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Oil recovery techniques 

Oil recovery operations traditionally have been subdivided into 
three stages: 

 
• Primary Stage 

• Secondary Stage 

• Tertiary Stage 
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Tertiary Stage oil recovery 

The third stage of production is that obtained after whatever 
secondary process was used. In tertiary processes generally make 
use of: 

 
 

 

• Miscible gases Injection 

• Chemicals 

• Thermal energy 

✓ Oil swelling 

✓ Oil viscosity reduction 

✓ Favorable phase behavior 

✓ IFT reduction 

 
 

 
Mechanisms 
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EOR techniques: 



 

EOR techniques 

In EOR processes, the injected fluids interact with the 
reservoir rock and oil system to create conditions 
favorable for oil recovery. These interactions result 
into the following mechanisms: 

▪ Lowering IFT 

▪ Oil swelling via diffusion and dispersion 

▪ Oil viscosity reduction 

▪ Wettability modification 

▪ Mobility ratio modification 

▪ Favorable phase behavior 



 

 
 
 

 

 



 

 

 



 

EOR methods include: 

• Water flooding 

• Thermal methods: steam stimulation, steam flooding, hot 
water drive, and in-situ combustion 

• Chemical methods: polymer,surfactant,caustic,and miscellar 
/polymer flooding. 

• Miscible methods: hydrocarbon gas,CO2,and nitrogen 
(flue gas and partial miscible/immiscible gas injection may 
also be considered) 



 

EOR Methods 
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Summary 

 

 

all Screening criteria have been proposed for enhanced oil recovery  methods. Data from EOR projects around the world have 
been examined and the optimum characteristics for successful projects have been noted. Steam flooding is still the dominant EOR 
method. All chemical flooding has been declining, but polymers and gels are being used successfully for sweep improvement and 
water shutoff. Only C02 flooding activity has increased continuously.    

.  gravity range of oil that is most effective for EOR methods. Relative production (BID) is shown by size of type. 
 

  
 

 
  



 

 
 
 

 

 



 

 

 

 

 

 

 

 

Figure 1-1- the study of enhanced oil recovery project, by considering depth and API (Halliburton) 
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Fig. 1-EOR production in the U.S. (data from Ref. 25). 

 

 
 
 

Oil Gravity 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.  gravity range of oil that is most effective for EOR 
methods. Relative production (BID) is shown by size of type. 

 

 

 

 
 
 
 

 
 
 

 

   

  1996 

TABLE  AND PAST EOR METHODS 

Table Number 
Method (in Ref. 16) 

Gas (and Hydrocarbon Solvent) Methods 

“Inert” gas injection 

Nitrogen injection 1 

Flue-gas injection 1 

Hydrocarbon-gas (and liquid) injection 2 

High-pressure  

Enriched-gasdrive 

Miscible solvent (LPG or propane) flooding 

 flooding 3 

Improved Waterflooding Methods 

Alcohol-misciblesolvent flooding 

 (surfactant)flooding 4 

Low IFT waterflooding 

Alkaline flooding 4 

ASP flooding 4 

Polymer flooding 5 

Gels for water shutoff 

Microbial injection 

Thermal Methods 

In-situ combustion 6 

Standard forward combustion 

Wet combustion 

02-enrichedcombustion 

Reverse combustion 

Steam and hot-water injection 7 

Hot-waterflooding 

Steam stimulation 

Steamflooding 
Surface mining and extraction 

 

 
 1990 1992 1994 

Solvent extraction and/or “miscible-type” processes 

Nitrogen and flue gas 

Hydrocarbon-misciblemethods 

flooding 

“Solvent” extraction of mined, oil-bearing ore 

reduction processes 

flooding (sometimes included in miscible- 
type flooding above) 

ASP flooding 

Viscosity reduction (of oil) or viscosity increase (of driving fluid) 

processes plus pressure 

Steamflooding 

Fireflooding 

Polymer flooding 

Enhanced gravity drainage by gas or steam injection 
‘Classified by the main mechanism of oil displacement (excluding gel treatments). 

TABLE 2-CLASSIFICATION OF CURRENT ENHANCED 
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Fig.  and oil gravity of producing EOR projects in the 
U.S. (data from Ref. 25). 

Fig.  and oil gravity of producing EOR projects outside 
the U.S. (data from Ref. 25). 

 

   

API 

  

TABLE 3-SUMMARY OF SCREENING CRITERIA FOR EOR METHODS 

 Oil Properties 
 Characteristics 

Detail 
Table 

in 
Ref. 16 

 

EOR 
 

 

Gravity 
 

 

 

Viscosity 

(cp) 

 
 
 

Composition 

Oil 

Saturation 

 PV) 

 

Formation 
 

Net 
Thickness 

 

Average 
Permeability 

 

 

Depth 
 

 

Temperature 
 

Gas InjectionMethods (Miscible) 

1 Nitrogenand 
flue gas 

 

 
 

 High percent 
of  to c7  

 

 Sandstone 
or 

carbonate 

Thin unless 
dipping 

NC 
 6,000 

NC 

2 Hydrocarbon 
 

 
 

 High percent 
of 

 

 Sandstone 
or 

carbonate 

Thin unless 
dipping 

NC 
 

 NC 

3 
 

 
 

 
 

 High percent 
Of  to  

 

 Sandstone 
or 

carbonate 

Wide range NC 
 

 NC 

 

 Immiscible 
gases 

> 12 
 600 

NC 
 

 NC NC if dipping 
 

good vertical 
permeability 

NC 
 1,800 

NC 

  (En hanced) Water flooding     

4 
 

 

Polymer, 
ASP, and 
Alkaline 
Flooding 

 

 
 

 Light, 
intermediate, 
some organic 

acids for 
alkaline floods 

 

 Sandstone 
preferred 

NC 
 

 
 

 
 

 

5 Polymer 
 

 

 
 

 NC 
 

 Sandstone 
Dreferred 

NC 
 

 
 

 
 

 

 

 

6 Combustion 
 

 

1 - 

 

  
1 

Some 
1 

 

 High-porosity 
sand/ 

 

 
 

   

    components  sandstone     

7 Steam 
 8 to  

 

 

4,700 
 

NC 
 

 
 

 
sand/ 

sandstone 

 

  
 

 NC 

 
 Surface mining 7 to 11 Zero 

cold flow 
NC 

 

 

sand 
Mineable 
tar sand 

 

 NC  1 
overburden to 

sand ratio 

NC 

NC = not critical. 
Underlinedvalues represent the approximatemean or average for current field projects. 

Table 3 of Ref. 16. 
from some carbonate  if the intent is to sweep only the fracture system. 

Transmissibility md-Wcp 
50 md-Wcp 
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Fig. 5-EOR productionvs. oil gravity in the U.S. (data from Ref. 

24). 

 
 

Fig. 6-EOR production vs. oil gravity 
outside the U.S. (data from Ref. 25). 

 
ed. They are considered together because 

the pressures required 
floods,  
35 

means that the process should 
work with oils 

(MMP) for good displacement are  and it 
appears that they 

Gravity 
 



 

 

EOR processes: 

Regardless of the mechanisms involving in EOR 
processes, they classified into five categories: 

 
➢ Mobility control processes 

➢ Chemical processes 

➢ Miscible processes 

➢ Thermal processes 
Other processes



 

 

 

 

 

 

 

Only C02 flooding activity has increased continuously. 
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Composition:   

Reservoir Properties 
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Pressure: 

Gas Cap: 

 

  

Permeability: 

 ft 

  

 

Low 

>20%, 

 

  

     

Site 
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EOR Road Map 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 

 

 سال   3  تا  2
 مخزن   عمر  آخر   تا  سال  5

 
 

  
 سال   5  تا  3



 

Screening Criteria: 

✓ Please read 2 Taber’s papers 

 

 

EOR processes: 

Regardless of the mechanisms involving in EOR processes, they 
classified into five categories: 

 

 



 

 
➢ Mobility control processes 

➢ Chemical processes 

➢ Miscible processes 

➢ Thermal processes 

➢ Other processes 
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Idealized Characteristics of an EOR Process 

Efficiency of a displacement process 

The overall displacement efficiency of any oil recovery displacement 
process can be considered conveniently as the product of 
microscopic and macroscopic displacement efficiencies: 
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Idealized Characteristics of an EOR Process 

Efficiency of a displacement process 
 

 

𝐸 = 𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝐸𝑓𝑓. = 
𝑜𝑖𝑙 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑏𝑦 𝑡ℎ𝑒 𝑝𝑟𝑜𝑐𝑒𝑠𝑠 

 

𝑜𝑖𝑙 𝑖𝑛 𝑝𝑙𝑎𝑐𝑒 𝑎𝑡 𝑠𝑡𝑎𝑟𝑡 𝑜𝑓 𝑝𝑟𝑜𝑐𝑒𝑠𝑠 

𝐸𝐷 = 𝑀𝑖𝑐𝑟𝑜𝑠𝑐𝑜𝑝𝑖𝑐 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦, 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑒𝑑 𝑎𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 
𝐸𝑉 = 𝑀𝑎𝑐𝑟𝑜𝑠𝑐𝑜𝑝𝑖𝑐 𝑜𝑟 𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦, 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑒𝑑 𝑎𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 
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Idealized Characteristics of an EOR Process 

Microscopic displacement, ED 

Microscopic displacement relates to the displacement or 
mobilization of oil at the pore scale. That is a measure of the 
effectiveness of the displacing fluid in moving (mobilizing) the oil at 
those places in the rock where the displacing fluid contacts the oil. It 
is reflected in the magnitude of the residual oil saturation in the 
regions contacted by the displacing fluid. It is generally defined as: 
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Idealized Characteristics of an EOR Process 

Microscopic displacement, ED 

Example: 

In a typical water flooding which initial oil saturation is 0.6 and 
residual oil saturation in the swept regions is 0.3. the microscopic 
displacement efficiency is: 
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Idealized Characteristics of an EOR Process 

Macroscopic or volumetric displacement, EV 

It is a measure of how effectively the displacing fluid sweeps out the 
volume of a reservoir, both areally and vertically, as well as how 
effectively the displacing fluid moves the displaced oil toward 
production wells. 

Both areal and vertical sweeps must be considered. It is often useful 
to further subdivide EV into the product of areal and vertical 
displacement: 
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Idealized Characteristics of an EOR Process 

Areal displacement Efficiency, ES 

The area of sweeps by displacement fluids increases with time, but it 
never becomes equal to the area of the reservoir, even long after the 
initial breakthrough of the front at the production well. 

Always remains certain “dead zones” not swept by the displacing 
fluid. For this reason, the areal sweep efficiency is defined as: 
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Idealized Characteristics of an EOR Process 

If vertical heterogeneity is negligible: 
 
 

 

h= Reservoir thickness 

∅= Porosity 

S = gas or oil saturation 

In the case of constant thickness, porosity and saturation, we have 
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Idealized Characteristics of an EOR Process 

If vertical heterogeneity is not negligible: 

When there are vertical heterogeneities within the volume swept, some 
zones will not be invaded by the displacing fluid. This can be accounted 
for by using an invasion efficiency, EI, of less than unity. EI is also known 

as the vertical sweep efficiency. 
 

 
For water flooding, typical EV is 0.7 and therefore, the overall efficiency 
becomes: 
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Idealized EOR process 

Therefore an idealized EOR process would be one in which the 
displacing fluid remove all oil from the pores contacted by the fluid. 
Hence: 

And in which the displacing fluid contacts the total reservoir volume 
and displaces oil to the production well 
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Parameters affecting microscopic 
displacement efficiency, ED 

▪ Miscibility between the fluids 

▪ Reduction of IFT between the fluids 

▪ Oil volume expansion (swelling) as a result of diffusion and 
dispersion between phases 

▪ Oil viscosity reduction 

▪ Favorable mobility ratio between the displaced and displacing 
fluid 
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Parameters affecting macroscopic 
(volumetric) displacement efficiency, EV 

The Ratios of Sweeping aerial/ Reservoir areal  and vertical Sweeping / Reservoir height  

▪ Maintenance of favorable density difference between the displacing and displaced fluids 

✓ Large density differences can result in gravity segregation which result in underriding or 
overriding of the fluid being displaced. The net effect is to bypass fluid at the top or bottom of 
reservoir and so reducing EV 

▪ Reservoir geology and in particular geologic heterogeneity is an important factor in 
consideration of macroscopic displacement efficiency 

▪ The influence of reservoir characteristics 

✓ Average depth 
✓ Structure, in particular the dip of the bed 
✓ Degree of homogeneity 
✓ Petrophysical properties including, permeability, capillary pressure, wettability, thermal 

conductivity, etc. 



✓ Viscous forces 212 

 

Microscopic displacement of fluids in a 
reservoir 

As discussed before, microscopic displacement efficiency depends 
on the magnitude of the residual oil saturation. 

On the other hand, the residual oil saturation itself depends on: 

▪ Phase trapping 

▪ Phase mobilizing 

Oil trapping and mobilizing are also governed by: 

✓ Capillary forces: results of surface and interfacial forces 
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Capillary forces 

Fluid distribution in porous media are affected by: 

• Forces at fluid/fluid interfaces: surface tension and IFT 

• Forces at fluid/solid interfaces: wettability 

 
Surface and interfacial tensions: 

The net surface forces between two immiscible phases is quantified in 
terms of surface tension. Surface tension is related to the energy required 
to create new surface area or: 
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Capillary forces 

Wettability 

Wettability is the tendency of one 
fluid to spread on or adhere to a solid 
in the presence of a second fluid. 

Rock wettability affects the nature of 
fluid saturations and the general 
relative permeability characteristics 
of fluid/rock system 
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Capillary forces 

Wettability 

Wettability can be quantified by examining the interfacial forces 
which exist when oil and water are in contact with solid rock by 
Young’s equation 
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Capillary forces 

Wettability 

While ow can be measured, os and ws have never been measured 
yet directly. Experimental methods have not developed yet to make 
these determinations. Therefore, contact angle is used to measure 
wettability. 

✓ θ < 90 the rock is considered water wet 

✓ θ > 90 the rock is considered oil wet 
 

θ = 0, strong water-wet θ = 180, strong Oil-wet θ = 90, intermediate or mixed wet 
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Capillary forces 

Capillary pressure 

IFT () and wettability () are related to capillary pressure. Because the interfaces 
are in tension, a pressure difference exists across the interface. This pressure is 
called capillary pressure. 

Force balance:    2r.cos . =r2. (w −o).h.g 
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Capillary forces 

Viscous forces 

Viscous forces in a porous medium are reflected in the magnitude of the pressure 
drop that occurs as a result of flow of fluid through the medium(pores). 

The pressure drop in a single pore is given by Poiseuille’s law in capillary pore 
model 
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Capillary forces 

Viscous forces 

The viscous forces in a single pore is given by the Poiseuille’s law: 
 

 

 
Therefore, in the absence of gravity, the net forces which try to displace oil from 
the pore is equal to: 
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p/g=f.L/D.v2/2g 
 
F=64/Re=64/vD 
 

p/g=64/vD.L/D.v2/2g= 8 L/r2.(v)/ g 
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Capillary number 

Nca=8 L/r2.(v)./2.cos .  r 

The importance of viscous and capillary forces in any displacement process can 
easily been shown by the defining a dimensionless capillary number 

 

Other forms of capillary number that can be seen in the literature are: 
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Capillary forces 

Capillary number 

The definition shows that as capillary number increases, the residual oil saturation 
decreases and, therefore, microscopic displacement efficiency increases. 

Capillary number can be increased by: 

❑ Increasing water viscosity 

❑ Decreasing interfacial tension between water and oil 

❑ Increasing water injection rate 
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Capillary forces 
Experimental observations 

 
 
 

 
The significant scattering in the 
data may be because of: 

• Ignoring the tortuosity 

• Ignoring the pore radius 



52  

Capillary forces 

Capillary number 

The general trend of all experimental data show that 
 

 
❑ When Nca < 10-6 the residual oil remains constant 

❑ When Nca > 10-6 the residual oil decreases smoothly 

❑ At values on the order Nca = 10-2 , virtually all oil recovered 
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Mobilization of trapped oil 

Theoretically the trapped oil can be mobilized in two different 
methods 

1) Alteration of viscous/capillary forces ratio (capillary number) 

2) Alteration of phase behavior 
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Alteration of viscous/capillary forces ratio (capillary number) 

Extensive experiments were performed by varying Nca in order to 

reduce the ratio and mobilize. Some of these works are summarized 
in this figure: 
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Phase trapping 
 

Trapping in a single capillary – Jamin effect 

It has been recognized that some time the pressure required to force a 
nonwetting phase through a capillary system such as a porous rock can be 
quite high. 

This phenomenon is called Jamin effect which is the result of the variation in 
pores radius 
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Phase trapping 
 

Trapping in a single capillary – Jamin effect 
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Phase trapping 
 

Trapping in a single capillary – Jamin effect 

 
The equation show that the trapping mechanism 
depends on: 

 
❑ The pore structure of the porous medium, sizes 

❑ Fluid/rock interactions related to wettability 

❑ Fluid/fluid interaction reflected in IFT 
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Phase trapping 

Extending the Jamin effect to various physical conditions 

Case 1: Both phases are continuous 

 
 
 

 
In this case, the pressure across the interface is just the capillary pressure 
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Phase trapping 
 

Extending the Jamin effect to various physical conditions 

Case 2: water is continuous but oil is discontinuous as droplet 

 
 

 
Because the conditions at points A and B are the same, pressure in the oil 
phase is higher than the pressure in the water phase by the value of Pc, but 
there is no pressure change across the drop 
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Phase trapping 

 
Extending the Jamin effect to various physical conditions 

Case 3: water is continuous but oil is discontinuous as droplet and 
pore diameter is changing 
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Phase trapping 

 
Extending the Jamin effect to various physical conditions 

Case 4: water is continuous and oil is discontinuous as droplet but 
the wettability of rock is changing 
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Phase trapping 

 
Extending the Jamin effect to various physical conditions 

Case 5: a gas slug trapped at oil/water interface 
 

 
 

 



across the interface forces in oil phase 
53 

forces in water phase  

Phase trapping 

Capillary doublet 

Another case which causes oil trapping and therefore, reduction in microscopic efficiency 
of displacement process is capillary or pore doublet 

Phase trapping 

Capillary doublet 
 
 
 
 
 
 
 
 
 
 



across the interface forces in oil phase 
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forces in water phase  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Caused by viscous Caused by capillary forces Caused by viscous 
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Phase trapping 

Capillary doublet 

Substituting Poiseuille’s and capillary pressure equations into above equation for 
pore 1: 

 

Now for simplicity 
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Phase trapping 

Capillary doublet 

So: 
 
 

 
In the pore doublet model, the same pressure drop exists across both pores until 
water breaks through from one pore. Thus, for pore 2, we can also write 
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Phase trapping 

Capillary doublet 

On the other hand, we have 

 
Substituting for the capillary pressure in previous equations and considering the 
above inequality: 

 

The above inequality must be prevailed for V2 to be positive and, therefore, oil be 
moved in pore 2 
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Phase trapping 

Example 

Consider the oil displacement by water in a single pore of radius r at a velocity of 1 
ft/D. the length of the pore is 0.02 in, the viscosity is 1 cp and the IFT is 30 
dynes/cm. the contact angle is zero. Calculate the pressure difference, PB-PA for 

different radius values. 

Solution 

The derived equation can be used for these calculations and the results are given 
in the following table. 
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Phase trapping 

Solution 
 

Capillary and viscous forces for different sizes of pore radii 

Pore radius, µm − 
8𝜇𝐿𝑉1, psi 
𝑟2 

∆𝑃𝑐 , psi PB-PA 

2.5 -3.250×10-4 3.45 3.45 

5 -0.810×10-4 1.73 1.73 

10 -0.200×10-4 0.86 0.86 

25 -0.033×10-4 0.35 0.35 

50 -0.056×10-4 0.17 0.17 

100 -0.014×10-4 0.086 0.086 
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Phase trapping 

 
 

Solution 

Now let the radius of pore 1 to be 2.5 µm and calculate values of V1 for which 
the velocity in pore is zero, V2=0, and therefore the oil in pore 2 is 
immobilized. 

The condition for which V2>0 was, 
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Phase trapping 

Solution 

The values of v1 are much larger than normal 
reservoir velocity, hence to displace oil from 
pore 2, very large velocities are required. 
Therefore, oil is displaced just from the small 
pore. 

In fact, for velocities that could be present in a 
reservoir (i.e. 1 ft/D) during the displacement 
in pore 1, the computed velocity in pore 2 

 
V2=0 if at least 
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would be negative and reservoir flow is limited 
and probably does not occur. 

Phase trapping 
Contact angle hysteresis: 

Solution 

The isolated oil drop could also be trapped in a uniform pore by hysteresis in contact angles. If the 
recording contact angle were 0 degree, the advancing contact angle for the motionless of drop can 
be computed from: 

 

This example shows that a small change in contact angle caused by hysteresis or a small change in 
pore radius would sufficient to trap the oil droplets. 
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Macroscopic or volumetric displacement 
efficiency of fluids in a reservoir 

The overall displacement efficiency of any oil recovery process was defined as: 

 

Microscopic displacement efficiency, ED, and the effect of various parameters on it was 
discussed. Now the macroscopic or volumetric displacement efficiency and its variation 
with different parameters will be considered. 

Oil recovery in any EOR displacement process depends also on the volume of reservoir 
contacted by the injected fluid. A quantitative measure of this contact is the volumetric 
displacement efficiency, Ev. Volumetric displacement is a macroscopic efficiency 

defined as the fraction of reservoir PV invaded  تهاجم کردن by the injected fluid. Clearly 
Ev is a function of time in a 
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The parameters controlling Ev 

Because in a reservoir heterogeneities may exist both in areal and 
vertical directions, it is more convenience to express the volumetric 
displacement efficiency as the product of areal and vertical 
displacement efficiencies: 
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Areal displacement efficiency, EA 

Areal displacement efficiency is controlled by Four main parameters 
(Macroscopic or volumetric displacement efficiency): 

1) Mobility ratio of displacing and displaced fluids 

2) Injection and production well pattern 

3) Reservoir permeability heterogeneity 

4) Relative importance of gravity and viscous forces 
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Mobility of fluids flowing in a porous medium 

As discussed in reservoir engineering, mobility of a fluid phase 
flowing in a porous medium is defined on the basis of Darcy’s law 

Mobility of the fluid phase is defined as: 
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Mobility ratio of displacing and displaced fluids 
 
 

 

The parameters which almost takes into accounts the effect of almost 
all variables is the mobility ratio of the displaced and displacing 
fluids. Experimental studies also confirmed that both EA and EI are 
strongly influenced by mobility ratio in either miscible and 
immiscible displacement processes. 

For this reason, almost all experimental measurements of the areal 
and vertical displacement efficiencies of various EOR processes are 
correlated in terms of mobility ratio 
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The importance of mobility ratio 

For miscible displacements, when only one phase is flowing 
 

For immiscible displacement with only displacing fluid flowing behind the front 
and only displaced phase flowing ahead of front, we can write: 

For water flooding this equation becomes: 
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Reservoir permeability heterogeneity 

 
Permeability heterogeneity often has a marked effect on the areal 
sweep. 

This effect may be quite different from reservoir to reservoir. Thus, it 
is difficult to develop generalized correlations for this variable. 
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Correlations of areal displacement efficiency 
based on physical model studies 

 
Physical models have been widely used to studies of areal sweep 
efficiency. Specific well patterns are represented by model configurations 
that appropriate fractions of the pattern being investigated. 

For example one-quarter of a five-spot pattern with an injection well on 
one corner and a production well on the opposite corner of the model. 

Gravity effects are eliminated by adjusting the densities of the different 
fluids or by using thin models so that gravity override or underride is 
minimized. 
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Correlations of areal displacement efficiency 
based on physical model studies 

 
Because laboratory models are small in size compared with a reservoir, 
physical model scaling laws should be used in constructing and operating 
the models so the hydrodynamic and geometric similarity are exist 
between model and the specific reservoir. 

In these models the front between the displacing and displaced fluids are 
monitored by X-ray shadowgraph techniques. One of the fluids is tagged 
with a substance that absorbs X-ray while the other fluid is invisible to X- 
ray. 

The figures show fluid fronts for immiscible and miscible processes at 
different points for different mobility ratios. 
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Prediction of areal displacement performance 
for five-spot pattern 

 

 
Figure 1 

In this figure, EA, is given as a function of M for 

various values of injected PVs given as the ratio of 
Vi/Vpd where Vi is injected volume and Vpd is 

displaceable pore volume. For water flood it is  
equal to: 
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Prediction of areal displacement performance 
for five-spot pattern 

 
Figure 2 

In this figure, EA, is given as a function of M for 

different values of fractional flow of the 
displacing phase fD at the production well 

 

fD=WOR/(WOR+1) 
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Prediction of areal displacement performance 
for five-spot pattern 

 
Figure 3 

Gives conductance ratio, γ, as a function 
of M for various values of EA. 

Conductance is defined as the ratio 
between injection rate to pressure drop, 
q/P. 
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Prediction of areal displacement performance for five-spot pattern 

Figure 3 
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To apply this figure, it is necessary to use the appropriate expression for initial 
injection rate. This is given by Craig for five-spot pattern as: 

 
 
 

 

 
 
 
 
At any point in the flood, the flow rate is given by: 

q = total flow rate at any specific time in the displacement process. Where the total flow rate q 
 at any time is equal to the injection rate and = production rate at that same point in time 
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Prediction of areal displacement performance for five-spot pattern 
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Example 

A water flood is conducted in a five-spot pattern for which the pattern area is 20 acres 
(1 acre = 43560 ft2). Reservoir properties are: 

 

h= 20ft µo= 1 cp Krw= 0.27 (at Sor) 

φ= 0.2 µw= 1 cp Kro= 0.94 (at Siw) 

Soi= 0.8 Bo= 1 RB/STB ∆𝑃= 1250 psi 

Sor= 0.25 K= 50 md Rw= 0.5 ft 

Use the correlation of Caudle and Witte to calculate: 

1) The barrels of oil recovered at the point in time at which the producing WOR= 20 
2) The volume of water injected at the same point 
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3) The rate of water injection at the same point 
4) The initial rate of water injection at the start of water flood 
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solution 

fD=WOR/(WOR+1) 

(1) Mobility ratio of the process and fractional flow at displacing phase are: 
 

 
From Figure 2, EA= 0.94. 

From definition of EA oil recovery is: 
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(2) From figure 1, calculate total water injected. Knowing M and EA, figure 1 gives 
Vi/Vpd=2.5. Hence: 
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solution 

(3) Calculate water injection rate at the same point in time from: 
 

 

 
From figure 3, γ= 2.7, therefore, q= i×γ= 63.4×2.7= 171 B/D 
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(4) The initial water injection rate is the injection rate, i, calculated from the above 

equation given for I with the properties of the oil. This yields: 

 
i = 63.4 B/D 
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Prediction of areal displacement performance 
for five-spot pattern 

Claridge correlation for miscible displacement 
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