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Water injection, gas injection or WAG flooding can have drawbacks such as 

increases in residual oil, introducing areas where oil sweeping does not occur and 

fluid segregation. Gravity segregation needs some time and distance to occur, so 

that the vertical conformance is good in places near the well and will be deterred 

as far from injected well. The size of these regions is principally related to 

injection rate, vertical permeability and density difference between water and gas. 

Furthermore, fluid injection has adequate length in which the vertical conformance 

is maintained.  In IOR flooding processes it is essential to design a reservoir 

flooding that water-gas mixed the region is larger relative to the reservoir volume 

to be flooded by each well. This study benefits from prior associated researches to 

investigate the dominant factors controlling segregation around the injection wells 

and proposes a new analytic model for tilted reservoirs. The model has better 

prediction to the length of segregation rather than former models.   
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1. Introduction 

The most renowned approaches in IOR are water flooding, gas flooding and water alternating gas 

(WAG) flooding. In gas flooding, gas overrides to top of the formation due to the gas’ low. In this 

sense, contradictory results are obtained when flooding a reservoir with water [1-3]. To reach the 
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maximum hydrocarbon recovery it is expedient to maintain vertical conformance throughout the flow 

path from injection wells to production wells. This maintenance causes injected fluid volumes to 

preserve a piston-wise state and lessens fingering in the formation. In 1982 Stone proposed a 

convenient model for gravity segregation which Jenkins in 1984 enhanced [4,5]. This model is 

employed for the steady sate, uniform co-injection of gas and water in a homogeneous porous 

medium with the assumption that in the steady state injection, the formation separates into three 

specific divisions of uniform saturation that have sharp boundaries linking them. These subordinate 

zones consist of an override gas flowing zone, an under ride water flowing zone and a mixed zone 

with both gas and water flowing in coexistence. 

 By supposing that the horizontal (or radial) coordinate of pressure gradient is independent of its 

vertical coordinate at any location, Stone and Jenkins derived equations for the specific length of 

complete segregation of water, gas or WAG injection in rectangular and cylindrical reservoirs, 

respectively as:  
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Where Q is the total injection rate of gas in addition to water, zk  is the vertical permeability, g is the 

gravity acceleration, W is the formation thickness in the vertical direction, w and g are densities of 

water and gas respectively and 
m

rt  is the total relative mobility in a mixed zone. 

Eqs 1 and 2 were developed into dimensionless equations by Shi and Rossen, a dimensionless 

equation based on Eq 1, for rectangular coordinates is [6]: 
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In  Eq 3, L is the reservoir length, gN  and LR  are dimensionless gravity numbers and reservoir 

aspect ratio, respectively, 
m

p is the lateral pressure gradient in the mixed zone at the injection face, 

H is reservoir height and hk is horizontal permeability. 
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It should be noted that a similar equation for cylindrical coordinates is also presented by Shi and 

Rossen (1998). Equations above could be utilized to simulate results of gas, water and WAG injection 

to match experimental data [6-8].  

In 2009 Jamshidnezhad argued that all Stone-based Equations, like Jenkins’, 1984, Shi and Rossen’s, 

1998 and lastly Rossen and Van Duijin’s, 2004 , equations which have been used for simulating 

flooding injections, are only applicable to horizontal reservoirs and they yield unreliable results if the 

reservoir is tilted. He proposed an empirical correlation based on simulation data which mitigated this 

shortcoming [9].  
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The debatable matter in Jamshidnezhad’s work is that he based his theories on practical data while 

stone’s formulas were obtained analytically. 

In this research we exploited an innovative analytical model valid for tilted reservoirs.  

 

2. Theoretical Modeling 

2.1. Derivation of Equations 

Equations founded on Stone’s equation take the following assumptions into consideration [10]: 

(1) Reservoir homogeneity; although porous media may be anisotropic. ( vh kk  ) 

(2) Reservoir is either rectangular or cylindrical; with an open outer boundary. The injection well is 

completed over the entire vertical interval. The reservoir is confined by sealed boundaries above and 

below. 

(3) The system is at steady state, with steady injection of fluids at volumetric rate Q and injected 

fractional flow of water
j

w ff  . This implies that any remaining oil in the region of interest is at its 

residual saturation and immobile. 

(4) Phases are considered incompressible. No mass transfer between phases. 

(5) Assuming absence of dispersive processes, including fingering and negligible capillary pressure 

gradients. 

(6) Newtonian mobilities of all phases. 

(7) Immediate attainment of local steady-state mobilities, which depend only on local saturations. 

(8) The reservoir comprises three regions of uniform saturation, with sharp boundaries between them, 

as illustrated in Figure 1. 
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(a) An override zone with only gas flowing 

(b) An underride zone with only water flowing 

(c) A mixed zone with both gas and water flowing 

 

Fig. 1: Schematic of the three uniform zones in Stone and Jenkins’ model. 

(9) At each horizontal position x (or r), the pressure gradient in the x (or r) direction is the same in 

each three regions; i.e. 0)/(/  xPz . But xP  / can (and does) vary with x. 

(10) The reservoir is horizontal. 

We ignore the last assumption and solve the problem for a tilted case. If there is a gradient  between 

reservoir and the horizontal surface, the gravity vector is split into two components. Perpendicular, 

countercurrent flow of water and gas within simultaneous flow zone is validated by applying the 

Buckly-Levertt theory to a differential element of space moving through the system with velocity 

equal to the injection velocity. Figure 2 demonstrates a schematic of our new case with its differential 

element.  

 

Fig. 2: Volumetric element for a tilted reservoir model. (Green lines show gas streams and blue lines show water 

streams). 
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Oil in the immediate vicinity of the wellbore will be displaced by the miscible gas and water injection 

mixture as observed in Figure 2. At steady state conditions, this region approaches the uniform water 

saturation ( iwS , ) at which the water-gas ratio is equal to the water-gas mobility ratios and so the 

water-gas ratio can be evaluated from Darcy’s equation:   
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In the reservoir’s mixed zone, the gravity forces cause two phase segregation and consequently the 

lighter fluid, gas, rises upwards while water descends downwards. Since the net fluxes of both water 

and gas at the boundaries of the volume element is zero, the problem is simplifies to a gravity 

segregation along the differential element. The initial saturation of water along the element is 

invariable at a value of iwS , . As the element moves across the reservoir the segregation accrues and 

the saturation changes in to steps from (1- orgS ) to iwS , , and from iwS ,  to (1- orwS ). The region of high 

gas saturation develops at the top of element and descends to the center of element at a constant 

velocity. Similar to this region a high water saturation region is formed at the bottom of element and 

rises. If compressibility effects are considered negligible, the countercurrent gas and water velocities 

are equal in magnitude. By applying Darcy’s law to each phase separately and eliminating the vertical 

pressure gradient (
z

P




) which is equal in both cases, the velocity of segregation becomes: 
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By introducing equation 5 into equation 6, the velocity of segregation in a slanted reservoir simplifies 

to: 
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Where wk
is the effective permeability of water at a saturation of iwS , . If divide the mixed zone into 

two part from its summit, so that all the gas that segregates at the lower part is cross the perpendicular 

plate (with an inclination of   degrees rather than horizontality) of reservoir by the velocity of V . 

By material balance: 

gwTG ffQWVL                                                                                               (8)  
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By incorporating equation 7 into equation 8, the length of segregation in the tilted rectangular 

reservoir ensues as: 
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Where GL is the length of segregation, wf is water fraction of flow, TQ is the total injected fluid 

(water as well as gas),  is difference in density of water and gas, W is width of reservoir or 

horizontal distance between analogous injection wells, w is water viscosity, A is the cross sectional 

area (thickness times W ), g is gravity acceleration and  is the degree of deviation of tilted reservoir 

as depicted in Figure 2. 

Equation 9 which appears similar to Jenkins’ (1984) equation for length of segregation in WAG 

flooding processes of horizontal cases has a broader spectrum and can be utilized for calculations in 

slanted reservoirs as well as horizontal reservoirs. 

 

2.2. Simulating the new model 

The assumptions made by Stone (1982), Jenkins (1984) and Rossen and van Duijn (2004), as 

mentioned earlier, are used in the simulations [3, 5, 10]. The only difference is that the reservoir is 

tilted reservoir rather than horizontal. 

In Jamshidnezhad’s work (2009), a Cartesian grid system of 200m*1m*40m dimensions is simulated. 

Fluid and rock properties of his model have been replicated from his paper and we remodel his work 

to analyze the results of our model. The CMG (Computer Modeling Group, Alberta, Canada, 2008) 

advanced processes’ simulator is used in both researches for modeling the three-phase multi-

component fluid flow. Time to reach steady state conditions is 20 years of injection, identical to 

Jamshidnezhad’s assumption. The values used to simulate the model are available in Table 1. A 

schematic of the saturation curve of water and gas phases and slanted reservoir is also plotted in 

Figure 3. 
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Table 1: Fluid properties used in the simulations 

Gas Quantity Unite 

Density ( g ), at reservoir conditions 165 kg/m
3
 

Viscosity ( g ) at reservoir conditions 1.886E-5 Pa s 

Compressibility (cg) 5E-12 1/bar 

Water   

Density ( w ), at reservoir conditions 1000 kg/m
3
 

Viscosity ( w ) what conditions 0.001 Pa s 

Compressibility (cw) 0 1/bar 

Residual water (Swr) 0.20  

Injected water fractional flow (fw) 0.21  

W , injection well distance (wide of model) 1 m 

A , cross section area 40
 

m
2 

QT , total fluid injection rate 221.1 sm
3
/day 

 

 

Fig. 3a: Relative permeability curves for water and gas. 
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Fig. 3b: Simulated reservoir with tilting angles of  5
0
, 10

0
, 20

0
, 30

0
. Complete segregation at Grid 77, 80, 85, 95. 

 

3. Results and discussion 

To analyze the results of simulation and check recent model with stone (1982)-Jenkins (1984) model 

and Jamshidnezhad’s correlation, Table 2 is accomplished.  

Table 2: Results of simulation and prediction of different models 

 

Angle of 

tilting  

Stone's model 

 (m)  

Jamshidnezhad’s 

correlation(m)  

New model 

(m) 

Simulator 

(m) 

0 65 78.42 65 72 

5  65  79.10  75.22 77.29 

10  65  81.21  79.35 81.23 

15  65  84.89  85.21 86.96 

20  65  90.41  88.90 90.45 

30  65  108.98  107.3 109.7 

60 65 382 225 240 

90 65 ∞ ∞ ∞ 
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The WAG injection is analyzed in 7 different inclination angles of 0
0
, 5

0
, 10

0
, 15

0
, 20

0
, 30

0
 and 90

0
. 

Simulation results indicate that Stone, 1982, model is impervious to slope alteration and the 

segregation length remains constant for various slanted reservoirs. On the other hand, 

Jamshidnezhad’s model is more responsive to inclination deviation and is therefore more precise. By 

increasing the slope, the segregation length is increased. An associated flaw with this model is that if 

the slope is a negative value or the deviation degree exceeds 0 to 30
0
 limits, results become 

inconvenient.  An addition defect arises from the fact that this model is a correlation of a special case 

and isn’t general. As demonstrated in Figure 4 and Table 2 the new proposed model is more general, 

theoretical based and has the least error.  

 
Fig. 4: LG versus slop of reservoir, Prediction Results of different models 

 

4. Conclusions 

By taking advantage of theoretical formulas such as Darcy law’s of motion in porous media, Buckly-

Levert’s theorem and material balance equations we were able to enhance Stone-Jenkins’ equation for 

characteristic length of segregation in an WAG IOR process. Our generated formula is applicable for 

a broader range of flow and reservoir conditions. Furthermore, we investigated the effect of 

inclination angles on a complete segregation length in a gas improved oil recovery process. We 

concluded that the length of segregation point elongated with increasing inclination of the reservoir. 

This means that Tilting lags the complete length of segregation and so co-injection of gas and water 

recovers more oil in tilted reservoirs in comparison to horizontal reservoirs. 

Moreover, Due to the practical nature of Jamshidnezhad’s correlation it is not efficient for a variety of 

mobility values which the injected fluid can retain.  
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From previous formulas we can deduce that the length of segregation is a function of water mobility, 

gas fractional flow, density difference between water and gas, relative permeability of displacing 

phases, and of course the slope of reservoir (tiltness). 
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