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Abstract 

 

        Depletion performance of combination drive oil reservoirs is highly influenced 

by changes in reservoir rock and fluid data, relative permeability data, and PVT data 

of reservoir.  

        Future prediction of combination drive oil reservoirs is therefore difficult due to 

the long term and huge equations, and the sensitivity of data especially the PVT data 

and relative permeability curve.  

         In this thesis, an integrated analytical model was constructed with a computer 

program to simulate the combination drive oil reservoirs performance.  It has  coupled 

the general material balance equation with water Influx equations, water-Invaded pore 

volume equations, gas- invaded pore volume equations, oil and gas saturation 

equations, and fluids contacts equations for petroleum reservoirs. All these equations 

are solved simultaneously and with reservoir depletion stages.  

      The different equations used in the integrated model have been programmed so 

that it can be utilized in history match mode to estimate original fluids in place, 

aquifer parameters, and saturation distribution of oil, gas, and water. The model also 

estimates fluids contacts level, and effective recovery factor during gas movement 

from higher to lower level and water aquifer movement from lower to higher level 

towards oil zone in all reservoir depletion stages.   

           The model has been validated using published cases for various oil reservoirs 

conditions. It has been shown a good match between the results of published cases 

and the integrated model ones for these reservoirs. After validating the integrated 

model, it has been used to simulate an Egyptian Combination Drive Reservoir. The 



reservoir production history has been matched and the future production performance 

for this reservoir was carried out. 

        In this study, it was noted that the model is capable to predict reservoir 

performance under water or gas injection or both. 

 

        

 

 

 

 

 

 

 

 

 

 

 

 

 



Table of Contents                                                                Page                                                                                

 

List of Tables ……………………………...………………………………….…...… I 

List of Figures ……………………………..……………………………………...…II 

Nomenclatures ……………………………..…………………………………...…VII 

Chapter (1): Introduction……………………...…………………………………..…1 

Chapter (2): Literature Review ……………………………………………………...4 

Chapter (3): Statement of the Problem……………..……………………………….19 

Chapter (4): Model Procedures….…………………….…………………….......…. 21  

A. History Analysis of Combination Drive Reservoirs…………….………..…..….21 

B. Predicting the Future Performance of Combination Drive Reservoirs…….….....35 

C. Predicting the Performance of Combination Drive Reservoir during Water and 

Gas Injection………………………………………………..……………...…….41 

D. Model Flow Diagram……....………………………………..………………...…46 

1. Simplified Flow Diagram for History Analysis of Combination Drive 

Reservoirs………………………………………..…………..….………..………46 

2. Simplified Flow Diagram for Prediction the Future Performance of Combination- 

Drive Reservoirs.…………...…………………..……..……………………….…49 

3. Simplified Flow Diagram for Water Influx Calculations………………………...52 

4. Simplified flow diagram for predicting the performance of combination drive 

reservoirs during water and gas injection………………………………………...55 

Chapter (5): Program Verification………………..…………………………...…….58 

Chapter (6): Application on an Egyptian Oil Field………………...….………....…86 

Chapter (7): Conclusions and Recommendations………………….………….......111 

References ………….…….…………………………………………...……….…..112 

Appendix…………………………………………….…………………………..…116 

Arabic Abstract……………………...……………………………………….........180 



I 
 

List of Tables                                                                        page 

 

Table (4-1): A simplified program for determining the type of decline using 

Excel sheet………………………………………...…………………………..37 

Table (5-1):  Pressure Production History Case (1)………….…………….…59 

Table (5-2):  Reservoir PVT Data Case (1)………………………...…………59 

Table (5-3):  Reservoir Rock and Fluid Data Case (1)…………………….…60 

Table (5-4):  Pressure Production History Case (2)…………………………..71 

Table (5-5):  Reservoir Rock and Fluid Data Case (2)……………………….72 

Table (5-6):  Reservoir PVT Data Case (2)……………………………...........73 

Table (5-7):   Reservoir Relative Permeability Data Case (2)…………………73 

Table (6-1):   Summary of main lab. Results for the Egyptian oil field………89 

Table (6-2):  Composition of Stock Tank (by Flash/Extended Chromatography 

up to C40) for the Egyptian oil field……………………………………….…91 

Table (6-3):   Composition of Flashed Gas (by capillary Gas Chromatography) 

for the Egyptian oil field…………………………………………………..…93 

Table (6-4).   Average Flashed Gas Properties for the Egyptian oil field.94 

Table (6-5):   Pressure Production History for the Egyptian oil field………….99 

Table (6-6):  Reservoir Rock and Fluid for the Egyptian oil field……..........…100 

 

 

 

 

 

 

 

 



II 
 

 

List of Figures                                                                       page 

 

Figure (1-1): Combination-drive reservoir............................................................2 

Figure (2-1): Oil saturation adjustment for gas-cap expansion and water 

influx…………..............................................................................................................7 

Figure (2-2): Trapped gas saturation (Sgr) versus initial gas saturation (Sgi)………..8 

Figure (2-3): Water-oil fractional flow curve with Welge tangent and Swavg………10 

Figure (2-4): Gas-oil fractional flow curve with Welge tangent and Sgavg……….…10 

Figure (2-5):Havlena and Odeh straight-line plot.......................……………………13 

Figure (2-6): Havlena and Odeh straight-line plot for combination drive 

reservoirs…………………………………………………………………………..…13 

Figure (2-7): Schematic of fluid saturations in a reservoir with a primary gas cap and 

water leg where the GOC moves down and the WOC moves up…………………...16 

Figure (2-8): The difference between two different bounded reservoirs…………..18 

Figure (4-1): A simplified flow diagram for Welge method in case of water 

displacement………………………………………………………………………….29 

Figure (4-2): A simplified flow diagram for Welge method in case of gas 

displacement………………………………………………………...………………..30 

Figure (4-3):  Future prediction flow diagram for Combination drive 

reservoirs……………………………………………………………..………………40 

Figure (4-4): Driving indexes in a combination-drive reservoir…………………….44 

Figure (5-1): Aquifer Constant ( C )  by using Model and Aquifer Constant (C)  for 

the Actual Data versus Time Case(1)……………………………………………..…61 

Figure (5-2): Oil Saturation in un-invaded Zone by using different Equations that 

presented by Smith, Wooddy, and Tarek Ahmed versus Time Case (1)………...…..62 

Figure (5-3): Free Gas Saturation in un-invaded Zone by using different Equations 

that presented by Smith, Wooddy, and Tarek Ahmed versus Time 

Case(1)..…………………………………………………………………………..….62 

Figure (5-4): Residual Saturations in Invaded Zones by using different Equations and 

methods that presented by Welge, Naar, and Assumed values in previous Researches 

versus Time Case(1)……………………………….....................................................63 



III 
 

Figure (5-5): Average Gas Saturation (Sgavg) in Gas Invaded Zone and Average 

Water Saturation (Swavg) in Water Invaded Zone versus Time Case (1)……………63 

Figure (5-6): Water Oil Contact (WOC) Depth versus Pore Volume above Water Oil 

Contact (PVWOC) Case (1)………………………………………………………..….64 

Figure (5-7):  Gas Oil Contact (GOC) Depth versus Pore Volume Above Gas Oil 

Contact (PVGOC) Case (1)………………………..…………………………………...64 

Figure (5-8):  Drive Indices versus Time Case (1)………..…………………………65 

Figure (5-9):  Recovery Factor for Depletion Drive (DD), Water Drive (WD), Gas 

Cap Drive (GCD), and Effective Recovery Factor (RFeff) versus Time Case (1) …..65 

Figure (5-10):  History Pressure Data and Future Reservoir Pressure by Developed 

Model and IMBAL Software compared with The Actual Pressure Data versus Time 

Case(1)………………………………………………...……………………………..66 

Figure (5-11):  Comparison between Water Influx by Aquifer Model, Material 

Balance Equation (MBE), and IMBAL Software in History Region and Future Region 

versus Time Case(1)………………………………………………...………………..67 

Figure (6-12):  The produced GOR at Average Gas Saturation at Average pressure 

Between two Time Step (ProdGOR1 @ Sgavg Calculated at  Pavg=(P1+P2)/2, the 

Produced GOR at Average Gas Saturation Calculated from Gas Saturation at each 

step (ProdGOR2 @ Sgavg=(Sg1+Sg2)/2), and The Produced GOR from IMBAL 

Software versus Time Case(1)……………………………………………………….67 

Figure (5-13):  The Error Percentage of GOR versus Time Case (1)……………..68 

Figure (5-14): Oil rate versus Time from Production History data for case (2)…….74 

Figure (5-15): Gas rate versus Time from Production History data for case (2)……74 

Figure (5-16): Water rate versus Time from Production History data for Case (2)…75 

Figure (5-17):  Aquifer Constant ( C )  by using Model and Aquifer Constant (C)  for 

the Actual Data versus Time Case (2)………………...……………………………...75 

Figure (5-18): Oil Saturation in un-invaded Zone by using different Equations that 

presented by Smith, Wooddy, and Tarek Ahmed versus Time Case (2)…………….76 

Figure (5-19):  Residual Saturations in Invaded Zones by using different Equations 

and methods that presented by Welge, Naar, and Assumed values in previous 

Researches versus Time Case (2)……………………………………………………77 

Figure (5-20):  Average Gas Saturation (Sgavg) in Gas Invaded Zone and Average 

Water Saturation (Swavg)  in Water Invaded Zone versus Time Case (2)…………….77 



IV 
 

Figure (5-21):  Water Oil Contact (WOC) Depth versus Pore Volume above Water 

Oil Contact (PVWOC) Case (2)………………………………………………………..78 

Figure (5-22):  Gas Oil Contact (GOC)  Depth versus Pore Volume Above Gas Oil 

Contact (PVGOC) Case (2)………………………………………………………….....78 

Figure (5-23):  Drive Indices versus Time Case (2)………………………………....79 

Figure (5-24):  Recovery Factor for Depletion Drive (DD), Water Drive (WD), Gas 

Cap Drive (GCD), and Effective Recovery Factor (RFeff) versus Time Case (2)……79 

Figure (5-25):  History Pressure Data and Future Reservoir Pressure by Developed 

Model and IMBAL Software compared with The Actual Pressure Data versus Time 

Case (2)………………………………………………………………………………80 

Figure (5-26):  Comparison between Water Influx by Aquifer Model, Material 

Balance Equation (MBE), and IMBAL Software in History Region and Future Region 

versus Time Case (2)…………………………………………………………………81 

Figure (5-27):  The produced GOR at Average Gas Saturation at Average pressure 

Between two Time Step (ProdGOR1 @ Sgavg Calculated at  Pavg=(P1+P2)/2, the 

Produced GOR at Average Gas Saturation Calculated from Gas Saturation at each 

step (ProdGOR2 @ Sgavg=(Sg1+Sg2)/2), and The Produced GOR from IMBAL 

Software versus Time Case (2)………………………………………………………81 

Figure (5-28): The Error Percentage of GOR versus Time Case (2)……………..…82 

Figure (5-29): The effect of gas injection and water injection on recovery factor.....82 

Figure (6-1): Sand Thickness Map for the Egyptian oil field……………………….87 

Figure (6-2):  Stracture Contour Map for the Egyptian oil field…………………….88 

Figure (6-3):Oil formation volume factor versus pressure for the Egyptian oil field.94 

Figure (6-4): Solution gas oil ratio versus pressure for the Egyptian oil field………95 

Figure (6-5):Gas formation volume factor versus pressure for the Egyptian oilfield.95 

Figure (6-6): Oil viscosity versus pressure for the Egyptian oil field……………….96 

Figure (6-7): Gas viscosity versus pressure for the Egyptian oil field………...........96 

Figure (6-8a): Resistivity(LLD&MSFL) and Porosity Well logs for the Egyptian oil 

field…………………………………………………………………..……………….97 

Figure (6-8b): Gamma Ray Well log for the Egyptian oil field………………..……98 

Figure (6-9):  Havlena and Odeh approach for the Egyptian oil Field for determining 

the OOIP and Aquifer Constant.................................................................................101 



V 
 

Figure (6-10): Oil Saturation in un-invaded Zone by using Equation that presented by 

Wooddy versus Time for the Egyptian oil Field........................................................102 

Figure (6-11):  Average Gas Saturation (Sgavg) in Gas Invaded Zone and Average 

Water Saturation (Swavg)  in Water Invaded Zone versus Time for the Egyptian oil 

Field............................................................................................................................102 

Figure (6-12):  Residual Saturations in Invaded Zones by using different Equations 

and methods that presented by Welge, Naar, and Assumed values in previous 

Researches versus Time for the Egyptian oil Field…................................................103 

Figure (6-13):  Drive Indices versus Time for the Egyptian oil Field……………...104 

Figure (6-14):  Recovery Factor for Depletion Drive (DD), Water Drive (WD), Gas 

Cap Drive (GCD), and Effective Recovery Factor (RFeff) versus Time for the 

Egyptian oil Field………………………………………………………………..….104 

Figure (6-15):  Water Oil Contact (WOC) Depth versus Pore Volume above Water 

Oil Contact (PVWOC) for the Egyptian oil Field……………………………….……105 

Figure (6-16):  Gas Oil Contact (GOC)  Depth versus Pore Volume Above Gas Oil 

Contact (PVGOC) for the Egyptian oil Field………………………………...............105 

Figure (6-17):  History Pressure Data and Future Reservoir Pressure by Developed 

Model and IMBAL Software versus Time for the Egyptian oil Field……………..106 

Figure (6-18):  Comparison between Water Influx by Aquifer Model, Material 

Balance Equation (MBE), and IMBAL Software in History Region and Future Region 

versus Time for the Egyptian oil Field………………………………………..……107 

Figure (6-19):  The produced GOR at Average Gas Saturation and Average pressure 

Between two Time Step (ProdGOR1 @ Sgavg Calculated at  Pavg=(P1+P2)/2, the 

Produced GOR at Average Gas Saturation Calculated from Gas Saturation at each 

step (ProdGOR2 @ Sgavg=(Sg1+Sg2)/2), and The Produced GOR from IMBAL 

Software versus Time for the Egyptian oil Field…………………………………...107 

Figure (6-20): The Error Percentage of GOR versus Time for the Egyptian oil 

Field……………………………………………………………………….………..108 

 

 

 

 

 



VI 
 

Nomenclatures 

 

A = Area of the reservoir, acres 

B = aquifer constant, bbl/psi  

BGOC = Bottom gas-oil contact, ft sub sea 

BWOC = Bottomwater-oil contact, ft sub sea  

Cf = Compressibility of the aquifer formation, psi
-1

 

Ct = Total (water plus formation) compressibility, Psi
-1

 

Cw = Compressibility of the water, psi-1 

f  = Encroachment angle, degree 

fg = Fraction of gas in the flowing stream in the reservoir, fraction 

fw = Fraction of water in the flowing stream in the reservoir, fraction 

G = Initial gas-cap gas, scf 

Gfg = Cumulative free gas produced from un-invaded oil zone to end of period, Mcf at 

std. condition 

Gi = Cumulative injected gas at standard conditions, SCF 

Gi(ext) = Cumulative gas injected in excess of that produced from the beginning of 

pressure maintenance operations to end of the period, Mcf at std. condition 

GOC = Gas-oil contact, ft sub sea 

GOR= Instantaneous gas-oil ratio, scf/STB 

Gp = Cumulative gas produced, scf 

Gpc = Cumulative gas production from  the gas cap, SCF 

Gx = Total volume of gas in any segment at end of period, ft
3
 

H = Formation thickness, ft 

h = Thickness of reservoir, ft 

hw = aquifer thickness, ft 

krg= Relative permeability of the reservoir rock to gas 

Kro = Relative permeability of the reservoir rock to oil 

Kro/Krg = Ratio of the relative permeabilities of the reservoir rock to oil and gas 

Kro/Krw = Ratio of the relative permeabilities of the reservoir rock to oil and water 

Krw = Relative permeability of the reservoir rock to water 

m = Ratio of initial gas-cap-gas reservoir volume to initial reservoir oil volume, 

bbl/bbl 
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M1 = Slope of the In Kro/Krg vs Sg curve  

M2 = Slope of the In Kro  vs Sg curve 

M3 = Slope of the In Kro/Krw vs Sw curve 

M4 = Slope of the In Krovs Sw curve 

N = original oil-in-place, STB 

Np = Cumulative oil produced, STB 

Npg = Oil production from the gas-invaded zone, STB 

 t = Total elapsed time since initial days production,days 

OGIP = original free gas-in-place in standard conditions, SCF  

OGOC = original gas-oil contact, ft sub sea 

OOIP = original oil-in-place at surface conditions, STB  

OWOC = original water-oil contact, ft sub sea 

Pb = Bubble point pressure, psi 

PD = dimensionless pressure 

PD' = first derivative of dimensionless pressure 

Pi= Initial reservoir pressure, psi 

Powc = pressure at the original OWC, psi 

Powf = pressure at the oil/water front, psi   

Pr = reservoir pressure, psi 

PV = pore volume of the reservoir, res bbl 

PVBOTTOM = pore volume from the bottom to the top of the reservoir, res bbl 

PVBWOC = pore volume from bottom water-oil contact to top of reservoir, res bbl 

PVGOC = pore volume from gas-oil contact to top of reservoir, res bbl 

PVOGOC = pore volume from original gas-oil contact to top of reservoir, res bbl 

PVOWOC = pore volume from original water-oil contact to top of reservoir, res bbl 

PVWOC = pore volume from water-oil contact to top of reservoir, res bbl 

QtD = dimensionless flow rate 

QTx = Total volume of fluid invading any segment during period, ft
3
 

ra = radius of the aquifer, ft 

rD = dimensionless radius, ra/re 

re = radius of the reservoir, ft 

Rgc = Current gas/oil contact radius,ft 

Rgi = Initial gas/oil contact radius, ft 

Ro = Original oil reservoir radius, ft 
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Roc = Current oil/water contact radius 

Rp = Cumulative produced gas-oil ratio, scf/STB 

Rs    = current gas solubility, scf/STB 

Rsi= Original dissolved gas-oil ratio, SCF/STB 

Sg = gas saturation, fraction 

Sgc = critical gas saturation, fraction 

Sgo = Gas saturation in oil zone, fraction 

Sgr = Residual gas saturation in the shrinking zone, fraction 

Sgrg = Residual gas saturation in the gas-invaded zone, fraction 

Sgrw = Trapped gas saturation in the water-invaded zone, fraction 

Sgt = trapped gas saturation, fraction 

Sin (Ɵ)= Sine of the angle of formation dip 

Sorg = Residual oil saturation in the gas-invaded zone, fraction 

Sorgw = residual oil saturation to oil displacement followed by water displacement, 

fraction 

Sorw = Trapped oil saturation in the water-invaded zone, fraction 

Sorwg = residual oil saturation to gas displacement followed by water displacement, 

fraction 

Swa = Average water saturation in the water- invaded zone, fraction 

Swi = initial or connate water saturation (Swc), fraction 

t   =   Time, days 

tD = dimensionless time 

Ti = Initial reservoir temperature, 
o
F  

tj = cumulative elapsed time at end of jth interval, days 

Vg = reservoir volume of remaining gas at a given reservoir pressure, res bbl 

Vo = reservoir volume of remaining oil at a given reservoir pressure, res bbl 

We = Cumulative water influx, bbl 

Wi = initial volume of water in the aquifer, bbl 

Wi(ext) = Cumulative water injected in excess of that produced from the beginning of 

pressure maintenance operation to end of the period, bbl 

Winj= Cumulative water injected, STB 

WOC = water-oil contact,ft sub sea 

Wp = cumulative water production, STB 

βg =   Gas formation volume factor at average reservoir conditions, bbl /SCF 


