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Abstract 

 

Exploitation of thin oil rim reservoir sandwiched between a gas cap and an aquifer poses a unique challenge for development of 

such reservoirs worldwide, commonly found in the North Sea, South East Asia, and West Africa. The key issues for field 

development are grid modeling technique and horizontal well placement. The objectives of this paper are to investigate the ideal 

grid configuration, the optimal level of horizontal well placement and the effect of various parameters on recovery factor (RF) for 

the development of thin oil rim reservoir.  

 

In this study, two grid configurations, i.e. stratigraphic grid (ST-GRID) and horizontal grid (HZ-GRID), were tested with grid 

refinement on a 2D black oil simulation model for both homogeneous and heterogeneous reservoirs. This study concluded that HZ-

GRID is the ideal grid for modelling thin oil rim reservoir, based on its ability to handle the combined challenge of accurate fluid 

contact modelling, optimal well placement and correct prediction of coning behaviour. HZ-GRID is superior in preserving its 

predictive accuracy with reasonably large cells, resulting in reduced number of convergence problems and shorter computational 

times.  

 

Test runs to identify optimal horizontal well placement were conducted on five oil rim thicknesses. The optimal setting is to place 

the well below the middle of the oil rim, and 6-10ft above oil-water-contact (OWC). Both grid configurations achieve similar 

qualitative conclusion, however ST-GRID gives misleading oil recovery results, due to underestimated loss of oil production when 

the well is placed at non-optimal location. 

 

Parametric sensitivity tests were conducted on the HZ-GRID to investigate eight parameters affecting RF, i.e. ratio of horizontal 

permeability to vertical permeability, horizontal permeability, oil viscosity, gas cap size, aquifer strength, well spacing, oil 

production rate and oil rim thickness. The value of each parameter was varied over a reasonable range while fixing others at their 

base case values. Simple RF correlations were established for each parameter and adjusted for combinations of 2-, 3- and 4-

parameters. Further work is required to develop robust correlations covering variation with more than four parameters 

simultaneously. 
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Introduction 

Thin oil rim reservoirs are represented by a thin oil column, sandwiched between a gas cap and an aquifer.  This type of reservoir, of 

a typical good quality, is commonly found in the North Sea, South East Asia, and West Africa. The key issues for field development 

are grid modeling technique and horizontal well placement (Vinje et al., 2011). This is due to the well path design being highly 

dependent on the grid modeling technique, which impacts the prediction of oil production and coning behavior. In addition, the 

coning of gas and/or water is most sensitive towards the placement of horizontal well in the oil rim reservoir. 
 

Maximizing oil recovery in a reservoir with underlying water and overlain by gas is a challenge because coning of these fluids is 

inevitable. Significant amount of oil is left behind due to gas and/or water breakthrough caused by excessive withdrawal rates, high-

permeability streaks, sub-optimal well placement or completion strategy, and unbalanced control of two dominant drive 

mechanisms (gas cap expansion and aquifer drive). Among the technical challenges are the concerns of gas and/or water coning, 

widespread resources, complicated production and drive mechanism, poor understanding of the capillary transition and invasion 

zones, smearing of oil into the gas cap during production, low RF (typically less than 18%), suboptimal well 

type/design/drilling/completion, lack of data from the capillary transition zone and reliable predictive models (Masoudi et al., 2011). 
 

In a favorable condition, it is possible to exploit an oil rim as thin as 10ft and with STOIIP as low as 3 MMSTB, with careful 

selection of the ideal grid configuration, optimal horizontal well placement and having a clear understanding of the parameters 

affecting RF (Masoudi et al., 2011). Troll field, an oil rim reservoir with thickness of 85ft, is a classic success story, from being 

considered as non-commercial in the mid-eighties, to be the largest oil producing field in Norway today, achieving RF of 40%. 

(Jones et al., 2008) 
 

There are three objectives to this study. Firstly, to select the ideal grid configuration for thin oil rim reservoir modeling by 

comparing between stratigraphic grid (ST-GRID) and horizontal grid (HZ-GRID) using grid refinement. Secondly, to investigate 

the optimal level of horizontal well placements for five oil rim thicknesses. Simulations specific to the first two parts of the study 

were conducted on homogenous and heterogeneous reservoirs. Thirdly, to study how RF varies as eight key reservoir parameters 

change using parametric sensitivity tests on the selected HZ-GRID. Simple RF correlations were established for each parameter and 

adjusted for combinations of 2-, 3- and 4-parameters.  
 

Literature Review 
 

I. Horizontal Grid and Stratigraphic Grid 
 

There are various opinions debated in literature on ideal simulation gridding technique. ST-GRID is widely used in the industry, 

where the geological features (e.g. heterogeneity, structure horizons and faults) are adapted as close as possible to the grid 

(Pettersen, 2001). A different modelling approach for thin oil rim, HZ-GRID was introduced by Hsu (1998), where only horizontal 

grid layers were used, irrespective of geological sub-layering. 
 

Authors such as Hsu (1998), Pettersen (2001), and Tolstukhin et al. (2010), have attempted to compare the fluid flow behaviour and 

recovery factor (RF) prediction of both grid configurations. HZ-GRID is said to be more accurate, efficient and flexible than ST-

GRID, which makes HZ-GRID an ideal gridding technique for modeling thin oil rims. Among the advantages of HZ-GRID are the 

ability to model the initial fluid contacts and horizontal wells more accurately, resulting in a better coning prediction, shown in 

Figure 1(a). Efficiency is demonstrated with the ability to model a reservoir with reasonably large cells without significant loss of 

accuracy, thus reducing the number of convergence problems which implies shorter run times. HZ-GRID can be constructed easily 

with grid refined only where most required, such as the thin oil rim. HZ-GRID modelling technique has been adopted successfully 

to study thin oil rim reservoir problems on, e.g. the Troll field (Vinje et al., 2011), Sleipner field in the North Sea, Åsgard on 

Haltenbanken, and Snøhvit offshore northern Norway (Pettersen, 2011). One obvious drawback is the lack of direct mapping to the 

geological features, where thin reservoir intervals are truncated due to a ‘stair-casing’ effect, which leads to loss of communication 

within the layers. On the other hand, ST-GRID is superior in preserving the geology and honouring the structure in the grid 

geometry, shown in Figure 1(b). However, pessimistic RF is expected due to early gas and/or water breakthrough. This phenomenon 

is largely caused by saturation smearing effect in the oil rim for ST-GRID, which tends to over-predict the gas and/or water coning 

(Hsu, 1998). Figure 1 shows the comparisons of two different grid configurations using a ternary plot.  

 

 
Figure 1: Diagram showing the strength and weaknesses of two grid modeling techniques  
where HZ-GRID models oil-water-contact accurately while ST-GRID preserves the geology. 
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II. Optimum Horizontal Well Placement 
 

It is known that oil production from thin oil rim reservoir between a gas cap and an aquifer can be constraint by uneconomical rates 

due to gas and water coning effects. Horizontal wells are widely used to reduce these effects with lower pressure drawdown applied 

to the formation in thin oil rim reservoir development. In addition, this type of completion significantly increases the wells’ contact 

to the reservoir and improves the well productivity up to five times compared to vertical wells (Masoudi et al., 2011). 
 

Both Cosmo et al. (2004) and Iyare et al. (2012) concluded that the highest RF is observed when placing horizontal well closest to 

oil-water-contact (OWC), followed by mid rim and lowest to gas-oil-contact (GOC). Additionally, Iyare et al. (2012) has found that 

this condition is only applicable for reservoir with a large gas cap, which has ratio of gas to oil pore volume (m-factor) > 1. 

Lookeren (1965) stated that for vertical well completion, oil production can be improved considerably if wells are perforated below 

OWC as larger drawdowns are permissible when steady-state conditions have been established. On the other hand, Kabir et al. 

(2004) advocated the notion of reverse coning of oil by placing a horizontal well just above the GOC for oil rims overlain by large 

gas caps with strong edge or bottom water drive.  
 

III. Establishment of Recovery Factor Correlations 

 

For screening and initial appraisal of production wells performance and well placement in thin oil rim reservoir, a number of zero-

dimensional models and guidelines have been proposed. In principle, depending on the data source employed for their development, 

current approaches can broadly be classified into empirical and simulation-based. It was discovered that current methods seldom 

yield consistent results, where preliminary studies and validation exercises are usually not conclusive (Lawal et al., 2004). 

 

A review of fifty horizontal wells performances in oil rim reservoirs, Vo et al. (2000) concluded that parameters related to the 

reservoir, well completion and production have significant influence on reservoir dynamics. Specifically, oil rim thickness (ho), gas-

cap size, permeability, reservoir architecture, oil properties, production policy as well as producer configuration and placement are 

the key factors that control RF. The researchers correlated a positive relation between RF and ho based on field data for sandstone 

reservoirs in the Mahakam Delta (Vo et al., 2000) and Niger Delta (Olamigoke, 2009 and Cosmo et al., 2004). However, the 

correlation taking to account only the effect of ho is over simplified (Lawal et al., 2010). Cosmo et al. (2004) established the 

sensitivity of oil rim recovery to reservoir uncertainties with seven parameters under concurrent oil and gas development using 

idealised box modelling, and verified with conventional reservoir full field models. Kabir et al. (2004) employed a combination of 

experimental design and response surface methodology to generate a RF correlation involving various reservoir, fluid, and process 

variables. However, the correlation is not internally consistent, where the correlation still yields a positive RF value even when ho is 

assumed to be zero. Olamigoke (2009) conducted similar study using reservoir performance for 35 oil rims from the Niger Delta 

and concluded that under favourable conditions (e.g. minimal geological complexities, high permeability, low viscosity oil, strong 

aquifer) oil rim down to 20ft can be considered for development. Lawal et al. (2010) presented a review of previous assessment 

tools and highlighted the strengths and weaknesses of each methodology and introduced an integrated energy-balance approach. 

This approach is derived by an expression for the theoretical limits of reservoir energy where the primary controls of reservoir 

potential are initial reservoir pressure and initial gas-cap size. This model, however has limited applications based on the 

assumptions made for gas-cap dominated drive and when oil off-take is at critical rate for gas coning. Despite of the varied studies 

conducted based on diverse underlying concepts and functional forms; none of the work provides a robust RF correlation. 

 

Methodology 
 

Model Construction 

 

A simple 2D black oil model is constructed using Eclipse 100 simulation software, represented by a slab through the reservoir. The 

length of the reservoir is modeled at 3000ft × 100ft in x- and y-direction. Horizontal cell size is fixed at 100ft × 100ft and the 

vertical thickness of the cells is varied, where coarser grid of 10ft is allocated for gas and water zone, while 2ft is modelled for oil 

rim designed to resolve coning effects, and accurately represent the drawdown and pressure distribution around the horizontal well. 

 

Constant properties (permeability, porosity, net-to-gross) are used throughout the homogeneous model. Two shale barriers with a 

factor of 100 time smaller permeability values are located at the top and bottom of oil rim at the well location for the heterogeneous 

model. Oil and wet gas properties are generated using correlations. The model consists of light oil with oil gravity of 35° API and 

oil viscosity of 0.691cP. The bubble point pressure is set equal to the pressure at the GOC. Capillary pressure is assumed to have 

zero value. Single relative permeability model is applied for the oil rim and gas cap zone. The drive mechanism is simultaneous gas 

cap expansion and aquifer drive, which are modeled directly in the grid, without introducing an analytical aquifer model.  

 

A horizontal oil production well is placed centrally within the oil rim of the model in y-direction. The well is set on oil rate control 

with a target oil production rate of 6bbl/d, minimum bottom-hole-pressure of 1214psi and wellbore diameter of 1.05ft. No economic 

limit is imposed for the simulation run. The ultimate oil RF is reported after 10 years of production. 

 

The base case model parameters for reservoir and fluid parameters are selected based on the typical values of thin oil rim reservoir, 

as tabulated in Table 1. Three phase relative permeability and fluid properties (PVT correlations) are plotted in Appendix B. 
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Table 1: Reservoir and fluid parameters for base case models 
R

e
se

rv
o
ir

 P
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p
er
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Parameters Base Case   

F
lu

id
 P

ro
p

e
r
ti

e
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Parameters Base Case 

Reservoir thickness (ho) 18 ft   Bubble point pressure (Pb) 3814.7 psi 

Porosity (Ø) 0.25   Gas-oil-ratio (Rs) 0.77 Mscf/stb 

Horizontal permeability (kh) 100 mD   Oil viscosity (µo) 0.691 cP 

Ratio of horizontal to vertical permeability (kv/kh) 0.1  Water viscosity (µw) 0.940 cP 

Net-to-gross (NTG) 1   Oil density at surface condition (ρo)  53.03 lb/ft3 

Ratio of gas cap PV to oil PV (m-factor) 10   Oil API 35° 
Ratio of aquifer PV to oil PV  19   Oil formation volume factor (Bo) 1.447 rb/stb 

Irreducible water saturation (Swir) 0.1   Gas formation volume factor (Bg) 0.89 rb/Mscf 

Residual oil saturation (Sor) 0.3     

Oil end-point relative permeability (kro) 1.0     

Gas end-point relative permeability (krg) 0.7     

Water end-point relative permeability(krw) 0.5     

 

Base Case Models 

 

In the base case stratigraphic grid (ST-GRID), the layering adopted the geological structure, with 114 layers. The grid comprised 

30×1×114 cells (3420 total cells). Gas, oil and water zone were given the same cell thickness of 2ft in order to model the entire oil 

rim with 2ft thickness, resulting in higher total cell count. Similarly, the base case horizontal grid (HZ-GRID), uses the same set of 

coordinate lines as ST-GRID, hence the cell resolution is unchanged in the x- and y-plane. The grid comprises 30×1×59 cells (1770 

total cells). Oil zone replicated the cell thickness of 2ft in ST-GRID, while gas and water zone were defined with coarser grid 

thickness of 10ft. Schematic is shown in Figure 2. 

 
Figure 2: Homogeneous reservoir model descriptions for HZ-GRID and ST-GRID (in ternary plot).  

The white circle represents a horizontal well placed at the middle of the oil column, going in the y-direction. 

 

Two types of reservoirs were used in the first two parts of the study, namely homogeneous and heterogeneous reservoir. 

Homogeneous reservoir applied an average constant value for permeability and porosity, while heterogeneous reservoir is modelled 

with two shale layers located at the top and bottom of oil rim at the well location, following stratigraphic deposition, shown in 

Figure 3. The permeability of the shale layers were reduced by a factor of 100, to represent a barrier to flow. From the geological 

perspective, ST-GRID is able to model the shale layers accurately, which honours the structure in grid geometry. On the other hand, 

HZ-GRID gives a poor representation of the shale using horizontal layers, with no direct mapping of geology. Permeability 

upscaling is required at the gas and water zone for HZ-GRID due to a larger grid cell thickness of 10ft compared to the oil zone with 

2ft grid cell thickness. 

 
Figure 3: Heterogeneous reservoir model descriptions for HZ-GRID and ST-GRID (in horizontal permeability).  

Two shale layers are modelled as barrier with permeability of 1mD, while other grid cell are modelled with permeability of 100mD as per the 
base case value. For HZ-GRID, harmonic averaging is applied for horizontal permeability in the gas cap and aquifer zone due to larger cell 
thickness of 10ft (instead of 2ft in the ST-GRID), which resulted in a horizontal permeability of 80.2mD. Similarly, vertical permeability of 

shale is averaged to be 0.48077mD in the gas and aquifer zone, compared to 0.1mD given in the oil zone. 
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Results and Discussions 

I. Horizontal Grid and Stratigraphic Grid 

 

Test schemes were conducted with simulations runs using consecutively refined ST-GRID, to see if this series converged in some 

sense as grid cell volumes approach zero. If a limit could be identified, the results were compared to the finest HZ-GRID simulation. 

The practical difficulty in carrying through this test was that the runs with the finest grids had very bad convergence problems, and 

some had to be terminated due to unacceptable long run times. However a pattern emerged that allowed relatively clear conclusions 

to be drawn, independent of the results that were never achieved. Three phase fluid production profiles and cumulative production 

were used to investigate the effect of gridding. 

 

The base case grid had cell size (DX) of 100ft (identical in x- and y- directions), while the refined grids had cell sizes of 50ft, 25ft, 

12.5ft and 6.25ft respectively (refinement by a factor of two). These dimensions applied to the entire reservoir for both grid 

configurations. In the vertical direction, refinement only applied to oil zone for HZ-GRID in contrast to high resolution is required 

for the entire grid in ST-GRID, as all of the layers will pass through the oil leg somewhere for a dipping structure. No local grid 

refinement is used due to a higher incremental computational time, of three times instead of two times when refining the entire zone 

(Forrest et al., 2005). For the HZ-GRID, the number of layers (NZ) used in oil zone was 9 layer for the base case, were later refined 

into 27, 81, 243, and 729 layers. Refinement was performed by a factor of three, to ensure horizontal well is consistently placed at 

the middle of the oil rim and eliminating any perforation depth error as highlighted by Pettersen (2011). Attempt to further refine the 

grids was unsuccessful due to convergence error and unrealistic computational time. The summary of the successful grid refinement 

parameters is tabulated at Table 2. 
 

Table 2: Grid refinement parameters and results in STOIIP and Computational time 

Naming 
Areal Refinement  

(by 2) 

Vertical Refinement  

(by 3) 
Total Cell Count STOIIP (MSTB) 

Computational Time  

(seconds) 

HZ-GRID  ST-GRID  Cell Size (DX) (ft) Cell Thickness (DZ) (ft) HZ-GRID ST-GRID HZ-GRID ST-GRID HZ-GRID ST-GRID 

HZ-BASE ST-BASE 100 2 1,770 3,420 107.718 104.430 15 18 

HZ-FINE1 ST-FINE1 50 0.67 4,620 20,520 106.053 104.442 22 92 

HZ-FINE2 ST-FINE2 25 0.22 15,720 123,121 105.621 104.442 226 5872 

HZ-FINE3 ST-FINE3 12.5 0.074 70,320 738,720 105.312 104.442 10227 68740 

 

The models were initialized to equilibrium, with initial fluid content in each cell determined by the cell centre saturation. In the HZ-

GRID, the fluid contacts are accurate; hence the oil-in-place will be accurately computed. The finest HZ-GRID model (HZ-FINE3) 

will be used as reference case to investigate the results from other runs. From Table 2, using the reported stock tank oil initially-in-

place (STOIIP) from HZ-FINE3, the STOIIP in the HZ-GRID models deviated at most by 2.5% in the coarsest grid (HZ-BASE) 

due to the grid construction at the edge of the oil rim (in triangular shape). On the other hand, only 0.1% deviation observed of the 

four different sizes for ST-GRID.  

 

Simultaneous Areal and Vertical Grid Refinement 

 

(1) Homogeneous Model: The results for oil, water and gas production rates are shown for ST-GRID and HZ-GRID in Figure 4 and 

Figure 5 respectively. For HZ-GRID, only the coarsest grid (HZ-BASE) deviates slightly from the others. For the other finer grids, 

the results are almost identical (with variance of 1%), where the curves converge as cell sizes approach zero. The “limit” has been 

reached at HZ-FINE2. From the reference case (HZ-FINE3), the RF deviates as low as 5% for HZ-BASE, and as high as 45% for 

ST-BASE. In Figure 5, the cumulative oil production curves do approach a limiting curve as DX approaches zero for ST-GRID, but 

still deviates noticeably from the reference case (HZ-FINE3). The difference between the results from the finest grids, i.e. ST-

FINE3 and HZ-FINE3 shows that the orientation of the grid does impact the results, due to the non-horizontal representation of the 

fluid contacts and the different preferred flow directions leading to earlier gas and water breakthrough on the ST-GRID. Wells with 

coarser vertical layering tends to produce excessive gas and/or water because of premature breakthrough in the simulation model.  

(2) Heterogenous Model: Qualitatively, similar behaviour for ST-GRID and HZ-GRID was observed in Figure 6 and Figure 7 as per 

homogeneous models, conducted in a series of grid refinement tests. The ST-GRID converges when cell size approaches zero, but 

the converged value deviates much further from the reference case (HZ-FINE3) compared to the homogeneous reservoir. Generally, 

the cumulative oil production is higher compared to the homogeneous model, especially for HZ-GRID. The incremental production 

is largely caused by delayed gas and water breakthrough, due to two shale barriers located near to the fluid contacts.  
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Figure 4: Simultaneous areal and vertical grid refinement profiles for HZ-GRID homogeneous model.  

a) Oil rate b) Cumulative oil production c) Gas rate d) Water rate 

 
 

 
Figure 5: Simultaneous areal and vertical grid refinement profiles for ST-GRID homogeneous model. 

 a) Oil rate b) Cumulative oil production c) Gas rate d) Water rate 
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Figure 6: Simultaneous areal and vertical grid refinement profiles for HZ-GRID heterogeneous model.  

a) Oil rate b) Cumulative oil production c) Gas rate d) Water rate 

 
 

 
Figure 7: Simultaneous areal and vertical grid refinement profiles for ST-GRID heterogeneous model.  

a) Oil rate b) Cumulative oil production c) Gas rate d) Water rate 

 

 

  



8 
 

The main observation from these test cases is that the RF for ST-GRID does converge as cell size is reduced, but still differs 

significantly from the HZ-GRID results. The cumulative oil production for HZ-GRID on the other hand, stays relatively constant, 

except for a slight difference of 5% in the coarsest grid (HZ-BASE). An acceptable quality of predictive model could be obtained on 

ST-GRID, using a very fine grid model, refining in areal and vertical direction simultaneously. The highest resolution was finer than 

what would be possible in realistic sized models. Additionally, the resulting convergence properties and computing time were not 

acceptable. This is proven with the computing time for ST-GRID is 20% higher than HZ-GRID due to numerical instabilities. 

 

The result of grid refinement is comparable between homogenous and heterogeneous reservoir for both grid configurations. 

However, higher cumulative oil production is obtained for heterogeneous model due to delayed gas and water breakthrough by the 

shale barriers. The results of grid refinement by areal and vertical individually are shown in Appendix C. 

 

The comparative study shows that HZ-GRID is found to be the most ideal grid for modelling the thin oil rim reservoir, considering 

reasonably large cells can be used without significant loss of accuracy, reduced number of convergence problems and thus implies 

shorter run times. This is demonstrated with an example of comparing the RF for two grids using the same grid size of “DX = 25ft” 

and “DZ = 0.22ft”. HZ-FINE2 gives an insignificant error of 0.5% while ST-FINES2 gives a bigger error of 27%, relative to the 

reference case (HZ-FINE3). The computational time is 20 times longer for ST-FINE2 relative to HZ-FINE2. In addition, HZ-GRID 

can be constructed such that finer layers are allocated where most required (e.g. at the oil rim), hence increasing computational 

efficiency. HZ-GRID also demonstrated the ability to handle the combined challenge of accurate fluid contact modeling and correct 

prediction of coning behaviour. The drawback is the lack of direct mapping to the geological features (Pettersen, 2001). 

 

For model verification, the two models were compared from the coning development perspective and examined against the 

dimensionless breakthrough time using analytical calculation based on Papatzacos’s method (Papatzacos et al., 1991). Papatzacos et 

al. presented a solution to calculate breakthrough time for an infinitely long horizontal well located at the center of a reservoir with 

both gas and water drive. The problem was solved using a semi-analytic method with the assumption that the model is 

homogeneous, anisotropic, infinite reservoir with a constant uniform flux horizontal well. Table 3 summarizes the input parameters 

and results for analytical coning analysis. The equation for dimensionless rate and breakthrough time are as follows: 

 

Dimensionless rate 

𝑞𝐷 =
325.86𝜇𝑜𝑞𝑜𝐵𝑜

𝐿√𝑘𝑣𝑘ℎℎ(𝜌𝑜−𝜌𝑔)
        (1) 

Dimensionless Breakthrough Time (for qD> 0.4) 

𝑡𝐷𝐵𝑇 = 1 − (3𝑞𝐷 − 1)𝑙𝑛 [
3𝑞𝐷

3𝑞𝐷−1
]   (2) 

 

Table 3: Input parameters and calculation for dimensionless  
rate and simultaneous gas and water breakthrough time  

Parameters Value 

Oil viscosity (µo) 0.691 cP 

Oil rate (qo) 6 STB/day 

Oil formation volume factor (Bo) 1.447 bbl/STB 

Length of the horizontal well (L) 100 ft 

Oil column thickness (h) 18 ft 

Vertical permeability (kv) 1 mD 

Horizontal permeability (kh) 100 mD 

Oil density (ρo) 53.03 lb/cuft 

Gas density (ρg) 46.82 lb/cuft 

Water density (ρw) 63.03 lb/cuft 

Dimensionless rate (qD) 1.091 bbl/d (gas)  

0.678 bbl/d (water) 

Dimensionless breakthrough time (tDBT) 572 days (July 2015) 
 

 

The simulated breakthrough time for HZ-GRID (July 2015), taken between the average of gas and water breakthrough time, is in 

agreement with the analytical coning analysis results (July 2015). On the other hand, ST-GRID simulated the breakthrough time to 

be a year earlier, which falls on August 2014. Figure 8 illustrated the coning development of both grid configurations at January 

2016 (after two years of production). This study clearly underlines the poor predictability of the ST-GRID in terms of coning 

development. This phenomenon is largely caused by saturation smearing effect in the oil rim in ST-GRID, which tends to over-

predict the gas and/or water coning, thus resulting in pessimistic oil RF (Hsu, 1998). HZ-GRID models were able to capture much 

more realistic fluid flow and the simulated results were more in accordance with physical expectations. Better predictions of the 

final oil recovery and field performance were achieved from the application of horizontal gridding technique. This technique 

improves the horizontal well representation and modeling of the transition zone. 

 

 
Figure 8: Coning development of HZ-GRID and ST-GRID at January 2016 (after two years of production) 
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II. Optimum Horizontal Well Placement 

 

The use of ST-GRID may lead to crinkly horizontal well trajectories, while HZ-GRID can accurately position the well. Tolstukhin 

et al. (2010) showed that a sub-optimal placement of horizontal wells in the oil zone could result in a loss of up to 30% of oil 

production. For a thin oil rim reservoir, the optimal well trajectory is very important because gas and water coning can occur early 

in the field life and limit the oil recovery. For this study, 2D model is used to eliminate the well trajectory impact, but solely 

investigated on the well placement variable. The study was conducted on two base case grids (i.e. HZ-GRID and ST-GRID) and two 

types of reservoirs (i.e. homogeneous and heterogeneous). Sensitivity runs were tested against RF for five oil rim thicknesses, i.e. 

18ft, 26ft, 34ft, 42ft, and 50ft. Model descriptions for optimal horizontal well placement sensitivity runs are shown in Appendix E. 

 

The optimal setting is to place the well below the middle of the oil rim, and 6-10ft above oil-water-contact (OWC), confirming the 

conclusion of Tolstukhin et al. (2010). This delays gas breakthrough, which is more of a problem than water breakthrough, due to 

gas mobility is higher than water mobility. Higher water cut is expected when water cones upwards with the close proximity of well 

completion to OWC, thus larger water processing facilities is required. Both grid configurations achieve similar qualitative 

conclusion, however ST-GRID gives misleading oil recovery results, due to underestimated loss of oil production when the well is 

placed at non-optimal location (even below OWC). This is based on the observation where the contrast of RF across the oil rim is 

larger for HZ-GRID and lesser for ST-GRID when the well is placed away from the optimal location. 

 

Heterogeneous model proved to increase RF and give larger RF contrast once the well is placed away from the optimal position. 

The two shale layers acted as barriers to prevent or delay gas and water breakthrough, which impact RF more significantly in the 

HZ-GRID. However, with increasing oil rim thickness, the optimal well location that gives the highest RF consistently falls at the 

same location, which is approximately 6-10ft above OWC. The RFs at every 2ft incremental well placement depth for five different 

oil rim thicknesses were plotted in Figure 9.  

 

 
Figure 9: RF at every 2ft well placement depth for five different oil rim thicknesses 

 

III. Establishment of Recovery Factor Correlations 

 

As discussed, HZ-GRID is a preferred modelling technique compared to ST-GRID for thin oil rim reservoir. Thus, HZ-GRID is 

carried forward to the next part of the study, which is to investigate the parameters that affect RF for this particular type of reservoir. 

Similar sensitivity runs were conducted on ST-GRID for comparison purposes. The results of ST-GRID are not discussed in this 

section, but shown in Appendix F. There are eight major parameters being studied for their effects on RF for thin oil rim reservoir, 

i.e. (1) ratio of vertical permeability to horizontal permeability (kv/kh); (2) horizontal permeability (kh); (3) oil viscosity; (4) gas-cap 

size; (5) aquifer size; (6) well spacing; (7) oil rate; and (8) oil rim thickness. The effect of each parameter on RF was investigated by 

varying its value over a reasonable range while fixing others at their base case values. The test values used and the results of 180 

runs for HZ-GRID and ST-GRID each were summarized in Appendix F. The sensitivity runs were performed for five oil rim 

thickness, i.e. 18ft, 26ft, 34ft, 42ft and 50ft, shown in Figure 10 (HZ-GRID) and Appendix F (ST-GRID).  

  



10 
 

 
Figure 10: Parametric sensitivity on oil rim RF using five different oil rim thicknesses for HZ-GRID 

  

(1) Ratio of Vertical Permeability to Horizontal Permeability (kv/kh): RF decreases when kv/kh increases as a result of early gas 

and/or water breakthrough. Higher kv/kh allows easier flow path for fluid to travel from gas cap and aquifer into the wellbore. 

Similar trend applied to all oil rim thicknesses. 
 

(2) Horizontal Permeability (kh): RF increases as permeability increases. Permeability is the most sensitive parameter, giving an 

absolute recovery factor difference by more than 25% when varying permeability between 100mD and 2000mD. Permeability 

mapping within the oil rim will strongly influence the choice of well placement to meet the minimum economic limit of a well.  
 

(3) Oil Viscosity (µo): RF decreases as viscosity increases, eventually becoming similar for all oil rim thicknesses for heavy oil 

(>7cP) as mobility is the controlling factor relative to breakthrough timing. For light oil (< 1cP), RF increases equally at the rate of 

3-5% when thickness of oil rim increases by 8ft. 
 

(4) Gas Cap Size: Pore volume multiplier was applied at the edge of the gas cap to vary gas cap size, resulting in ratio of gas cap PV 

to oil PV (m-factor) from 5 to 250. The m-factor only contributed positively towards RF up to a value of 50 for all oil rim 

thicknesses. This is due to pressure maintenance by gas cap expansion. Beyond m-factor of 50, bigger gas caps do not help to 

improve RF.  
 

(5) Aquifer Size: Similarly, pore volume multiplier was applied at the edge of aquifer to vary the ratio of aquifer to oil volume from 

5 to 2000. Interesting coning behavior and non-linear relationship with RF is observed for different oil rim thicknesses when 

varying aquifer size. For the thinnest oil rim (18ft), initial increment in aquifer strength improves RF due to pressure maintenance 

by aquifer influx. Further increase in aquifer strength will only cause RF to decrease due to earlier water breakthrough. As oil rim 

thickness increases, water coning problems became insignificant, thus aquifer size can be considered as linearly proportional to RF. 

As discussed, oil rim movement is determined by two dominant drive mechanisms i.e. aquifer drive and gas cap expansion drive. 

The aquifer pushes the oil rim upward unless a big gas cap maintains pressure and keeps oil rim down. Generally before production 

these two factors are in pressure equilibrium, but once production is initiated the reservoir pressure starts declining and rim starts 

expanding or moving. Oil rim movement as a result of reservoir pressure decline will result in some oil losses due to initially mobile 

oil becoming trapped as residual oil in the gas cap and/or the aquifer.  
 

(6) Well Spacing: As expected, reducing well spacing increases RF due to additional drainage point/contact of well to reservoir. 

Larger well spacing implies less interference, therefore individual wells access larger oil volumes, but have lower volumetric sweep 

compared to higher density drilling. In a denser drilling pattern, interference between wells results in less ultimate recovery per well 

but more uniform drainage of the oil rim (Cosmo et al., 2004). The relationship is almost linear for thin oil rim for thickness of 18ft 

but incremental benefit to RF reduces gradually for oil rim up to 50ft.  
 

(7) Oil Rate (qo): Relationship of RF to oil rate is primarily decided by critical rate, either derived through coning correlation or 

generated by simulation results. It is observed that RF decreases as oil rate increases. This agrees with the analytical coning 

calculation which indicated that critical rate for gas and water breakthrough is approximated at 2bbl/d in the base case model. Thus 

producing above the critical rate will only develop earlier coning, which reduces oil production. 
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In general the observed qualitative effects were in agreement with conclusions made by previous investigators (Vo et al., 2000), 

observing the most sensitive parameters in decreasing order to be horizontal permeability, kv/kh, oil viscosity, well spacing, oil rate, 

gas cap size, and aquifer size. Furthermore, this analysis was extended to quantify these effects and to develop a method to predict 

oil recovery. RF was plotted against each studied parameter in different variations to establish the best correlation using the base 

case model with 18ft oil rim thickness. It was concluded that polynomial fit was best correlated for all parameters when plotting 

(RFi - RFb) vs (logXi - logXb), in exception of (1/Xi – 1/Xb) for well spacing and (Xi - Xb) for oil rim thickness. This is proven by an 

excellent R-squared value (regression coefficient) of more than 95% for all parameters, except for aquifer size (85%) and oil rate 

(87%). Second order polynomial trend line was selected for all parameters even though two of the parameters yield lower R-squared 

values, in order to introduce a cross term for correction factor in the equations correlating more than two parameter. Table 4 

summarized the correlations and quality of fit for eight studied parameters. Figure 11 fitted a polynomial trend (in second order) on 

the base case curve, and plotted a test point for quality check purposes.  

 
Table 4: RF Correlation for eight studied parameters 

Parameter Name Equation Fit R2 a b Base Value Test Value 

X1 Log (kv/kh) y = 0.0209x2 - 0.0453x - 0.0056 Poly-2 0.9971 -0.0453 0.0209 0.1 0.01 

X2 Log (kh) y = 0.045x2 + 0.1026x - 0.0005 Poly-2 0.9681 0.1026 0.0450 100 1000 

X3 Log (µo) y = 0.0391x2 - 0.128x + 0.0053 Poly-2 0.9917 -0.1280 0.0391 0.691 1.382 

X4 Log (Gas) y = -0.0291x2 + 0.0879x - 3E-5 Poly-2 0.9972 0.0879 -0.0291 10 209 

X5 Log (Aquifer) y = -0.0004x2 - 0.014x + 0.0056 Poly-2 0.8522 -0.0140 -0.0004 19 1659 

X6 1/WellSpacing y = -17813x2 + 113.8x - 6E-05 Poly-2 0.9999 113.8 -17813 1000 400 

X7 Log (qo) y = 0.0128x2 - 0.0357x + 0.0049 Poly-2 0.8761 -0.0357 0.0128 6 50 

X8 ho y = 2E-05x2 + 0.0028x - 0.0011 Poly-2 0.9987 0.0028 0.00002 18 34 

 

 
Figure 11: RF correlations establishment on eight studied parameters 
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Equation for changing 1-parameter at a time: 𝑅𝐹1 − 𝑅𝐹𝑏 = [𝑎1 (𝑥𝑖 − 𝑥𝑏)1 +  𝑏1 (𝑥𝑖 − 𝑥𝑏)1
2
]     (1) 

       y-axis       Parameter 1 

Example by using oil viscosity: 𝑅𝐹µ𝑜 − 𝑅𝐹𝑏 = [(𝑎µ𝑜) 𝑥 (log(µo)𝑖 − log(µo)𝑏)] +  [(𝑏µ𝑜) 𝑥 (log(µo)𝑖 − log(µo)𝑏)
2]   (2) 

 

where  RFi  = Calculated recovery factor without correction factor 

RFb  = Base case recovery factor (11.6%) 

xi = Test value for studied parameter (refer to Table 3) 

xb = Base value for studied parameter (refer to Table 3) 

a, b  = Coefficient for linear and squared terms (refer to Table 3) 
 
 

For Equation (1), The Left-Hand-Side (LHS) is the change in RF, plotted at y-axis in Figure 11. The Right-Hand-Side (RHS) is the 

polynomial fitted equation with linear and squared terms. (𝑥𝑖 − 𝑥𝑏) given by the difference of test value to the base value is plotted 

at x-axis in Figure 11. Using oil viscosity as an example, the equation can be rewritten into Equation (2). Five data points were used 

to generate sensitivity cases (blue line), followed by fitting a polynomial trend line on the data points (black curve) resulting in 

Equation (1). The correlation can be considered robust, as the two lines overlay on each other, giving an R-squared of 99%. 

 

Table 5 summarized the relative and absolute errors in the predicted RF at the test points for all eight studied parameters, and the 

results showed all the errors to be small. 
 

 

Table 5: RF correlations for varying 1-parameter one-at-a-time 

No Parameter Base Value Test Value Calc RF Sim RF % Error ΔRF 

1 kv/kh 0.1 0.01 18% 17% -3% 1% 

2 kh 100 1000 26% 27% 3% -1% 

3 µo 0.691 1.382 9% 8% -6% 0% 

4 Gascap Size 10 209 18% 18% -1% 0% 

5 Aquifer Size 19 1659 9% 9% -1% 0% 

6 Well Spacing 1000 400 25% 25% 0% 0% 

7 qo 6 50 10% 10% 4% 0% 

8 ho 18 34 16% 17% 1% 0% 

 

Further tests were conducted where 2-, 3- and 4-parameters are varied simultaneously. Test values were selected based on typical 

value for a good quality light oil thin oil rim reservoir, under strong gas and water drive. Quality of the RF correlation is evaluated 

by two methods, namely “% Error” (Percentage error is the difference between calculated RF and simulated RF over simulated RF) 

and “ΔRF” (Absolute RF difference is calculated RF minus simulated RF). The quality of the results is ranked by three categories, 

in which “Good” indicates error <+-10% (represented by green cell), “Moderate” indicates error between +-10% to +-50% 

(represented by yellow cell) and “Poor” indicates error >+-50% (represented by red cell). Correction factors are derived using cross 

terms, to account for the percentage error difference with the simulated result. The base case RF is given as 11.6% based on the 

model described in the “Model Construction” section. The equations used for RF correlation are described below: 

 

Equation for changing 2-parameters at a time: 

𝑅𝐹12 − 𝑅𝐹𝑏 = [𝑎1(𝑥𝑖 − 𝑥𝑏)1 +𝑏1(𝑥𝑖 − 𝑥𝑏)1
2
] + [𝑎2(𝑥𝑖 − 𝑥𝑏)2 +𝑏2(𝑥𝑖 − 𝑥𝑏)2

2
] + [𝑐12(𝑥𝑖 − 𝑥𝑏)1 × (𝑥𝑖 − 𝑥𝑏)2]    (3) 

    y-axis    Parameter 1           Parameter 2         Cross term between Parameter 1&2 

Equation for changing 3-parameters at a time: 

𝑅𝐹123 − 𝑅𝐹𝑏 = [𝑎1(𝑥𝑖 − 𝑥𝑏)1 +𝑏1(𝑥𝑖 − 𝑥𝑏)1
2
] + [𝑎2(𝑥𝑖 − 𝑥𝑏)2 +𝑏2(𝑥𝑖 − 𝑥𝑏)2

2
] + [𝑎3(𝑥𝑖 − 𝑥𝑏)3 +𝑏3(𝑥𝑖 − 𝑥𝑏)3

2
] 

+[𝑐123(𝑥𝑖 − 𝑥𝑏)1 × (𝑥𝑖 − 𝑥𝑏)2 × (𝑥𝑖 − 𝑥𝑏)3]        (4) 

Equation for changing 4-parameters at a time: 

𝑅𝐹1234 − 𝑅𝐹𝑏 = [𝑎1(𝑥𝑖 − 𝑥𝑏)1 +𝑏1(𝑥𝑖 − 𝑥𝑏)1
2
] + [𝑎2(𝑥𝑖 − 𝑥𝑏)2 +𝑏2(𝑥𝑖 − 𝑥𝑏)2

2
] + [𝑎3(𝑥𝑖 − 𝑥𝑏)3 +𝑏3(𝑥𝑖 − 𝑥𝑏)3

2
] + [𝑎4(𝑥𝑖 − 𝑥𝑏)4 +𝑏4(𝑥𝑖 − 𝑥𝑏)4

2
] 

     +[𝑐1234(𝑥𝑖 − 𝑥𝑏)1 × (𝑥𝑖 − 𝑥𝑏)2 × (𝑥𝑖 − 𝑥𝑏)3 × (𝑥𝑖 − 𝑥𝑏)4]       (5) 

where  RFi  = Calculated recovery factor with correction factor (only for 2-, 3- and 4-parameters correlations) 

c  = Correction factor (refer to Table 6) was calculated by calibrating non-corrected RFi (without the cross term) to   

      the simulated RFi for 28, 56 and 70 combinations using 2-, 3-, and 4-parameters correlations respectively 

 

Figure 12 shows the quality check results using “% Error” and “ΔRF” method for 2-, 3- and 4-parameters. The quality of the RF 

correlations is improved with increasing number of combinations being varied, as correction factor has been incorporated in the 

calculation. In another words, the result of subsequent combination is independent of the quality of the previous combination, which 

eliminates any errors being carried forward. It should be noted that the correlation is only robust within the study range of value, and 

required correction factors for almost half of the combinations. The study was conducted using a constant value for remaining oil 

saturation to water (Sorw) and irreducible water saturation (Swir). The correlation can be scaled linearly with the theoretical RF based 

on microscopic displacement when varying Sorw and Swir. However, the results will be the first approximation, and would not give 

the exact RF as the simulation results. 
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Figure 12: “% Error” and “ΔRF” results for 2-, 3- and 4-parameters 

 

Independent investigations on the “Poor” correlation based on “% Error” quality check were conducted on a case for 2-parameters 

variation; results are plotted in Figure 13. In this sensitivity run, only kh and qo are varied, such that oil is produced at a higher rate 

of 50bbl/d from a high permeability reservoir of 1000mD. Intuitively, when kh increases, RF improved significantly due to lower 

drawdown at the well thus reducing coning. On the other hand, when oil is produced at a higher rate, RF reduced slightly due to 

early gas and water breakthrough caused by larger pressure drawdown. With the combination of improved reservoir quality and 

increased oil rate, it is the latter that dominates: coning is accelerated and incremental oil production is curtailed. From the results, 

the calculated RF of 25% (equivalent to cumulative oil production of 26.5Mstb) is higher than the simulated RF of 15% (equivalent 

to cumulative oil of 16.1Mstb). This discrepancy is due to the non-linear relationship between oil rate and permeability, which is not 

represented by the RF correlations. This example demonstrated that the uncorrected RF correlation is only applicable for the range 

of values where RF varies linearly. 

 

 
Figure 13: Example of “Poor” correlation for 2-parameters. a) Oil rate and cumulative oil production b) Gas rate c) Water rate 

 

The correction factors for every combination are tabulated in Table 6. The detailed calculations of RF correlations for 2-, 3-, and 4-

parameters are tabulated in Appendix G. 
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Table 6: RF Correction factor for 2-, 3- and 4-parameters 

2
-p

a
ra

m
e
te

r
s 

Parameter X1 X2 X3 X4 X5 X6 X7 X8    Legend          

X1   -2 11 1 -16 4 5 1 Parameter Naming       

X2     15 -10 -30 1 38 6   X1 kv/kh         

X3       10 2 3 12 18   X2 kh         

X4         -37 8 -7 16   X3 µo       

X5           -26 1 -23   X4 Gascap Size        

X6             15 4   X5 Aquifer Size        

X7               38   X6 Well Spacing        

3
-p

a
ra

m
e
te

r
s 

Parameter X1 X2 X3 X4 X5 X6 X7 X8   X7 qo         

X1X2     262 33 -573 -8 579 -12   X8 ho         

X1X3       -4 -162 119 314 400               

X1X4         -924 152 35 277               

X1X5           -660 184 -1085               

X1X6             49 -168               

X1X7               428               

X2X3       -79 532 63 -188 129               

X2X4         65 -6 101 32               

X2X5           25 -3886 -614               

X2X6             -61 -31               

X2X7               -49               

X3X4         707 -152 -372 -217               

X3X5           570 -607 -140               

X3X6             -203 -9               

X3X7               -230               

X4X5           -85 -54 -779               

X4X6             -149 43               

X4X7               79               

X5X6             -567 -433               

X5X7               -864               

X6X7               -2               

4
-p

a
ra

m
e
te

r
s 

Parameter X3X4 X3X5 X3X6 X3X7 X3X8 X4X5 X4X6 X4X7 X4X8 X5X6 X5X7 X5X8 X6X7 X6X7 X7X8 

X1X2 -2018 13602 -919 -4702 2621 -214 -133 -1953 2497 1407 -728 -8678 -1200 -1161 -156 

X1X3           21577 -4145 5503 -5722 22840 -19710 21339 4664 5300 -17830 

X1X4                   -3386 -4188 -24187 -1138 -553 -11992 

X1X5                         -82 -1410 21803 

X1X6                             10468 

X2X3           9711 -102 -2045 -3544 5101 7646 20912 -139 -23 -4698 

X2X4                   1023 -3123 -11661 2572 -443 -1978 

X2X5                         -13856 -2042 21527 

X2X6                             1509 

X3X4                   4091 -9177 13552 -3474 -2088 3536 

X3X5                         6220 13633 4933 

X3X6                             -9139 

X4X5                         1248 -4697 2032 

X4X6                             -1907 

X5X6                             20245 

 

As a final test, the predictions from the correlation with 2- and 3-parameters cross-terms were compared with published field data 

for some thin oil rim reservoirs. The assessment results are tabulated in Table 7. The “% Error” results demonstrated are generally 

considered “Good” quality, except for Troll, Serang and Yakin fields fall in the “Moderate” category. All “ΔRF” quality passed 

with “Good” quality. The results are surprisingly good considering that the values of initial and residual oil saturation, well spacing, 

gas cap size, aquifer size and scaled oil rate were not available for these actual fields, and effects of reservoir heterogeneity are not 

accounted for. Further work is required to develop robust correlations covering variation with more than four parameters 

simultaneously, and to be tested with other field examples. 
 

Table 7: Results of 4-parameters RF Correlation tested against real field examples 

Parameter 
Base Case Troll [5] Peninsula 

Malaysia [8] 

Attaka [15] Serang [15] Yakin [15] 

kv/kh 0.1 0.54 0.2 - - - 

kh (mD) 100 6500 1500 
100-1000 

(mean 450) 

300-3000 

(mean 1650) 

300-600 

(mean 450) 

µo (cP) 0.691 1.8 7 0.4 0.35 13.8 

ho (ft) 18 85 42 48 39 66 

qo (bopd)  

(per 100ft well length) 
6 - - 210 160 80 

Cum Oil (MMstb) 13E-3 1600 68 660 550 41 

STOIIP (MMstb) 108E-3 4000 263 2400 1500 120 

Reported RF (%) 11.6 40 26 27 36 34 

Calculated RF (%) - 48 28 28 28 28 

% Error - 20% 8% 4% -22% -17% 

Δ RF - 8% 2% 1% -8% -6% 
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Conclusions 
 

Development of thin oil rim reservoir has been improved with horizontal wells in terms of better drainage and lower drawdown. 

HZ-GRID is found to be the most optimal grid for modelling thin oil rim reservoir, based on its ability to handle the combined 

challenge of modeling accurate fluid contact, optimal well placement and correct prediction of coning behaviour. The superiority of 

HZ-GRID is demonstrated by its efficiency and flexibility in preserving its predictive accuracy with reasonably large cells, resulting 

in reduced number of convergence problems and shorter computational times. In addition, HZ-GRID models were better able to 

capture the fluid contact movement and match the breakthrough timing calculated analytically. The drawback is the lack of direct 

mapping to the geological features. RF for ST-GRID does converge as the cell size is reduced, but it still falls short of the HZ-GRID 

reference curve. The same conclusion applies to the heterogeneous model, in which RF is generally higher in the heterogeneous 

model due to delayed gas and water breakthrough by the shale barriers. 

 

The optimal setting is to place the well below the middle of the oil rim, and 6-10ft above oil-water-contact (OWC). Both grid 

configurations achieve similar qualitative conclusion, however ST-GRID gives misleading oil recovery results, due to 

underestimated loss of oil production when the well is placed at non-optimal location. 

 

Eight parameters were included in the parametric sensitivity test to investigate the individual and combined impact on RF for thin 

oil rim, i.e. ratio of horizontal permeability to vertical permeability, horizontal permeability, oil viscosity, gas cap size, aquifer 

strength, well spacing, oil production rate and oil rim thickness, given the most significant factor to be horizontal permeability. In 

general, the observed qualitative effects were in agreement with conclusions made by previous investigators (Vo et al., 2000). 

Simple RF correlations were established for each parameter and adjusted for combinations of 2-, 3- and 4-parameters. Further work 

is required to develop robust correlations covering variation with more than four parameters simultaneously. 

 

Recommendations 
 

It is recommended to expand the gridding study between HZ-GRID and ST-GRID in a 3D simulation model, in order to include the 

impact of well trajectory and perforation depth error. Modeling of transition zone and performing sensitivity on capillary pressure 

may provide additional perspective in thin oil rim reservoir development. 

 

The results of the parametric sensitivity study and RF correlations suffice as a preliminary assessment tool, but not robust enough to 

replace the conventional reservoir simulation. Further work is required to develop robust correlations covering variation with more 

than four parameters simultaneously. It would be worth investigating the use of an artificial neural network, a more sophisticated 

computational model which is capable of machine learning as well as pattern recognition.  

 

Nomenclature 
 
HZ-GRID  Horizontal grid 

ST-GRID  Stratigraphic grid 

2D, 3D  2-Dimensional, 3-Dimensional 

RF  Recovery factor (%) 

STOIIP  Stock tank oil initially-in-place (MMstb) 

DX  Cell size (ft) 

DZ  Cell thickness (ft) 

NZ  Number of cell layers 

GOC  Gas-oil-contact (ft) 

OWC  Oil-water-contact (ft) 

FOPT  Field cumulative oil production (stb) 

FOPR  Field oil rate production (bbl/d) 

FGPR  Field gas rate production (Mscf/d) 

FWPR  Field water rate production (bbl/d) 

kv/kh   Ratio of vertical permeability to horizontal permeability (fraction) 

kh   Horizontal permeability (mD) 

µo   Oil viscosity (cP) 

qo   Oil rate (bbl/d) 

ho   Oil rim thickness (ft) 

m-factor  Ratio of gas cap pore volume to oil pore volume 

PV  Pore volume 

Sorw  Remaining oil saturation to water  

Swir   Irreducible water saturation 
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Appendix A: Critical Literature Reviews 

 
Table A-1: Thin Oil Rim Reservoir Development Critical Literature Reviews 

No SPE No. Year Title Authors Contribution 

1 1063 1965 Oil Production From Reservoirs With 

an Oil Layer Between Gas and 

Bottom Water in the Same Sand 

Van Lookeren, J. First to derive semi-analytically the optimal 

vertical well completion with double coning, 

supported by experimental evidence. 

2 19822 1991 Cone Breakthrough Time for 

Horizontal Wells 

Papatzacos, P., 

Herring, T. R., 

Martinsen, R., & 

Skjaeveland, S. 

M 

First semi-analytical solution to predict 

breakthrough times and critical rates in the case 

of single-cone and two-cone cases for horizontal 

wells completed in the oil zone, validated with 

field results from Troll and Helder field test. 

3 39548 1998 Use of New Horizontal Grids in 

Reservoir Simulation Models 

Improves the Chance of Success in 

Developing Marginal Thin Oil Rim 

Reservoirs using Horizontal Wells 

Hsu, H.H.  First to use horizontal grids to model horizontal 

wells in oil rim reservoirs. 

4 64385 2000 Lookback on Performance of 50 

Horizontal Wells Targeting Thin Oil 

Columns, Mahakam Delta, East 

Kalimantan 

Vo, D.T., 

Waryan, S., 

Dharmawan, A., 

Susilo, R. and 

Wicaksana, R. 

Discussed the parameters affecting oil recovery 

for thin oil column development based on 

lessons learnt from the actual well performance 

data. 

5 89755 2004 Production Strategy for Thin-Oil 

Columns in Saturated Reservoirs 

Kabir, C.S., 

Agamini, M. and 

Holguin, R.A. 

Case study for establishing a recovery factor 

correlation using experimental design and 

response surface methodology. 

6 88894 2004 Challenges of Gas Development: 

Soku Field Oil Rim Reservoirs. 

Cosmo, C., & 

Fatoke, O. 

Case study for determining the parameters 

impacting oil recovery from thin oil rim 

reservoir, and for proposing an optimal 

horizontal well placement. 

7 93137 2005 Reservoir Simulation Challenges for 

Modeling an Oil Rim with Large Gas 

Cap in the Poleng Field, Kujung-I Oil 

Reservoir, East Java Basin, West 

Madura Block, Indonesia. 

Forrest, J. K., 

Sukmana, A. Y., 

Suhana, W., & 

Asjhari, I. 

Explored the difficulties in modeling an oil rim 

with a large gas-cap using black-oil and 

compositional formulations using Poleng field as 

case study. 

8 112616 2008 Troll West Oilfield Development—

How a Giant Gas Field Became the 

Largest Oil Field in the NCS Through 

Innovative Field and Technology 

Development. 

Jones, R. D., 

Saeverhagen, E., 

Thorsen, A. K., 

& Gard, S. 

Success story for developing oil rim reservoirs 

through subsea development and extensive 

horizontal drilling enhancement. 

9 128603 2009 First-Pass Screening of Reservoirs 

with Large Gas Caps for Oil Rim 

Development. Society of Petroleum 

Engineers 

Olamigoke, O., 

& Peacock, A. 

Case study for determining the parameters 

affecting thin oil rim reservoir development 

using reservoir performance for 35 oil rims from 

Niger Delta. 

10 130454 2010 New Approach to Thin Oil Zone 

Modeling In High-Dipping 

Multilayered Reservoirs 

E.Tolstukhin, P. 

Olivier 

First to assess the advantages and disadvantages 

of the hybrid modelling technique to perform 

horizontal well design optimization on thin oil 

rim reservoirs. 

11 136955 2010 Preliminary Assessment of Oil-Rim 

Reservoirs: A Review of Current 

Practices and Formulation of New 

Concepts 

Lawal, K. A., 

Wells, I. A., & 

Adenuga, A. O. 

First to assess and identify the strength and 

weaknesses of the current available recovery 

factor correlation models and guidelines. 

12 148023 2011 A New Simulation Grid Type is 

Demonstrated for the Giant Troll Oil 

and Gas Field 

J. Vinje, R. 

Nybo, G. 

Grinestaff 

First to construct and history match a hybrid grid 

model using Troll field data. 

13 Comput 

Geosci 

16:211-

230. 

2011 Horizontal simulation grids as 

alternative to structure-based grids for 

thin oil-zone problems: a comparison 

study on a Troll segment  

Pettersen, Ø First example to assess the quality between 

horizontal grid and geology-based grid using 

areal and vertical grid refinement. 

14 143983 2011 Reliable Characterization and 

Modeling of the Capillary Transition 

Zone and Flow dynamicss in the Oil 

Rim Reservoirs 

Masoudi, R., 

Karkooti, H., & 

Othman, M. B. 

Illustrated the challenges faced in developing the 

thin oil rim reservoirs and extensively reviewed 

the concept of transition zone characterization 

and its limitation in modeling static and dynamic 

properties in oil rim reservoirs. 

15 158544 2012 Effect of Gas Cap and Aquifer 

Strength on Optimal Well Location 

for Thin-Oil Rim Reservoirs 

Iyare, U. C., & 

Marcelle-de 

Silva, J. K. 

Presented the findings of optimal well placement 

due to the effect of gas cap and aquifer for thin 

oil rim reservoir. 
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SPE 1063 (1965) 

 

Title: 

Oil Production From Reservoirs With an Oil Layer Between Gas and Bottom Water in the Same Sand  

Authors:  

Van Lookeren, J. 

 

Contribution to the understanding of thin oil rim reservoir development: 

First to derive semi-analytically the optimal vertical well completion with double coning, supported by experimental evidence 

 

Objective of the paper: 

 To determine the optimal vertical well completion for thin oil rim reservoir using semi-analytical approach 

 To support the theoretical arguments of the improvement with experimental evidence 

 

Methodology used: 

 Performed approximate calculation method using Dupuit formula to predict production rates for improvements quantifications 

 Carried out laboratory experiment in a transparent Hele-Shaw model for theoretical arguments verification 

 

Conclusions reached: 

 For a reservoir with overlain large gas cap and underlain bottom water, production can be considerably improved if the wells 

are only perforated below the oil-water-contact. If the well is perforated over the entire sand body, a low tubing intake will also 

give an improvement. 

 The steady-state water-oil ratios will hardly be affected by this completion method 

 An approximate calculation method, based on gravity inflow performance (Dupuit), enables prediction of production rates and 

shows the improvement that can be obtained by using the proposed well completion techniques in preference to the 

conventional techniques. 

 The theoretical arguments for this improvement, which in some cases may be tenfold, are supported by experimental evidence. 

 

Comments: 

This paper only considered the optimization on the vertical well completion, which may not be a fair comparison with a horizontal 

well in our studies.  
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SPE 19822 (1991) 

 

Title: 

Cone Breakthrough Time for Horizontal Wells 

 

Authors:  

P. Papatzacos, T.R. Herring, R. Martinsen, S.M. Skjaeveland 

 

Contribution to the understanding of thin oil rim reservoir development: 

First semi-analytical solution to predict breakthrough times and critical rates in the case of single-cone and two-cone cases for 

horizontal wells completed in the oil zone, validated with field results from Troll and Helder field test. 

 

Objective of the paper: 

 To summarize the main assumptions and theoretical results of the previous established methods  

 To verify the solutions by detailed simulations for single-cone and two-cone cases 

 To demonstrate the applicability of the theory through examples relevant to the Troll and Helder fields 

 

Methodology used:  

 Derived the solutions by a moving-boundary method with gravity equilibrium assumed in the cones 

 Presented semi analytical results using single dimensionless curve for gas-cone and two dimensionless curves for simultaneous 

gas- and water-cone case 

 Conducted numerical studies on three different cases, i.e. two-cone case with simultaneous gas and water coning, the single-

cone gas case, and the single-cone water case. 

 Validated the theoretical results with field results from Troll and Helder field for a horizontal well production 

 

Conclusion reached:  

 A semi analytical solution was developed for prediction of single-cone and two-cone for gas and water breakthrough times in 

horizontal wells completed in the oil zone 

 The two-cone solution predicts a single-cone water or gas breakthrough time if the well is located at the impervious top or 

bottom, respectively, of the oil zone 

 For the single-cone case, a simple expression is given for the breakthrough time for dimensional oil rate (qD) >1/3 

 The theory was validated using simulation studies for low dimensionless rates, when the time to breakthrough is sufficiently 

long to be of practical interest, and error estimates were given. 

 Theoretical results was tested with field results from Troll and Helder field for a horizontal well production 

 

Comments: 

The semi-analytical method for two-cone case with simultaneous gas and water coning was used to calculate the theoretical gas and 

water breakthrough time for this study. The analytical result is comparable with the simulated results obtained from HZ-GRID. 
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SPE 39548 (1998) 

 

Title: 

Use of New Horizontal Grids in Reservoir Simulation Models Improves the Chance of Success in Developing Marginal Thin Oil 

Rim Reservoirs using Horizontal Wells  

Authors: 

Hsu. H. H. 

 

Contribution to the understanding of thin oil rim reservoir development: 

First to use horizontal grids to model horizontal wells in oil rim reservoirs 

 

Objective of the paper: 

 To propose a new method of using horizontal grid to represent horizontal wells in a reservoir simulation model 

 To address the shortcomings of the non-horizontal corner point geometry grids as applied to thin oil rim reservoirs 

 To demonstrate the advantages of the horizontal grids as applied to a homogeneous as well as to a heterogeneous reservoir 

 

Methodology used: 

 Presented the principle of converting non-horizontal grid into horizontal grid  

 Performed grid refinement in vertical and areal direction to minimise horizontal well deviation errors 

 Demonstrated the benefit of horizontal z-grid using a homogeneous and heterogeneous reservoir  

 

Conclusion reached  

 Non-horizontal corner point geometry grids have difficulties handling thin oil rim reservoirs. 

 Horizontal grids give more accurate prediction on gas and water coning, resulting in higher oil recovery efficiency. 

 Horizontal grids can accurately predict the optimal vertical position of a horizontal well. 

 Horizontal grids give more accurate gas-oil ratio and water cut profiles along the horizontal wellbore section. 

 

Comments 

This paper only described the advantages of horizontal gridding, but did not illustrate the drawbacks as compared to non-horizontal 

gridding. Neither did this paper explain on the methodology to upscale the reservoir properties from non-horizontal grid to 

horizontal grid. 
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SPE 64385 (2000) 

 

Title: 

Lookback on Performance of 50 Horizontal Wells Targeting Thin Oil Columns, Mahakam Delta, East Kalimantan  

 

Authors:  

Vo, D.T., Waryan, S., Dharmawan, A., Susilo, R. and Wicaksana, R. 

 

Contribution to the understanding of thin oil rim reservoir development: 

This paper discussed the parameters affecting oil recovery for thin oil column development, e.g. oil column thickness, gas-cap size, 

permeability, reservoir architecture, oil properties, production policy as well as producer configuration and placement, based on 

lessons learnt from the actual well performance data 

 

Objective of the paper: 

 To present lessons learnt from the actual well performance data to improve future well planning for horizontal wells 

 To understand the fluid flow behavior and parameters affecting oil recovery for thin oil column development 

 To investigate the reservoir evaluation aspect of horizontal wells performance 

 

Methodology used: 

 Analyzed reservoir and well performance using various techniques, e.g. single-well analytical modeling (decline curve analysis) 

and complex reservoir simulation based on three cases studies on fields in Indonesia 

 Established specific correlations between reserves and reservoir-well parameters as a screening tool for future well performance 

prediction 

 Summarized the major issues regarding well planning and specific operational strategy related to drilling, completion and 

production of horizontal wells 

 

Conclusions reached: 

 Reservoir, completion and production are the major parameters influence reservoir dynamics.  

 Established reservoir-well practices guidelines on implementation of horizontal wells to optimise thin oil rim reservoir 

development 

 Correlated RF with net oil-column thickness (ho) using 15 horizontal wells for the Serang field in Indonesia. 

 

Comments: 

Advantages: 

 Simple RF vs ho model 

 

Disadvantages: 

 Field specific correlation, thus limited scope for reliable extrapolation to carbonate systems 

 Optimistic RF correlation compared to work performed by Vo et al (even with conventional wells).  

 Comparable field analogues giving varying RF and field performance indicating that ho alone is not a sufficient correlating 

parameter for characterizing the dynamics of oil-rim development 
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SPE 89755 (2004) 

 

Title: 

Production Strategy for Thin-Oil Columns in Saturated Reservoirs 

 

Authors:  

Kabir, C.S., Agamini, M. and Holguin, R.A.  

 

Contribution to the understanding of thin oil rim reservoir development: 

Case study for establishing a recovery factor correlation using experimental design and response surface methodology 

 

Objective of the paper: 

 To discuss strategies for reserves exploitation in thin-oil columns, regardless of the size of the associated gas cap. 

 To develop simple correlations that can be used as a quick evaluation and screening tool for thin-oil-column exploitation, with 

either the conventional or the new approach. 

 

Methodology used: 

 Experimental design was used to develop these correlations by doing a parametric study involving various reservoir, fluid, and 

process parameter, employing response surface methodology. The correlations were tested and validated with independent sets 

of experimental and published field data. 

 

Conclusions reached: 

 Novel two-stage/single-stage depletion strategies for significant recovery gain are shown in reservoirs with thin oil column. 

Field data and computational results lend support to the notion presented in this study. 

 Simulation results show that the invading water traps gas, resulting in additional recovery of approximately 6% of the OOIP. 

 Simple correlations are presented to screen candidate reservoirs for both Stage 1 and the combined Stage 1 and Stage 2 

depletion schemes for 600-acre spacing. 

 The RF correlation is: 
 𝑅𝐸 = −24.626+ 1.722ℎ0 + 9.687𝑥10−4𝑘ℎ + 3.171𝑆𝑜𝑟𝑤 + 2.062𝑥10−3𝐿𝑤 + 0.276ℎ𝐺𝑂𝐶 + 4.983𝑥10−4𝑞 − 0.026ℎ𝑜

2 + 1.482𝑥10−4𝑞ℎ𝑜 − 0.019𝑞𝑆𝑜𝑟𝑤 

 where: 

ho  = Oil column thickness (ft) 

kh  = Horizontal permeability (mD) 

Sorw  = Residual oil saturation to water (fraction) 

Lw  = Horizontal well length (ft) 

HGOC = Well standoff from the gas-oil-contact (ft) 

 

Comments: 

Advantages: 

 Simple screening tool 

 Based on simulation data, correlation was tested and validated with independent sets of experimental and published field data 

 

Disadvantages: 

 Pitfall in application of experimental design and response surface methodology using simulation-based correlations for 

reservoir studies and decision-making by Amudo et al and Lawal. 

 Application is limited to the range of data source 

 Ignores reservoir architecture (structure) and fluid properties 

 Ignore production policy and abandonment conditions (e.g. wellhead pressure) 

 Not internally consistent 
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SPE 88894 (2004) 

 

Title: 

Challenges of Gas Development: Soku Field Oil Rim Reservoirs. 

 

Authors:  

Cosmo, C., & Fatoke, O.  

 

Contribution to the understanding of thin oil rim reservoir development: 

Case study for determining the reservoir parameters impacting oil recovery from thin oil rim reservoir, and for proposing an optimal 

horizontal well placement 

 

Objective of the paper: 

 To establish the sensitivity of oil rim recovery to reservoir uncertainties and development strategy, using a case study on Soku Field 

 

Methodology used: 

 An idealized box model, preconditioned to match historic production in reservoirs, is used to guide development plans under 

concurrent oil and gas production 

 The sensitivity runs were performed on seven parameters, e.g. landing depth inside the oil rim, well spacing and horizontal well 

length, permeability, producing gas-oil-ratio control, timing of gas cap offtake, rate of gas cap offtake, and timing of gas 

compression 

 The idealized box modeling results is validated in full 3D reservoir simulation models. 

 

Conclusions reached: 

Key findings specific to the study on Soku oil rim reservoirs are: 

 Low gas cap offtake rates enabled economic solutions for concurrent development of oil rims and gas caps in Soku  

 The optimal horizontal well placement is at the middle of the oil rims as the aquifer pushes the oil rim upwards during gas cap 

depletion 

 Gas well compression is optimum when is carried out at the later stage of production due to deep depletion of the gas caps 

 The optimum well length and well spacing are given at 800m and 750m respectively, resulting in the highest economic 

recovery. 

 Idealised simulation box models pre-conditioned to individual reservoir history were effective tools in investigating oil rim 

recovery sensitivity to reservoir parameters or development concepts. 

 

Comments: 

The conclusions and observations are field specific, and may not apply to other fields with different reservoir properties. 
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SPE 93137 (2005) 

 

Title: 

Reservoir Simulation Challenges for Modeling an Oil Rim with Large Gas Cap in the Poleng Field, Kujung-I Oil Reservoir, East 

Java Basin, West Madura Block, Indonesia.Technology Development. 

Authors:  

Forrest, J. K., Sukmana, A. Y., Suhana, W., & Asjhari, I. 

 

Contribution to the understanding of thin oil rim reservoir development: 

This paper explored the difficulties in modeling an oil rim with a large gas-cap using black-oil and compositional formulations 

using Poleng field as case study 

 

Objective of the paper: 

To explore the difficulties in modeling an oil rim with a large gas-cap using black-oil and compositional formulations using Poleng 

field as a case study. 

 

Methodology used: 

 Constructed a 3D reservoir simulation model by selecting the optimal grid sizes through various grid refinements sensitivities 

 Investigated and proposed suitable rock and fluid properties as input to the simulation model 

 Estimated the oil and gas in place during initialization step 

 Conducted history matching process and prediction of future production 

 

Conclusions reached: 

The conclusions are field specific towards Poleng field development plan, which will not be further illustrated in this section. 

 

Comments: 

This paper has benefited the study in terms of selecting the grid refinement methodology based on the shortest computational time, 

either using local grid refinement or refinement on the entire grid. The case study is an excellent example to optimize development 

of a thin oil rim reservoir.  
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SPE 112616 (2008) 

 

Title: 

Troll West Oilfield Development—How a Giant Gas Field Became the Largest Oil Field in the NCS Through Innovative Field and 

Technology Development. 

 

Authors:  

Jones, R. D., Saeverhagen, E., Thorsen, A. K., & Gard, S.  

 

Contribution to the understanding of thin oil rim reservoir development: 

Success story for developing an oil rim reservoirs through subsea development and extensive horizontal drilling enhancement 

 

Objective of the paper: 

 To demonstrate on how the field and technology development has evolved over the last two decades and successfully 

developed Troll field through subsea development and extensive horizontal drilling enhancement, using a case study 

 To present the plans going forward to maintain Troll field oil production and the upcoming technologies in drilling operations 

 

Methodology used: 

A case study focused on the topics of: 

 Drilling feasibility study and deployment 

 Technology development on drilling, measurement-while-drilling (MWD), and logging-while-drilling (LWD) in Troll field 

 Integrated working operations between oil operator and service provider 

 Advances in drill bit, well completion techniques, sand screens, inflow control device, drilling fluid, etc. 

  

Conclusions reached: 

 The Troll field development has through the last 10 years developed several key industry leading technologies for drilling 

operations, e.g. horizontal wells, logging while drilling, drilling fluids and completion strategies for horizontal wells. 

 Commitment and collaboration between oil company and the service provider is the key success factor towards the 

development of Troll field 

 

Comments: 

This paper has indirect contributions towards the study, only in the area of horizontal well drilling. The reservoir background and 

information provided were used for the RF correlation validation purposes in this study.   
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SPE 128603 (2009) 

 

Title: 

First-Pass Screening of Reservoirs with Large Gas Caps for Oil Rim Development 

 

Authors:  

Olamigoke, O., & Peacock, A. 

 

Contribution to the understanding of thin oil rim reservoir development: 

Case study for determining the parameters affecting thin oil rim reservoir development using reservoir performance for 35 oil rims 

from Niger Delta 

 

Objective of the paper: 

To conduct field performance review of 35 oil rims from the Niger Delta in order to identify the main factors influencing oil rim 

performance and to establish oil recovery trends 

 

Methodology used: 

 Conducted field performance review of 35 oil rims from the Niger Delta 

 Developed a generic simulation model to analyse oil rim dynamics and assess the impact on oil and gas recovery for a range of 

sub-surface uncertainties. 

 Established oil recovery correlations for each development strategy using experimental design as a first pass screening tool for 

oil recovery range for a specific oil rim type 

 Validated the oil rim trend with the actual field performance 

 Developed a qualitative screening criteria on development concepts controlled by m-factor and net oil-rim thickness (ho) for 

sequential and concurrent development of oil and gas resources in thin oil rim reservoirs, based on Soku field operated by Shell. 

 

Conclusions reached: 

 Quick screening tools for technical and economic feasibility to support key business decisions prior to using simulation studies 

 Under favourable conditions (e.g. minimal geological complexities, high permeability, low viscosity oil, strong aquifer) oil 

columns down to 20ft can be considered for development. 

 Proposed a screening criteria incorporating m-factor and oil rim thickness (ho), as below: 

 m-factor>2, ho >30ft (concurrent oil & gas development) 

 m-factor<2, ho >30ft (delay gas development until end of oil development) 

 All m-factor, ho <30ft (gas development only, oil development not feasible) 

 

Comments: 

Advantages: 

 Simple screening tool 

 Only one that considered concurrent oil and gas development 

 Good for qualitative screening 

 

Disadvantages: 

 Ignores rock and fluid properties 

 Not quantitative, limited use for screening 

 Based solely on simulation study, not supported by real field data 

 No indication of the influence of drive mechanism, production policy and abandonment conditions 

 Study dependent on oil and gas prices, development cost, only for onshore. 
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SPE 130454 (2010) 

 

Title: 

A New Approach to Thin Oil Zone Modeling In High-Dipping Multilayered Reservoirs  

 

Authors:  

Tolstukhin, E., & Olivier, P. 

 

Contribution to the understanding of thin oil rim reservoir development: 

First to assess the advantages and disadvantages of the hybrid modelling technique to perform horizontal well design optimization 

on thin oil rim reservoirs 

 

Objective of the paper: 

 To maximize oil recovery by improving the reservoir modeling and simulation for thin oil rim reservoir 

 To illuminate the main advantages and disadvantages of alternative gridding techniques 

 To provide key steps for hybrid model construction 

 

Methodology used: 

 Constructed a hybrid grid, up-scaled the reservoir properties into the hybrid grid, and validated the up-scaled model 

 Presented several examples to illustrate the benefits of using hybrid modeling as part of reservoir management and improved oil 

recovery solutions. 

 Investigated on the different gridding impacts on horizontal well representation, optimal well placement, transition zone 

modeling effect 

 

Conclusions reached: 

 Comparative analyses of alternative modeling techniques exhibited clear difference in the response for coning development and 

optimal well placement. 

 Mis-positioning of horizontal wells in the oil zone could result in a loss of up to 30% of free oil reserve. 

 Hybrid gridding technique improved the horizontal well representation, vertical well placement, and transition zone modeling. 

 

Comments: 

 No validation of the results of the model with production data, conclusion is limited to theoretical and numerical arguments 
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SPE 136955 (2010) 

 

Title: 

Preliminary Assessment of Oil-Rim Reservoirs: A Review of Current Practices and Formulation of New Concepts 

 

Authors:  

Lawal, K. A., Wells, I. A., & Adenuga, A. O.  

 

Contribution to the understanding of thin oil rim reservoir development: 

First to assess and identify the strength and weaknesses of the current available RF correlation models and guidelines 

 

Objective of the paper: 

 To analyze current subsurface uncertainties modelling by experimental design, to highlight the shortcomings and to provide 

suggestions for improvement. 

 To identify respective issues, to augment and critique with examples, and to identify scope for more consistent and value-

adding applications in the exploration and production business. 

 

Methodology used: 

 Reviewed five common models for conducting preliminary assessment of oil-rim reservoirs, highlighting the strength and 

weaknesses. 

 Introduced an integrated energy-balance approach. 

 

Conclusions reached: 

 Previous screening tools and correlations are not robust as they do not capture the key physics of oil-rim reservoirs. 

 The application of experimental design is recommended only for simple application, e.g. on a single controllable variable or 

where the range of uncertainties is well known within a narrow interval 

 The energy potential of the reservoir establishes the upper bounds of hydrocarbon recovery 

 

Comments: 

Advantages: 

 Simple screening tool 

 Incorporated physical insights into oil-rim dynamics 

 A new method based on reservoir energy potential and how it is expended 

 

Disadvantages: 

 Restrictive assumptions resulting in limited applications: 

- Gas-cap dominated drive 

- Oil offtake is at critical rate for gas coning 

- Frontal advance theory is valid (stable displacement of oil by gas-cap) 

- Negligible volumes of water and solids are produced 

- Homogeneous reservoir 
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SPE 148023 (2011) 

 

Title: 

A New Simulation Grid Type is Demonstrated for the Giant Troll Oil and Gas Field.  

 

Authors:  

Vinje, J., Nyboe, R., & Grinestaff, G. H. 

 

Contribution to the understanding of thin oil rim reservoir development: 

First paper to construct and history match a hybrid grid model using Troll field data. 

 

Objective of the paper: 

 To demonstrate the benefit of hybrid grid compared to other grid configurations in thin oil rim application using Troll field data 

 To present a workflow for hybrid grid construction, up-scaling of the reservoir properties and history matching of the field 

performance 

 

Methodology used: 

 Considered and compared four possible gridding techniques, e.g. stratigraphic grid without local grid refinement (LGR), 

stratigraphic grid with LGR around wells, horizontal grid, and hybrid grid (horizontal grid at the oil column and stratigraphic 

grid outside the oil column) 

 Described the steps to build a hybrid grid, the work processes for up-scaling and history matching the model 

 Highlighted the issues during up-scaling and remapping of the reservoir properties 

 

Conclusions reached: 

 Hybrid grid is more superior to stratigraphic grid in modeling thin oil rim reservoir with dipping stratigraphic layers  

 Hybrid grid gives a better representation of fluid contacts and horizontal well placement 

 Up-scaling the reservoir properties from stratigraphic grid to horizontal loses its quality and representation 

 Hybrid grid is only recommended when stratigraphic grid is no longer fit for purpose due to its complexity in history matching  

 

Comments: 

Demonstrated the complexity and difficulties in history match using hybrid grids, which is important aspect to be further 

investigated using another field example 
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Comput Geosci (2011) 16:211-230 

DOI 10.1007/s10596-011-9240-8 

 

Title: 

Horizontal simulation grids as alternative to structure-based grids for thin oil-zone problems: a comparison study on a Troll segment 

 

Authors:  

Pettersen, Øystein 

 

Contribution to the understanding of thin oil rim reservoir development: 

First example to assess the quality between horizontal grid and geology-based grid using areal and vertical grid refinement 

 

Objective of the paper: 

 To support the Troll project in determining the strategy for building the next generation oil zone simulation models 

 To compare and assess the quality between horizontal grid and geology-based grid using segment of Troll Field 

 To investigate the role of accurate perforation depths and fluid contact description using grid refinement sensitivity test 

 

Methodology used: 

 Built a number of equivalent simulation models for a segment of the Troll field, both geology-based (geo-grid) and horizontal 

(hor-grid), and various combinations of these  

 Build geo-grids with higher vertical resolution and construct horizontal grid using purpose-developed software, by direct 

sampling and rescaling of existing geo-grids. 

 Rescaling and mapping the properties of geo-grids to horizontal grids (e.g. porosity, net-to-gross and permeability). 

 Compared the 3 base case models (BASEGEO, BASEHOR and GEOLGR) by field production results, well production results 

and fluid contact movement. 

 Conducted grid sensitivity test by areal and vertical grid refinement for geo-grid and horizontal grid. 

 Performed grid coarsening on horizontal grid to investigate the significance of cell size towards oil recovery. 

 Optimised the horizontal layering for horizontal grid in oil, gas and water zone.  

 

Conclusions reached: 

 Accurate modeling of fluid contact movement and well perforation depths are the most crucial factors in thin oil zone problems. 

Especially when the oil-leg is very thin, approximating the perforation depths with geo-grid cell centres can lead to errors, and 

the gridding method should be chosen accordingly. 

 Simulated gas production is the most sensitive parameter to inaccuracies in perforation depths. 

 Horizontal grids can be constructed such that high resolution domains can be defined where most needed, hence increasing 

computational efficiency. 

 For the Troll segment study, it was found that: 

 The simulations on the horizontal grids had better performance than on the traditional geo-grids with the same areal 

resolution, i.e. results were more in agreement with expectations, and convergence properties were better, implying shorter 

run times. 

 Comparable results were obtained with a horizontal grid and a geo-grid with local grid refinement, but computing time for 

the latter was more than an order of magnitude larger than for the horizontal grid, and also suffered from numerical 

instabilities. 

 In the one-phase regions of the reservoir, relatively coarse cells can be used without significant loss of accuracy. 

 

Comments: 

This paper was able to investigate the well perforation depth error on a 3D sector model, which is not applicable in this study due to 

the fact that the base case model is constructed in two-dimensional only. 
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SPE 143983 (2011) 

 

Title: 

Reliable Characterization and Modeling of the Capillary Transition Zone and Flow Dynamics in the Oil Rim Reservoirs 

 

Authors:  

Masoudi, R., Karkooti, H., Othman, M., & Darman, N. B. 

 

Contribution to the understanding of thin oil rim reservoir development: 

This paper illustrated the challenges faced in developing the thin oil rim reservoirs. Extensively reviewed on concept of the 

transition zone characterization and current limitation in modeling static and dynamic properties in oil rim reservoirs 

 

Objective of the paper: 

To review extensively on the concept of the transition zone characterization and current limitations in modeling static and dynamic 

properties in oil rim reservoirs 

 

Methodology used: 

 Presented a case study using actual field data to explore on the subject of flow characteristics in capillary transitions zones 

 Utilised sector modeling from real oil rim fields to study on the displaced oil zone, the actual drainage and imbibition SCAL 

measurements, and the historical field performance data 

 Performed reservoir modeling using sole drainage and sole imbibition for initialization, imbibition and hysteresis impact on the 

flow dynamic 

 

Conclusions reached: 

 Sole drainage based modeling approach could underestimate the potential of the transition zone, which impacts negatively 

towards the project commercial attractiveness, due to significant error observed in residual oil saturation and unrealistic history 

match assumptions 

 Proper description of relative permeability, capillary pressure, and residual/initial oil saturation will lead to more realistic 

history matched model 

 

Comments: 

This paper only contributed in terms of the findings on technical challenges and solutions based on different field examples. The 

main discussion on transition zone characterization was not applicable as the capillary pressure was assigned with zero value in the 

base case models in the study. 
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SPE 158544 (2012) 

 

Title: 

Effect of Gas Cap and Aquifer Strength on Optimal Well Location for Thin-Oil Rim Reservoirs  

 

Authors: 

 Iyare, U. C., & Marcelle-de Silva, J. K. 

 

Contribution to the understanding of thin oil rim reservoir development: 

This paper presented the findings of optimal well placement due to the effect of gas cap and aquifer for thin oil rim reservoir 

 

Objective of the paper: 

To investigate the effect of gas cap and aquifer sizes on oil recovery from a reservoir with a thin oil rim using a single well 

numerical reservoir simulator model.  

 

Methodology used: 

 Constructed a single-well, homogeneous three dimensional model for a thin oil rim reservoir with a strong water drive to 

evaluate the effect of completion location and gas cap size on recovery. 

 Varied four well locations, i.e. (i) above the GOC, (ii) at the GOC, (iii) in the middle of the oil column, and (iv) below the 

OWC for varying gas cap sizes.  

 Investigated gas cap sizes corresponded to gas cap to oil pore volume ratio (m-factor) values of 0.05, 0.5, 1, 2.2 and 5. 

 

Conclusions reached: 

 For a reservoir with a large gas cap, a horizontal well completed close or below OWC can improve the ultimate oil recovery.  

 An economic analysis will be required to assess the impact of added cost for increased water handling facility. 

 

Comments: 

This paper did not consider the aquifer size as part of the sensitivity parameters, unlike in the study we conducted.  

 

 

  



34 
 

Appendix B: Reservoir and Fluid Properties 

 
Figure B-1: Relative Permeability 

 
Figure B-2: PVT Correlations 
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Appendix C: Areal and Vertical Grid Refinement 

 
Table C-1: Grid refinement parameters (Reference case is HZ-FINE4 indicated with *) 

HZ-GRID  

Naming 

ST-GRID  

Naming 

Areal Refinement (by 2) Vertical Refinement (by 3) 

Cell Diameter (DX) (ft) Cell Thickness (DZ) (ft) 

HZ-BASE ST-BASE 100 2 

HZ-FINE1 ST-FINE1 50 0.67 

HZ-FINE2 ST-FINE2 25 0.22 

HZ-FINE3 ST-FINE3 12.5 0.074 

HZ-FINE4* ST-FINE4 6.25 0.025 

 

 
Figure C-1: Areal grid refinement profiles for HZ-GRID homogeneous model.  

a) Oil rate b) Cumulative oil production c) Gas rate d) Water rate 

 

 
Figure C-2: Areal grid refinement profiles for ST-GRID homogeneous model.  

a) Oil rate b) Cumulative oil production c) Gas rate d) Water rate 
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Figure C- 3: Vertical grid refinement profiles for HZ-GRID homogeneous model.  

a) Oil rate b) Cumulative oil production c) Gas rate d) Water rate 

 

 
Figure C-4: Vertical grid refinement profiles for ST-GRID homogeneous model.  

a) Oil rate b) Cumulative oil production c) Gas rate d) Water rate 
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Appendix D: Analytical Coning Analysis 

 

Four methods were studied to determine critical rate for a horizontal well, results as shown in Table D-1. Chaperson’s method 

matched relatively well with the simulated result for HZ-GRID, Joshi’s method gives slightly lower rate, while both Efros’ method 

and Karcher’s method are pessimistic as they do not account for the effect of vertical permeability. 

 

Only Papatzacos et al. (1991) method is applicable in this type of studied reservoir (gas cap and bottom water) to analyse the 

breakthrough time and optimum well placement, results are shown in Table D-2. The average between simulated gas and water 

breakthrough time is compared against the analytical method of simultaneous gas and water breakthrough time in Figure D-1. ST-

GRID has much earlier breakthrough due to numerical dispersion, whereas HZ-GRID agrees relatively well with the analytical 

results. Analytical method suggested the optimum well placement is at the center of the oil column; while simulated results give 

highest RF at well closest to OWC to delay gas breakthrough.  
 

Table D-1: Critical rate for gas and water coning 

Methodology Assumptions and Equations 
Critical rate (stb/d) 

Gas 

coning 

Water 

coning 

Efros  

(1963) 

 Critical rate is nearly independent of drainage radius 

 Do not account for the effect of the vertical permeability 

 

𝐺𝑎𝑠𝐶𝑜𝑛𝑖𝑛𝑔 → 𝑄𝑜𝑐 = 0.0783𝑥10−4
𝑘ℎ(𝜌𝑜 − 𝜌𝑔)[ℎ − (ℎ − 𝐷𝑡)]

2𝐿

µ𝑜𝐵𝑜[𝑦𝑒 +√𝑦𝑒
2 + (ℎ2/3)]

 

𝑊𝑎𝑡𝑒𝑟𝐶𝑜𝑛𝑖𝑛𝑔 → 𝑄𝑜𝑐 = 0.0783𝑥10−4
𝑘ℎ(𝜌𝑤 − 𝜌𝑜)[ℎ − (ℎ − 𝐷𝑡)]

2𝐿

µ𝑜𝐵𝑜[𝑦𝑒 +√𝑦𝑒
2 + (ℎ2/3)]

 

0.172 0.278 

Karcher 

(1986) 

 Correlation produces a critical rate value similar to that of Efros’ equation 

 Do not account for the effect of the vertical permeability 

 

𝐺𝑎𝑠𝐶𝑜𝑛𝑖𝑛𝑔 → 𝑄𝑜𝑐 = 0.0783𝑥10−4
𝑘ℎ(𝜌𝑜 − 𝜌𝑔)[ℎ − (ℎ − 𝐷𝑡)]

2𝐿

µ𝑜𝐵𝑜[2𝑦𝑒]
𝑥 [1 − (

ℎ − (ℎ − 𝐷𝑡

𝑦𝑒
)
2

(1/24)] 

𝑊𝑎𝑡𝑒𝑟𝐶𝑜𝑛𝑖𝑛𝑔 → 𝑄𝑜𝑐 = 0.0783𝑥10−4
𝑘ℎ(𝜌𝑤 − 𝜌𝑜)[ℎ − (ℎ − 𝐷𝑝)]

2
𝐿

µ𝑜𝐵𝑜[2𝑦𝑒]
𝑥 [1 − (

ℎ − (ℎ − 𝐷𝑡

𝑦𝑒
)
2

(1/24)] 

0.173 0.278 

Chaperson  

(1986) 

 Constant oil-water interface elevation at a finite distance from the well 

 Neglected the flow restriction due to the immobile water in the crest  

 Steady-state or pseudo steady-state flowing conditions for an isotropic formation. 

 

𝐺𝑎𝑠𝐶𝑜𝑛𝑖𝑛𝑔 → 𝑄𝑜𝑐 = 0.0783𝑥10−4 (
𝐿𝑞𝑐

∗

𝑦𝑒
) (𝜌𝑜 − 𝜌𝑔)

𝑘ℎ[ℎ − (ℎ − 𝐷𝑡)]
2

µ𝑜𝐵𝑜
 

𝑊𝑎𝑡𝑒𝑟𝐶𝑜𝑛𝑖𝑛𝑔 → 𝑄𝑜𝑐 = 0.0783𝑥10−4 (
𝐿𝑞𝑐

∗

𝑦𝑒
) (𝜌𝑤 − 𝜌𝑜)

𝑘ℎ[ℎ − (ℎ − 𝐷𝑡)]
2

µ𝑜𝐵𝑜
 

Where: ∝"=(
𝑦𝑒

ℎ
)√

𝑘𝑣

𝑘ℎ
 and 𝑞𝑐

∗ = 3.9624955 + 0.0616438 ∝"− 0.000504(∝")2 

1.383 
(Matched) 

Sim: 1.5 

2.226 
(Matched) 

Sim: 2.0 

Joshi  

(1988, 1991) 

 Simplified mathematical solution by subdividing the 3D fluid flow problem into 

two bi-dimensional problems - oil flow into a horizontal well in a horizontal plane 

and in a vertical plane. 

𝐺𝑎𝑠𝐶𝑜𝑛𝑖𝑛𝑔 → 𝑄𝑜𝑐 = 0.0246𝑥10−3𝑥
(𝜌𝑜 − 𝜌𝑔)𝑘ℎ[ℎ

2 − (ℎ − 𝐷𝑡)
2]

µ𝑜𝐵𝑜𝑙𝑛(𝑟𝑒ℎ/𝑟𝑤
′)

 

𝑊𝑎𝑡𝑒𝑟𝐶𝑜𝑛𝑖𝑛𝑔 → 𝑄𝑜𝑐 = 0.0246𝑥10−3𝑥
(𝜌𝑤 − 𝜌𝑜)𝑘ℎ[ℎ

2 − (ℎ − 𝐷𝑡)
2]

µ𝑜𝐵𝑜𝑙𝑛(𝑟𝑒ℎ/𝑟𝑤
′)

 

Where: 𝑎)𝑟𝑤
′ =

𝑟𝑒ℎ[
𝐿

2𝑎
]

[1+√1−[𝐿/2𝑎]2][ℎ/2𝑟𝑤]ℎ/𝐿
 b) 𝑟𝑒ℎ = √

43560𝐴

𝜋
 c) 𝑎 = (𝐿/2) [0.5 + √0.25 + (

2𝑟𝑒ℎ

𝐿
)4]

0.5

  

0.909 1.464 
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Table D-2: Breakthrough time and optimum well placement 

Methodology Assumptions and Equations Breakthrough time 

(days) 

Optimum well  

placement (ft) 

Papatzacos et al. 

(1991) 

 Semi-analytical solutions  

 Reservoir with simultaneous gas and water cone  

 Infinite long horizontal well placed in the oil column 

 Homogeneous, anisotropic, infinite reservoir with a 

constant uniform flux horizontal well  

 

Dimensionless rate 

𝑞𝐷 =
325.86𝜇𝑜𝑞𝑜𝐵𝑜

𝐿√𝑘𝑣𝑘ℎℎ(𝜌𝑜 − 𝜌𝑔)
 

Dimensionless Breakthrough Time (for qD> 0.4) 

𝑡𝐷𝐵𝑇 = 1 − (3𝑞𝐷 − 1)𝑙𝑛 [
3𝑞𝐷

3𝑞𝐷 − 1
] 

Optimum Well Placement 

Use qD and 𝜑 to find𝛽′
𝑜𝑝𝑡

 from dimensionless figure of 

“Optimum Well Placement as a Function of 

Dimensionless Rate (Two Cone Case)” 

𝜑 =
𝜌𝑤 − 𝜌𝑜
𝜌𝑜 − 𝜌𝑔

 

572 (July 2015) 

 

Simulation results* 

HZ-GRID: (July 2015) 

ST-GRID: (August 2014) 
*average between gas and water 

breakthrough time 

Centre of oil column 

 

Simulation results 

Closest to OWC for 

HZ-GRID and  

ST-GRID 

 

 
Figure D-1: Simulated gas and water breakthrough time for HZ-GRID and ST-GRID 
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Appendix E: Model Descriptions for Optimal Horizontal Well Placement Sensitivity Runs 

 

 
Figure E-1: Model descriptions for homogeneous reservoir for five oil rim thicknesses (in ternary plot) 

 

 
Figure E-2: Model descriptions for heterogeneous reservoir for five oil rim thicknesses (in horizontal permeability) 
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Appendix F: Parametric Sensitivity Results 

Table F-1: Parametric Sensitivity Results for HZ-GRID 

                                                     Horizontal Grid 

    Base Value 
STOIIP 

(MSTB) h (ft) 

STOIIP 

(MSTB) h (ft) 

STOIIP 

(MSTB) h (ft) 

STOIIP 

(MSTB) h (ft) 

STOIIP 

(MSTB) h (ft) 

      107.718 18 152.696 26 196.01 34 237.659 42 277.645 50 

No Parameter Value 

OILCUM 

(MSTB) RF 

OILCUM 

(MSTB) RF 

OILCUM 

(MSTB) RF 

OILCUM 

(MSTB) RF 

OILCUM 

(MSTB) RF 

1 kv/kh 

1 9.0 8.4% 15.9 10.4% 25.9 13.2% 39.4 16.6% 55.6 20.0% 

0.1 12.5 11.6% 20.8 13.6% 32.5 16.6% 46.5 19.6% 62.5 22.5% 

0.01 18.4 17.1% 30.4 19.9% 445 22.7% 59.1 24.9% 73.2 26.4% 

0.001 30.8 28.6% 47.0 30.8% 60.5 30.9% 69.9 29.4% 76.0 27.4% 

2 kh 

1 8.4 7.8% 13.1 8.6% 18.0 9.2% 23.2 9.8% 27.7 10.0% 

10 9.3 8.6% 14.5 9.5% 20.3 10.3% 26.7 11.2% 32.1 11.6% 

100 12.5 11.6% 20.8 13.6% 32.5 16.6% 46.5 19.6% 62.5 22.5% 

250 15.6 14.5% 29.4 19.3% 47.7 24.3% 67.5 28.4% 85.2 30.7% 

500 20.6 19.1% 40.5 26.6% 61.7 31.5% 79.4 33.4% 94.3 34.0% 

750 25.4 23.5% 47.3 31.0% 67.0 34.2% 83.4 35.1% 96.6 34.8% 

1000 29.2 27.1% 50.7 33.2% 70.0 35.7% 85.2 35.8% 97.2 35.0% 

2000 36.7 34.0% 57.9 37.9% 74.5 38.0% 87.0 36.6% 98.1 35.3% 

3 Gascap Size* 

1 12.5 11.6% 20.8 13.6% 32.5 16.6% 46.5 19.6% 62.5 22.5% 

60 15.7 14.6% 26.6 17.4% 40.4 20.6% 56.9 24.0% 75.1 27.1% 

150 17.8 16.5% 30.6 20.1% 46.6 23.8% 64.8 27.3% 84.1 30.3% 

400 19.0 17.6% 34.8 22.8% 52.7 26.9% 72.2 30.4% 90.1 32.4% 

800 19.4 18.0% 36.6 24.0% 55.1 28.1% 75.6 31.8% 93.0 33.5% 

1600 19.7 18.3% 37.6 24.7% 57.2 29.2% 77.9 32.8% 94.7 34.1% 

4 Aquifer Size* 

1 12.5 11.6% 20.8 13.6% 32.5 16.6% 46.5 19.6% 62.5 22.5% 

70 13.2 12.3% 21.9 14.3% 34.3 17.5% 49.5 20.8% 66.6 24.0% 

675 11.3 10.5% 20.9 13.7% 34.8 17.8% 53.4 22.5% 76.4 27.5% 

1350 10.6 9.8% 19.2 12.6% 33.5 17.1% 53.1 22.3% 78.9 28.4% 

6750 9.9 9.2% 18.4 12.1% 32.9 16.8% 57.1 24.0% 86.8 31.3% 

13500 9.8 9.1% 18.3 12.0% 33.0 16.8% 57.0 24.0% 88.1 31.7% 

5 µo 

0.35 18.2 16.9% 32.0 21.0% 49.5 25.3% 69.2 29.1% 87.7 31.6% 

0.69 12.5 11.6% 20.8 13.6% 32.5 16.6% 46.5 19.6% 62.5 22.5% 

1.38 8.8 8.2% 14.1 9.3% 21.3 10.8% 30.2 12.7% 40.6 14.6% 

6.91 4.1 3.8% 6.3 4.1% 8.7 4.5% 11.6 4.9% 14.8 5.3% 

69.10 2.2 2.0% 3.0 2.0% 3.9 2.0% 4.8 2.0% 5.8 2.1% 

6 Well Spacing 

1000 12.5 11.6% 20.8 13.6% 32.5 16.6% 46.5 19.6% 62.5 22.5% 

667 18.1 16.8% 30.8 20.1% 46.2 23.6% 62.6 26.3% 80.5 29.0% 

500 22.7 21.1% 38.5 25.2% 55.6 28.4% 72.0 30.3% 86.9 31.3% 

400 26.6 24.7% 43.7 28.6% 61.2 31.2% 77.4 32.6% 90.2 32.5% 

333 29.3 27.2% 46.5 30.4% 62.7 32.0% 77.9 32.8% 89.2 32.1% 

7 qo 

2 16.2 15.0% 31.7 20.8% 51.8 26.4% 71.4 30.1% 88.3 31.8% 

4 13.3 12.4% 23.7 15.5% 37.9 19.3% 55.2 23.2% 65.7 25.5% 

6 12.5 11.6% 20.8 13.6% 32.5 16.6% 46.5 19.6% 62.5 22.5% 

8 12.0 11.1% 19.5 12.8% 29.5 15.0% 41.6 17.5% 55.8 20.1% 

10 11.7 10.9% 18.9 12.4% 27.9 14.2% 38.9 16.4% 51.5 18.5% 

30 11.2 10.4% 17.0 11.1% 23.3 11.9% 31.0 13.0% 39.1 14.1% 

50 11.1 10.3% 16.6 10.9% 22.8 11.6% 29.5 12.4% 36.9 13.3% 

100 11.0 10.2% 16.5 10.8% 22.4 11.4% 28.9 12.1% 35.5 12.8% 

1000 10.9 10.1% 16.5 10.8% 22.3 11.4% 28.5 12.0% 34.9 12.6% 

* The test values are pore volume multiplier for 6 cells at the edge of gas cap or aquifer 
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Table F-2: Parametric Sensitivity Results for ST-GRID 

 

Stratigraphic Grid 

    Base Value 
STOIIP 

(MSTB) h (ft) 

STOIIP 

(MSTB) h (ft) 

STOIIP 

(MSTB) h (ft) 

STOIIP 

(MSTB) h (ft) 

STOIIP 

(MSTB) h (ft) 

      104.430 18 147.975 26 189.723 34 229.706 42 267.926 50 

Run Parameter Value 

OILCUM 

(MSTB) RF 

OILCUM 

(MSTB) RF 

OILCUM 

(MSTB) RF 

OILCUM 

(MSTB) RF 

OILCUM 

(MSTB) RF 

1 kv/kh 

1 3.5 3.3% 7.8 5.2% 14.0 7.4% 22.8 9.9% 34.8 13.0% 

0.1 5.0 4.8% 10.3 7.0% 17.5 9.2% 27.1 11.8% 38.9 14.5% 

0.01 5.7 5.4% 11.2 7.6% 18.1 9.5% 27.1 11.8% 36.4 13.6% 

0.001 4.7 4.5% 8.5 5.8% 13.0 6.8% 17.9 7.8% 23.4 8.7% 

2 kh 

1 4.3 4.1% 7.9 5.4% 12.3 6.5% 16.7 7.3% 21.5 8.0% 

10 4.6 4.4% 8.6 5.8% 13.3 7.0% 18.5 8.0% 24.1 9.0% 

100 5.0 4.8% 10.3 7.0% 17.5 9.2% 27.1 11.8% 38.9 14.5% 

250 4.9 4.7% 11.5 7.8% 22.0 11.6% 37.1 16.2% 55.0 20.5% 

500 4.8 4.6% 13.3 9.0% 28.5 15.0% 48.9 21.3% 68.7 25.7% 

750 4.9 4.6% 15.1 10.2% 34.0 17.9% 55.9 24.3% 75.1 28.0% 

1000 4.9 4.7% 16.7 11.3% 38.4 20.2% 60.3 26.2% 78.7 29.4% 

2000 5.3 5.1% 22.3 15.0% 43.8 23.1% 68.0 29.6% 82.6 30.8% 

3 Gascap Size* 

1 5.0 4.8% 10.3 7.0% 17.5 9.2% 27.1 11.8% 38.9 14.5% 

60 6.5 6.3% 13.4 9.1% 22.8 12.0% 34.4 15.0% 48.5 18.1% 

150 7.2 6.9% 14.7 9.9% 26.9 14.2% 40.2 17.5% 56.0 20.9% 

400 7.9 7.6% 16.0 10.8% 31.4 16.6% 46.4 20.2% 63.7 23.8% 

800 8.2 7.9% 16.5 11.1% 33.8 17.8% 49.7 21.6% 67.6 25.2% 

1600 8.4 8.1% 16.8 11.4% 35.7 18.8% 52.0 22.7% 70.3 26.3% 

4 Aquifer Size* 

1 5.0 4.8% 10.3 7.0% 17.5 9.2% 27.1 11.8% 38.9 14.5% 

70 5.1 4.9% 10.6 7.2% 18.1 9.6% 28.0 12.2% 40.7 15.2% 

675 5.1 4.9% 10.9 7.4% 19.7 10.4% 31.7 13.8% 49.2 18.4% 

1350 4.8 4.6% 10.4 7.1% 19.0 10.0% 35.4 15.4% 58.6 21.9% 

6750 4.6 4.4% 9.8 6.6% 18.1 9.5% 36.2 15.8% 72.6 27.1% 

13500 4.5 4.3% 9.8 6.6% 18.0 9.5% 36.4 15.8% 74.7 27.9% 

5 µo 

0.35 6.7 6.4% 14.2 9.6% 25.3 13.3% 40.1 17.4% 57.1 21.3% 

0.69 5.0 4.8% 10.3 7.0% 17.5 9.2% 27.1 11.8% 38.9 14.5% 

1.38 3.7 3.5% 7.4 5.0% 12.1 6.4% 18.3 8.0% 25.8 9.6% 

6.91 2.3 2.2% 4.0 2.7% 6.0 3.2% 8.4 3.7% 11.1 4.2% 

69.10 1.4 1.3% 2.2 1.5% 3.0 1.6% 3.8 1.6% 4.7 1.8% 

6 Well Spacing 

1000 5.0 4.8% 10.3 7.0% 17.5 9.2% 27.1 11.8% 38.9 14.5% 

667 7.2 6.9% 15.4 10.4% 26.6 14.0% 40.7 17.7% 56.2 21.0% 

500 9.4 9.0% 19.9 13.4% 34.4 18.2% 51.1 22.2% 67.8 25.3% 

400 11.6 11.1% 24.1 16.3% 40.7 21.4% 58.4 25.4% 74.9 28.0% 

333 13.7 13.1% 27.5 18.6% 44.7 23.6% 62.0 27.0% 75.7 28.3% 

7 qo 

2 5.2 5.0% 12.4 8.3% 24.5 12.9% 41.4 18.0% 57.8 21.6% 

4 5.0 4.8% 10.9 7.3% 19.4 10.3% 31.8 13.8% 45.2 16.9% 

6 5.0 4.8% 10.3 7.0% 17.5 9.2% 27.1 11.8% 38.9 14.5% 

8 5.0 4.8% 10.0 6.7% 16.4 8.6% 25.3 11.0% 35.2 13.2% 

10 5.0 4.7% 9.8 6.6% 15.8 8.3% 23.8 10.3% 32.8 12.2% 

30 4.9 4.7% 9.3 6.3% 14.1 7.5% 19.7 8.6% 25.2 9.4% 

50 4.9 4.7% 9.2 6.3% 13.8 7.3% 19.0 8.3% 23.8 8.9% 

100 4.9 4.7% 9.2 6.2% 13.6 7.2% 18.5 8.1% 22.9 8.6% 

1000 4.9 4.7% 9.2 6.2% 13.6 7.2% 18.3 8.0% 22.5 8.4% 

* The test values are pore volume multiplier for 6 cells at the edge of gas cap or aquifer 
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Figure F-1: Parametric sensitivity on oil rim recovery factor using five oil rim thicknesses for ST-GRID 
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Appendix G: Recovery Factor Correlations Derivation 

 
Table G-1: RF Correlation for 2-parameters 

 
Parameter X1 X2 X3 X4 X5 X6 X7 X8 

Simulated 

RF 

X1   30% 13% 25% 18% 34% 15% 23% 

X2     17% 34% 34% 41% 15% 36% 

X3       13% 6% 21% 8% 11% 

X4         21% 38% 17% 28% 

X5           30% 8% 17% 

X6             20% 32% 

X7               12% 

X1                 

Calculated 

RF 

X1   32% 15% 24% 15% 31% 16% 23% 

X2     23% 44% 24% 39% 25% 31% 

X3       15% 6% 22% 7% 13% 

X4         16% 31% 16% 23% 

X5           22% 8% 14% 

X6             23% 30% 

X7               15% 

X1                 

% Error 

X1   7% 16% -2% -13% -10% 3% -1% 

X2     38% 29% -30% -3% 64% -13% 

X3       15% -3% 5% -8% 24% 

X4         -26% -19% -5% -18% 

X5           -26% -1% -16% 

X6             17% -8% 

X7               27% 

X1                 

ΔRF 

X1   2% 2% 0% -2% -3% 1% 0% 

X2     6% 10% -10% -1% 10% -5% 

X3       2% 0% 1% -1% 3% 

X4         -6% -7% -1% -5% 

X5           -8% 0% -3% 

X6             3% -2% 

X7               3% 

X1                 

Correction 

Factor 

X1   -2 11 1 -16 4 5 1 

X2     15 -10 -30 1 38 6 

X3       10 2 3 12 18 

X4         -37 8 -7 16 

X5           -26 1 -23 

X6             15 4 

X7               38 

X1                 
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Table G-2: RF Correlation for 3-parameters 

 Parameter X1 X2 X3 X4 X5 X6 X7 X8 

Simulated 

RF 

X1X2     20% 39% 40% 42% 20% 37% 

X1X3       19% 14% 28% 12% 16% 

X1X4         33% 46% 23% 35% 

X1X5           43% 16% 30% 

X1X6             32% 32% 

X1X7               18% 

X2X3       26% 20% 34% 11% 30% 

X2X4         39% 47% 31% 44% 

X2X5           46% 10% 49% 

X2X6             30% 43% 

X2X7               20% 

X3X4         16% 31% 13% 20% 

X3X5           25% 6% 11% 

X3X6             18% 26% 

X3X7               9% 

X4X5           38% 20% 32% 

X4X6             32% 45% 

X4X7               26% 

X5X6             25% 41% 

X5X7               11% 

X6X7               25% 

Calculated 

RF 

X1X2     27% 37% 28% 43% 29% 37% 

X1X3       19% 15% 31% 11% 20% 

X1X4         24% 38% 23% 30% 

X1X5           31% 16% 22% 

X1X6             32% 39% 

X1X7               20% 

X2X3       24% 15% 38% 12% 33% 

X2X4         41% 48% 33% 42% 

X2X5           47% 32% 39% 

X2X6             28% 46% 

X2X7               20% 

X3X4         13% 27% 14% 18% 

X3X5           20% 5% 11% 

X3X6             19% 26% 

X3X7               9% 

X4X5           36% 20% 26% 

X4X6             30% 43% 

X4X7               26% 

X5X6             28% 35% 

X5X7               12% 

X6X7               25% 
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Table G-2: RF Correlation for 3-parameters (Continued) 

% Error 

12     34% -5% -30% 2% 45% 1% 

13       0% 5% 10% -8% 22% 

14         -26% -17% 1% -15% 

15           -28% -3% -25% 

16             2% 20% 

17               12% 

23       -9% -27% 10% 13% 9% 

24         4% 2% 5% -3% 

25           2% 234% -21% 

26             -7% 7% 

27               -3% 

34         -20% -12% 10% -10% 

35           -21% -12% 4% 

36             8% -1% 

37               7% 

45           -4% 1% -18% 

46             -7% -4% 

47               2% 

56             12% -15% 

57               16% 

67               0% 

ΔRF 

12     7% -2% -12% 1% 9% 1% 

13       0% 1% 3% -1% 4% 

14         -9% -8% 0% -5% 

15           -12% 0% -7% 

16             1% 6% 

17               2% 

23       -2% -5% 4% 1% 3% 

24         1% 1% 2% -2% 

25           1% 23% -10% 

26             -2% 3% 

27               -1% 

34         -3% -4% 1% -2% 

35           -5% -1% 0% 

36             1% 0% 

37               1% 

45           -2% 0% -6% 

46             -2% -2% 

47               0% 

56             3% -6% 

57               2% 

67               0% 

Correction 

Factor 

12     262 33 -573 -8 579 -12 

13       -4 -162 119 314 400 

14         -924 152 35 277 

15           -660 184 -1085 

16             49 -168 

17               428 

23       -79 532 63 -188 129 

24         65 -6 101 32 

25           25 -3886 -614 

26             -61 -31 

27               -49 

34         707 -152 -372 -217 

35           570 -607 -140 

36             -203 -9 

37               -230 

45           -85 -54 -779 

46             -149 43 

47               79 

56             -567 -433 

57               -864 

67               -2 
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Table G-3: RF Correlation for 4-parameters 

 

Parameter X3X4 X3X5 X3X6 X3X7 X3X8 X4X5 X4X6 X4X7 X4X8 X5X6 X5X7 X5X8 X6X7 X6X7 X7X8 

Simulated 

RF 

X1X2 30% 26% 37% 15% 31% 47% 51% 39% 51% 49% 17% 53% 35% 41% 25% 

X1X3           26% 41% 19% 27% 39% 14% 23% 27% 27% 14% 

X1X4                   50% 30% 48% 45% 49% 32% 

X1X5                         41% 49% 24% 

X1X6                             30% 

X2X3           33% 41% 23% 41% 40% 7% 38% 24% 39% 14% 

X2X4                   49% 36% 57% 40% 49% 44% 

X2X5                         34% 55% 21% 

X2X6                             32% 

X3X4                   32% 15% 24% 28% 38% 19% 

X3X5                         22% 36% 9% 

X3X6                             19% 

X4X5                         33% 50% 31% 

X4X6                             39% 

X5X6                             35% 

Calculated 

RF 

X1X2 27% 18% 33% 17% 34% 46% 52% 37% 44% 53% 17% 45% 33% 47% 25% 

X1X3           27% 41% 18% 24% 33% 18% 25% 24% 39% 15% 

X1X4                   46% 31% 37% 29% 36% 18% 

X1X5                         41% 48% 25% 

X1X6                             37% 

X2X3           27% 41% 24% 37% 33% 8% 28% 24% 39% 15% 

X2X4                   52% 37% 44% 45% 52% 42% 

X2X5                         44% 51% 15% 

X2X6                             35% 

X3X4                   29% 14% 21% 29% 36% 18% 

X3X5                         23% 30% 9% 

X3X6                             22% 

X4X5                         33% 45% 30% 

X4X6                             37% 

X5X6                             30% 

% Error 

X1X2 -12% -32% -9% 15% 11% -1% 2% -5% -14% 8% 2% -16% -7% 16% 0% 

X1X3           1% -1% -6% -12% -16% 35% 8% -12% 44% 10% 

X1X4                   -8% 2% -22% -35% -27% -44% 

X1X5                         0% -3% 3% 

X1X6                             23% 

X2X3           -20% -1% 4% -12% -17% 19% -27% 1% 0% 12% 

X2X4                   6% 3% -22% 14% 6% -4% 

X2X5                         31% -8% -30% 

X2X6                             7% 

X3X4                   -8% -5% -12% 5% -7% -3% 

X3X5                         4% -17% 3% 

X3X6                             15% 

X4X5                         -1% -9% -1% 

X4X6                             -4% 

X5X6                             -14% 

ΔRF 

X1X2 -3% -8% -3% 2% 3% 0% 1% -2% -7% 4% 0% -9% -2% 7% 0% 

X1X3           0% 0% -1% -3% -6% 5% 2% -3% 12% 1% 

X1X4                   -4% 1% -11% -16% -13% -14% 

X1X5                         0% -1% 1% 

X1X6                             7% 

X2X3           -6% 0% 1% -5% -7% 1% -10% 0% 0% 2% 

X2X4                   3% 1% -13% 6% 3% -2% 

X2X5                         11% -4% -6% 

X2X6                             2% 

X3X4                   -2% -1% -3% 2% -3% -1% 

X3X5                         1% -6% 0% 

X3X6                             3% 

X4X5                         0% -5% 0% 

X4X6                             -1% 

X5X6                             -5% 

Correction 

Factor 

X1X2 -2018 13602 -919 -4702 2621 -214 -133 -1953 2497 1407 -728 -8678 -1200 -1161 -156 

X1X3           -937 -313 5503 -5722 11543 66442 -8872 7981 10442 -8959 

X1X4                   -3386 -4188 -24187 -17619 5226 -41872 

X1X5                         -82 -1410 -7021 

X1X6                             10468 

X2X3           9711 -102 -2045 -3544 5101 7646 20912 -139 -23 -4698 

X2X4                   1023 -3123 -11661 2572 -443 -1978 

X2X5                         -13856 -2042 21527 

X2X6                             1509 

X3X4                   4091 -9177 13552 -3474 -2088 3536 

X3X5                         6220 13633 4933 

X3X6                             -9139 

X4X5                         1248 -4697 2032 

X4X6                             -1907 

X5X6                             20245 

 


