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The Physics of Steam Injection in 
Fractured Carbonate Reservoirs: 

Engineering Development Options that 
Minimize Risk



Qarn Alam Field

Qarn Alam Production Characteristics
STOIIP = 165 MM m3
Primary recovery factor = 2% of STOIIP
95% water-cut after 2 years
Natural aquifer drive
Gas Oil Gravity drainage is the production 

mechanism

Reservoir Fluids
Oil gravity = 16 degrees API, (923-928 kg/m3)
Oil viscosity = 226 cP @ 50 degrees C, 2.1 @ 
231 degrees C
GOR=9.6– 9.8 m3/m3
Thermal GOR=35-40 m3/m3

Rock Properties
Reservoir porosity = 30 %
Original oil saturation = 95 %
Matrix permeability = .2 – 13 mD
Fracture permeability = 1,000 – 2,000 Darcy
Reservoir pressure = 3.5 mpa

Reservoirs Properties
Structure = salt induced 3 x 6 km elongated dome
Units are Shuaiba, Hawar, Kharaib, Lekhwair
Reservoir depth =204  mss to top of crest



Initial State of the Reservoir Situation after Production Peak

Gas Oil Gravity Drainage
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Physics of Gas Oil Gravity Drainage

In the Absence of Flow Restrictions or Barriers-

Oil Will Drain Through The Matrix into the Oil Rim
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Physics of Gas Oil Gravity Drainage

When Flow Restrictions or Barriers are Present 

Oil Drainage Through The Matrix can be Retarded

Oil May Drain into The Fracture System
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Steam Injection

Measure Fracture
Fluid Production
at Temp & Press

Measure Core
Fluid Production

Thermal GOGD Experimental Apparatus

Core Temperature

Capability to electrically
heat the core holder

Annular Fracture Space

oil

water

Backpressure
Regulator

Atmosphere

oil

water

Insulation



Gravity Drainage Experiments
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Fine Grid Model

STARS
Dual Permeability Model
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Dual Permeability Modeling-Fracture Matrix 
Exchange

�
=  K  ssss (pm – pf)qo

mf

shapefactor ssss

(Tm – Tf)=  k  ssssQmf

Fracture Properties

Frac Effective Permeability

Frac. Effective Porosity

Fracture Spacing

Fracture Shape Factor

Frac Rock Thermal Conductivity

Frac. Rock Heat Capacity

Fluid

Heat

Matrix Fracture

Lx

Pm

Cubic Packed Spheres     10� /L2

Cubic Packed  Cylinders   8� /L2

Cube  20 (3/L2)

Close Packed  Cylinders   16� /� 3L2

Discrete Slab     4 (3/L2)

Fluid Flow

Heat Flow
PF
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History Match - Qarn Alam Steam Pilot
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Minimize the Hold-Up Error with “Kazemi” Layering
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Constructing the Dynamic Model

Geological / 
Petrophysical 

Input Material 
Property Input

Fracture Input

Reservoir 
Engineering 
Validation



Reference Development Configuration
Field Production

F2 frac spacing
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Development Options
• Dynamic Handling of SVS Fracture Scenarios Quantifies Uncertaint ies in Production 

Function

• CH4 Injection Detrimental 

• Increasing Producing BHP Key to Favorable Economics  

• Oil Rim Growth Driven by Steam Injection Rate- Transitional Well Development 

• INTEGRATED Coupling of Thermal, Dual Permeability, Bottom Water Drive 
Essential

Discrete

Physical Models

Dual Perm

Field Model/ Pilot History Match

Many Pattern Models
26 Fracture Realizations

Geological Models
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Development Options
• Dynamic Handling of SVS Fracture Scenarios Quantifi es 

Uncertainties in Production Function

Discrete

Physical Models

Dual Perm

Field Model/ Pilot History Match

Many Pattern Models
26 Fracture Realizations

Geological Models
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QA Steam Oil Forecast
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Development Options
• CH4 Injection Detrimental

Discrete

Physical Models

Dual Perm

Field Model/ Pilot History Match

Many Pattern Models
26 Fracture Realizations

Geological Models
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Should We Inject Methane? Steam Generates 6.25 
Fold Increase in Subsurface Hydrocarbon Gas 

FDP Base Case, No Methane Injection

Temperature

Oil, Water, Gas

FDP Base Case, 1.37 MM m3/day 
Methane Injection

Oil, Water, Gas



Development Options
• Increasing Producing BHP Key to Favorable Economics

Discrete

Physical Models

Dual Perm

Field Model/ Pilot History Match

Many Pattern Models
26 Fracture Realizations

Geological Models
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Increasing Bottom Hole Pressure Decreases 
Water Influx, but...
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Increasing BHP has Negligible Effect on 
Oil Production
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Development Options
• Oil Rim Growth Driven by Steam Injection Rate: Transitional 

Well Development Does not Defer Oil, Defers Capital 
Expenditure and Mitigates Risk (Flex Development)

Discrete

Physical Models

Dual Perm

Field Model/ Pilot History Match

Many Pattern Models
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Geological Models
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Dissecting Oil Rate in Qarn Alam
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Optimizing Steam Injection Rates
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Cum Oil Production Depends on Time and Temperature
F2 Fracture Spacing- Development Options
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Transition Well Development 
Defers Capital with out Deferring Oil Production
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Development Options
• Dynamic Handling of SVS Fracture Scenarios Quantifi es Uncertainties in 

Production Function

• CH4 Injection Detrimental 

• Increasing Producing BHP Key to Favorable Economics   

• Oil Rim Growth Driven by Steam Injection Rate- Trans itional Well 
Development 

• INTEGRATED Coupling of Thermal, Dual Permeability, Bottom Water Drive 
Essential

Discrete

Physical Models
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Field Model/ Pilot History Match

Many Pattern Models
26 Fracture Realizations

Geological Models
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Summary and Conclusions

� GOGD = Gravity Drainage of Oil Through the MATRIX,    
due to Gas Filled Fractures

� Thermal GOGD= Oil Viscosity Reduction / Gas Generat ion- due to   
Temperature Increase

� As Oil Drains, Oil Drainage Rate is Decreased Throu gh Gas/Oil  rel-
perm reduction and buoyant “ Gas/Oil Capillary Press ure Effect”

� “Fluid Shape Factor” has Little Effect, “Thermal Sha pe  
Factor” and Thermal Fracture Properties has Major Ef fect on Oil  
Rate

- Gridding Very Important (Kazemi 
Layering)

-Accurate PVT Essential

-Oil Production Sensitive to Pseudo Gas Pc and Gas- Oil Rel Perm 

- History Match of Field Data Required to Tune Fractu re Thermal   `     
Properties


