservoir. 
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