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Analysis of safe operating pressures for SAGD at Algar Lake 

TAURUS Reservoir Solutions Ltd. 

February 9, 2010 

Introduction 

At the request of GRIZZLY OIL SANDS ULD (Grizzly), TAURUS Reservoir Solutions Ltd. 
(TAURUS) has performed several coupled reservoir and geomechanical simulations to investigate 
the safe operating pressure during start-up and long-term operation of SAGD in the Algar Lake 
reservoir.  GRIZZLY is planning to exploit the bitumen on its Algar Lake Lease using 
conventional dual well steam assisted gravity drainage (SAGD). The lease is situated 
approximately 40 kilometers southwest of Fort McMurray, Alberta and is in the vicinity of the 
JACOS Hangingstone SAGD site.   

The purpose of the project was to perform an initial estimate of safe SAGD operating pressures 
accounting for initial stress state, rock mechanical properties and the stress changes due to SAGD 
operating pressures and thereby help design “safe” operating pressures.  The main objective of the 
study was to evaluate the caprock integrity at a SAGD operating pressure of 3000 kPa.  The 
study evaluated a 3D element of symmetry model including two pads with three well pairs per 
pad.  Also, two cross-sectional models were used for more detailed modeling and represented and 
"average" cross-section and a "worst case" cross-section positioned under Algar creek (which 
contained the thinnest overburden).  The pay zone in the reservoir simulation model consisted of 
the McMurray C zone, which averaged 15 m - 20 m in thickness.  However, the grid consisted of 
all zones in the overburden and underburden (specifically Clearwater shale, Wabiskaw shale, 
McMurray B zone, McMurray C zone and Devonian).   

Technical Approach 

The geomechanical modeling to be completed in this study used a proprietary coupled 
reservoir/geomechanics simulator called GEOSIM.  GEOSIM is a modular software system 
combining a 3D, 3-phase thermal reservoir simulator with a general 3D finite element stress-strain 
simulator.  A detailed description of GEOSIM is contained in Appendix I. 

Project objectives/tasks: 

According to discussion with GRIZZLY the project had the following objectives: 

1. Build a Geomechanical model of ALGAR LAKE: 
a. Develop the true initial stress state of the reservoir before the onset of SAGD 

operations accounting for gravity loading and tectonics 
b. Develop a calibrated non-linear elastic hyperbolic model for the ALGAR LAKE 

oils sands that Grizzly can use in future geomechanical analyses 
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c. Develop a set of geomechanical parameters for the caprock 
2. Verify reservoir model results  
3. Predict a “safe” max SAGD operating pressure 
4. Summary report 

Basic Data: 

Reservoir properties 

The reservoir properties were based on a geostatistical model provided by Petrel Robertson 
Consultants developed for the Algar Lake reservoir.  The most important zones in the model were 
the caprock (Wabiskaw shale), McMurray B and McMurray C.  The McMuray C was the pay 
zone.  In summary, an average of the properties used are described below: 

Caprock Permeability  Kh=0.001 mD, Kv=0.001 mD 

McMurray B Permeability  Kh =3000 - 10 mD, Kv =1500 - 
0.01 mD 

McMurray C Permeability  Kh=5000 - 1000 mD, Kv=3500 - 
200 mD 

Initial McMurray sand Water Saturation  Swi = Swc = 0.15 - 0.35 

Initial McMurray sand pressure 500 - 600 kPa  

Initial Reservoir Temperature  Tres = 10 degC 

A plot showing the horizontal permeability variation for a cross-section cutting across pad A is 
shown in Figure 1. 
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Figure 1.  Horizontal Permeability in Pad A 

PVT 

A 3-phase, 2-component formulation was used to model the SAGD process at Algar Lake.  The 
two components are heavy oil and water.  The three phases are gas, oil and water.  The heavy oil 
is confined to the oil phase.  Water is allowed to exist in the water and gas phase based on the 
pressure - temperature steam relation.  The PVT data was based on correlations. 

Relative Permeability 

The three-phase relative permeability behavior takes the form of two relative permeability tables 
for a water-oil system and a liquid-gas system.  The two systems are combined using a 
modification of Stone’s I equations to calculate the relative permeability of oil in a three-phase 
oil-water-gas system.  Generic relative permeability curves used. 

Grid Construction 

The GEOSIM model uses two grid systems, one for the flow solution (reservoir simulator TRS-
THERM) and another for the finite element (FEM) stress solution (finite element code FEM3D). 
Both use the general 8-noded, low order elements, which are commonly referred to as CPG 
(corner point geometry) grids in reservoir simulation.  The grids must be identical in the domain 
solved by the reservoir simulator; therefore, the reservoir grid is a subset of the FEM3D grid.  
The grid for the reservoir model was identical to the grid used for the finite element mesh.   All 
models run contained 40 layers with the thickness of layers varying depending on the depth to the 
top of the McMurray sand and the thickness of the sand.  Two models used were 2D element-of-
symmetry models for cross-sections across the well pair across either Pad A or Pad B.  A 3D 
model of both pads was used to simulate the reservoir response only and verify well production 
profiles. 
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Stress initialization and Rock Mechanical properties 

The initial stress state of the model was based on the typical stress gradients observed in the area 
and Taurus' experience.  No microfrac data or dipole sonic log data was available for 
geomechanical interpretation.  A typical vertical stress gradient of 21 kPa/m was used.  The initial 
horizontal stress state was based on UTF minifrac test results for three zones (shale, sand-shale 
and sand) ranging from 21.5 kPa/m to 23 kPa/m1.  Using this data, the minimum (Sh) and 
maximum (SH) horizontal stress gradients were varied from 17-21.5 kPa/m and 18-23 kPa/m, 
respectively depending on stratigraphic layer.  The stress gradients incorporated tectonic loading 
effects as are accepted to be present in the Western Canadian Basin resulting in horizontal stress 
gradients greater than that developed solely by the weight of the overburden.   

Rock Mechanical Properties 

Publicly available lab data, mainly from research conducted at the University of Alberta, was used 
to characterize the McMurray oil sand and the caprock.  Selected stiffness data available for 
McMurray Sand is shown in Figure 2.  This was used in conjuction with stress-strain triaxial data 
to calibrate a constitutive model for the sand behavior. 

 

Figure 2.  Lab measure Young’s modulus data for the McMurray sand 

                                                

1 Collins, P .M. (2002) Injection pressures for geomechanical enhancement of recovery processes in the Athabasca 
oil sands, SPE/CIM 79028, SPE International Thermal Operations and Heavy Oil Symposium and International 
Horizontal Well Technology Conference, Calgary, Alberta, Canada, 4-7 November 2002. 
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The constitutive models used to represent the materials were: 

1. Linear Elastic Models – all materials other than the McMurray Sand (overburden, caprock 
and underburden)  

2. Non-linear Elastic Model2 – McMurray B and C Sands  

The set of parameters were used for the Non-linear elastic model are listed below: 

Parameter Value Unit

Ke 448.3
m 0.882
Kb 747.2
n 0.8822
Rf 0.3
c 10 kPa
phi0 63.5 degrees
dphi 20 degrees
phimax 53 degrees
pref 101.3 kPa

Nonlinear Elastic Model Parameters

 

Shear Strength of Materials 

A safe operating pressure during SAGD operations is dependent primarily on maintaining the 
integrity of the caprock.  The shear strength of the caprock material is, therefore, a major piece of 
data to constrain the problem.  Figure 3 shows the shear strength data obtained from University of 
Alberta research.  It was used in this analysis to describe the caprock at Algar Lake assuming the 
Wabiskaw shales observed at the Dover site are similar to those present here. 

The shear strength of the materials present in the models was divided into two groups: Sands and 
shales.  The two most important materials, the McMurray sand and the caprock (Wabiskaw 
shale), were monitored closely.  For the sands, the shear strength properties for McMurray sand 
were used and for the shales and overburden the shear strength properties of the caprock were 
used.  The parameters used to describe the shear strength of these two materials was based on a 
Mohr-Coulomb failure envelope calculated from lab testing performed at the University of Alberta 
(from graduate work3 using UTF samples). 

The final caprock shear strength parameters were based on an average of the residual shear 
strength from the UTF samples (shown in Figure 3).  This should then be a conservative estimate 
(assuming the caprock is free of fractures or faults) as in the field the caprock should first reach a 

                                                

2 Geotechnical aspects of recovery processes in oil sands, A. Settari, Y . Ito, N. Fukushima and H. Vaziri, Can. 
Geotech. J. 30, 22-33 (1993). 

3 Chalaturnyk Ph.D. thesis, 1996 and Oldakowski thesis, 1994 
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peak shear strength and, then, with continued strain soften to a residual shear strength.  The final 
properties used for the sand and caprock were as follows: 

Caprock: c=200 kPa, φ=25 degrees (residual friction angle) 

Sand:  c=10 kPa, φo=63.5, ∆φ=20, φmax=53 (







 ′
∆Φ−Φ=Φ
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P
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The Young’s modulus and Poisson ratio values assigned to formations above and below the 
McMurray formation were based on the average properties based on Taurus' experience.   

y = 0.4614x + 0.5621
R2 = 0.9011

y = 0.4206x + 0.1967
R2 = 0.9944

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0 1 2 3 4 5 6 7 8 9 10

p' (MPa)

q 
(M

P
a)

qpeak
qres
Linear (qpeak)
Linear (qres)

 

Figure 3.  Shear strength behavior of the UTF shales (caprock)4 

Well Properties 

The wells (injector and producer) in each of the models were assumed configured in the pad at a 
spacing of 65m.  Three well pairs per pad were simulated a shown in .  The lengths of the wells 
were assumed to be 750m.  Finally, it was assumed that the wells were orientated parallel to the 
maximum principal horizontal stress direction (NE-SW).  The well orientation with the initial 
stress state is important as it controls the azimuth of the plane that contains the largest initial shear 

                                                

4 Chalaturnyk, R. (1996) Geomechanics of the Steam Assisted Gravity Drainage Process in Heavy Oil Reservoirs, 
Ph.D. thesis, Dept. Civil Eng., University of Alberta, Edmonton, Alberta, 576 pp. 
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stress.  For the above assumption the largest initial shear stress occurs in the plane parallel to the 
well direction. 

 

Figure 5.  Grid area extracted from field geostat data and well configuration 

Summary 

The main geomechanical input parameters affecting the results of the coupled modeling are the 
rock mechanical parameters and the initial stress state.  The rock mechanical properties of the 
geomechanical model were based on publicly available data.  This consisted primarily of thesis 
submissions from the University of Alberta.  The key data was the shear strength criterion of the 
caprock.  The data used was based on caprock shales present at the UTF site .  Residual shear 
strength parameters were used both for the Wabiskaw shale and the Clearwater shales.  The initial 
stress state was based on UTF minifrac test results for three zones (shale, sand-shale and sand) 
ranging from 21.5 kPa/m to 23 kPa/m . 

Results and Discussion 

For all of the simulations a parameter, stress level, was used as a measure of the stress state, 
specifically shear stress level.  Stress level is defined as the current maximum shear stress to the 
maximum shear stress allowed (stress at failure): 

maxτ
τ=StrLev , φτ tan'

max nSc +=  
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where StrLev is the stress level, τ is maximum shear stress, τmax is the maximum allowable shear 
stress, c is the material cohesion, Sn′ is the effective normal stress on the plane of maximum shear 
stress and φ is the friction angle of the material.  The stress level measures how close the material 
is to shear failure.  It is expected that dense sands, such as McMurray oil sands, will dilate as the 
stress level approaches 1.   

Mohr-Circle Analysis 

A convenient way to initially evaluate the shear strength of the materials in the models is to use a 
Mohr-Circle (MC) analysis.  This is a way to plot the effective stress state such that a circle in an 
X-Y ordinate system represents the stress on any plane cut through the material.  Also, when plot 
with the shear failure envelope, the maximum stress circle size is limited to a circle that just 
touches the shear failure envelope.  Thus, the maximum shear stress caused by a change in 
operating pressure and temperature can be evaluated. 

Effective Stress changes from SAGD 

A first step is to plot the MC accounting for the current stress state and only the change in 
effective stress associated with the pressure changes during SAGD.  In this case the MC would 
remain the same size as initially (navy blue line in Figure 6), but move to the left until it touches 
the shear failure envelope (yellow circle intercepting the red line in Figure 6).  It should be noted 
that the stress state at Algar Lake at depths below about 230 m is such that the maximum 
principal stress may be the maximum horizontal stress and the minimum principal stress may be 
the vertical stress or the minimum horizontal stress. 

Poroelastic stress changes 

Poroelastic stress changes are the changes in total stress due to a change in pressure.  In a 
“normal” reservoir setting it can be assumed that there is little lateral strain (as the material is 
confined by adjacent material) and free vertical strain (a free surface at ground level).  These 
boundary conditions then cause the total stress in the lateral direction to increase with an increase 
in pressure, while the total vertical stress remains unchanged.  This causes the MC to become 
larger as it moves to the left to touch the shear failure envelope (light blue line in Figure 6).  Thus, 
the amount it can shift to the left is less than the previous case. 

Thermoelastic stress changes 

Thermoelastic stress changes are the changes in total stress due to a change in temperature.  As 
noted with the pressure changes, the assumed reservoir boundary conditions cause the total stress 
in the lateral direction to increase with an increase in temperature, while the total vertical stress 
remains unchanged.  This effect when combined with the poroelastic stress changes causes the 
MC to become even larger as it moves to the left (due to increased pressure and decreased 
effective stress) to touch the shear failure envelope (purple line in Figure 6) 
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Summary 

This analysis demonstrates that accounting for effective stress alone in a MC shear failure analysis 
will overestimate the maximum increase in operating pressure (4800 kPa for Sand and 4500 kPa 
for caprock).  The poro- and thermo-elastic stress changes must be accounted for to realize the 
evolving stress state.  The case with poro- and thermo-elastic changes is overly pessimistic for the 
caprock as it assumes the pressure and temperature fully penetrate the caprock.  In reality the low 
permeability of the caprock provide a transient effect.  Also, the boundary conditions assumed for 
this analysis are approximate and cannot account for arching and the pressure and temperature 
gradients that will exist.  This analysis can be further generalized by numerical analysis as will be 
discussed next. 
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Figure 6.  Mohr-Circle analysis for a.) oil sand and b.) caprock 

Coupled simulation analysis 

Next two models were used to investigate the caprock integrity for the design operating pressure 
of 3000 kPa.  The models represented three well pairs in either Pad A or Pad B. Pad A was 
representative of the average conditions for the initial development area, while Pad B represented 
a location of minimum overburden thickness due to its proximity underneath Algar creek.   

As mentioned earlier, two element of symmetry models and a 3D symmetry model were used to 
investigate the geomechanical effects.  The 3D model was initially used to verify the reservoir 
behavior and ensure realistic production profiles, steam chamber growth and conduction into the 
overburden.  The 2D models were designed to represent a symmetry plane perpendicular to well 
direction at the center of each pad.  Taurus' experience is that the plane perpendicular to the well 
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pairs shows the most susceptibility for larger scale shear failure.  This plane at the middle of the 
well pair shows less 3D arching effects (compared to the toe or heel) which tend to decrease the 
average shear transferred to the material adjacent to the steam chamber. 

Each 2D model was simulated for 10 year of operation at the design operating pressure.  The 
results of the analysis for both models showed the shear stresses in the caprock were below shear 
failure.  This was due mainly to the fact that the poor quality McMurray B sand above the pay 
zone (McMurray C) provided a buffer zone shielding the caprock from the largest shear stresses 
directly above the steam chamber.  Shear failure was observed to occur in the pay zone and the 
McMurray B just above and adjacent to the steam chamber.  This is shown in Figure 7 and Figure 
8 showing the temperature distribution and the shear stress level, respectively.  The plots show 
the shear stress level in the Pad A model for the same time is slightly higher since the steam 
chamber is slightly better developed.  This causes more veritcal displacement, higher shear 
stresses and more arching effects, which push the McMurray B zone to higher shear stress levels.  
In general, it may be observed the Pad B model has approximately 30 m less overburden resulting 
in lower stresses  and strength in the caprock.  However, the final results showed the shear failure 
was confined to the McMurray C and McMurray B (below -308mSS in both models) with only 
elevated shear stress levels in the Wabiskaw shale.  It was observed that there are two main 
causing increased shear stress levels above and adjacent to the steam chamber: 

1. Decreased vertical total stress due to jacking effect from the heave zone 
2. Increased shear stress due to jacking effect combined with compression from the heave 

zone 

a.)  b.)  

Figure 7.  Temperature distribution for the 2D Pad A (a) and Pad B (b) models 
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a.) b.)  

Figure 8.  Shear Stress Level for the 2D Pad A (a) and Pad B (b) models 

Early stress effects 

Initially, when the steam chamber is being formed and growing to the full height of the steam 
chamber, the relatively small chamber size results in localized stress effects around the well pair.  
This is illustrated in Figure 8.  The plot shows the higher shear stress levels adjacent to and above 
the steam chamber.  This is due to stress changes due to arching. This arching results in a  
significant increases in vertical stress in the region close to the well pair and significant decreases 
in vertical stress in the cool material resisting heave adjacent to the steam chamber (between well 
pairs).  As the steam chamber continues to grow in size the localization (and high shear stresses) 
disappears, the steam chamber coalesces with the adjacent steam chamber and the vertical stresses 
relax.  This stress localization in early time provides an opportunity to use increased injection 
pressures in the start-up phase of the SAGD operation.  The steam chamber has not reached the 
top of the pay zone and, therefore, the shear failure adjacent to the steam chamber is not likely to 
cause failure in the overlying formations.  Also, the vertical stress has increased and, therefore, for 
the shallower cases the fracturing pressure increases with this vertical stress increase.  Therefore 
the risks of tensile or shear fracturing of the overlying formations are reduced in this initial period 
and higher injection pressures above those design limits previously discussed can be safely used.  
Higher injection pressure during start-up can accelerate the start-up process.   The safe increase in 
injection pressures could be estimated based on the magnitude of the vertical stress increase and a 
safety factor. 
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Surface Heave Magnitudes 

An indirect result of this coupled reservoir and geomechancal study on safe SAGD operating 
pressures is an estimate of the expected surface heave magnitudes for the models studied.  The 
geomechanical model includes all stratigraphic layers from the ground surface to several hundred 
meters below the pay zone.  The surface heave is a function of operating pressure and 
temperature, pay zone thickness, pay zone depth and the total height of the heated zone.  The 
largest surface heave magnitudes will occur over the thickest pay zones and over the center of the 
pad or development area, since cold material adjacent to the pads or lease will resist any surface 
heave caused by SAGD operations and tend to decrease the amount of heave transferred to 
surface.    

The two models used for this study resulted in a maximum surface heave of 19 cm and 21.5 cm 
for Pad A and Pad B, respectively. 

Summary and Conclusions 

1. Either the vertical stress and minimum horizontal stress could be the minimum principal 
stress for this depth range of 200 - 300 m.  The maximum horizontal stress direction is 
aligned with the well pairs and, therefore, the plane of initially highest shear stress is a 
plane parallel to the well pairs.  3D simulations show this plane to be very constrained and 
the plane perpendicular to the well pairs near the middle of the well pair most susceptible 
larger scale shear failure. 

2. The results show the shear failure mechanism above the pay zone is related to the arching 
effects 10-15 m ahead of the steam chamber: unloading of the vertical total stress 
decreasing shear strength and increased shear stress due to lateral compression and 
rotation increasing shear loading.  The combined effect pushes the shear stress level 
towards shear failure. 

3. The results showed the failure mechanism is directly related to the magnitude of heave 
generated by the heave zone.  This is related to the operating pressure and temperature as 
well as time, which affects the size of the heat conduction zone. 

4. The results show the shear failure is limited to the McMurray B and C sands and does not 
extend into the Wabiskaw. 

5. Local stress concentrations observed during the first year of operation provide a shielding 
effect allowing larger injection pressures to be safely used during the start-up phase. 

6. Surface heave estimates for the two models used in this study vary from 19 cm – 21.5 cm.  
However, the surface heave is strongly dependent on pay zone thickness and operating 
pressure. 
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Recommendations 

The following recommendations are suggested as a result of this study.  The majority of them will 
reduce uncertainty in the input data of the geomechanical model and the analysis itself and, 
therefore, enable the risks to be reduced and the factor of safety for safe operating pressures to be 
better evaluated. 

1. Detailed geomechanical lab work conducted for Algar Lake cores to verify 1.) the 
constitutive models used for the oil sand and the caprock; 2.) potential for shear dilation; 
and 3.) permeability enhancements due to shear dilation 

2. Microfrac testing to verify the initial stress state at Algar Lake, which is important 
especially for the initial shear stress levels in the oil sand and caprock. 

3. If better quality geomechanial data for Algar Lake becomes available further 
geomechanical modeling should be conducted to verify the results obtained in this study 
and refine the design pressures for SAGD operations. 
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Appendix I 
 
OVERVIEW OF THE GEOSIM SYSTEM 
Introduction 

TRS/GEOSIM/GEOFRAC is the coupled reservoir, geomechanics and fracturing software of 
TAURUS for the analysis of reservoir problems which include strong coupling between reservoir 
flow and formation properties and stress, or interactions with fractures resulting from stimulation 
treatments, waterflooding or waste injection. The system is currently capable of modeling both 
single and multi-well systems  

The physical system solved is shown schematically on Figure 20. Typically, the reservoir grid is a 
subset of the finite element stress grid which will cover the overburden, flanks and possibly base 
rock. The software is modular and its architecture is shown in Figure 21. Each component has its 
own input file which is described in corresponding user documentation.  Although the programs 
are under continuing development, they have been already used extensively on full field 
compaction and waterflood or waste  injection studies. Some of the current features of the system 
include:  

Reservoir model  

The system is controlled by the TRS reservoir simulator. TRS is a full-featured 
model for isothermal or thermal simulation including steam. Some of its features 
important for coupled modeling are: 

• Cartesian, cylindrical or corner point gridding 
• efficient implementation of locally refined grids 
• full thermal capability (including steam), black oil or 4 component compositional 

PVT  
• 3 component hydrocarbon or extended black oil formulation  
• controls both the GEOSIM and GEOFRAC modules 
• gridding compatibility with Eclipse 

The stress-strain model 

Modeling of geomechanical response of the formation is performed by the GEOSIM module 
which consists of the stress analysis modules and the interface to TRS. The modular design allows 
optional stress codes to be utilized. The principal module is the FEM3D code.  FEM3D is a 
poroelastic and thermoelastic finite element code which treats elasticity and plasticity. Its features 
include: 

• choice of  linear, hyperbolic or tabular constitutive model for elastic analysis  
• Mohr Coulomb or Drucker Prager shear failure criteria with nonlinear friction 
• elliptical cap for compressive failure (compaction) with smooth transition to cone 
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• non-associated plasticity on the cone with hardening 
• associated plasticity with hardening on the compaction cap 
• regionally dependent constitutive models  
• two methods of  solving plasticity equations 
• brick elements compatible with corner point geometry in the reservoir module  
• direct or iterative solver  
• time dependent surface loading to simulate construction or landfill 
• temperature dependent constitutive models for compaction in steam projects 

Fracture modeling 

Variety of fracture types and configurations can be represented in the model via the GEOFRAC 
module. Fractures can be specified directly through data or imported from associated simulation 
through the SIMFRAC family of software. The features available include: 

• static (propped, acidized) or dynamic (waterflood, waste injection) fractures 
• full thermal treatment (including steam fractures)  
• vertical (2-D and 3-D) or horizontal fracture geometry 
• effects of poroelastic and thermal stresses, and nonlinear rock mechanics with 

failure included 
• fractures in x or y direction, in the interior or at the edge of the grid 
• fractures can be placed in a locally refined grid area 
• multiply fractured horizontal or vertical wells can be modele 

Postprocessing 

The TERAPRO PC postprocessor is used to visualize the results of the simulation for both the 
reservoir flow and stress solution. Its features include: 

• plots for individual wells, groups, regions and aquifers 
• case comparisons 
• pressure, saturation and temperature 2-D and 3-D visualization 
• stress and deformation visualization in 2-D and 3-D displays 
• extensive editing and formatting controls 
• Windows 95/98, NT, 2000 product using MFC to provide PC look and feel 

An example of the visualization of a subsidence study is shown in Figure 22.  
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Figure 20.  Schematic of a physical system solved by the GEOSIM software 
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Figure 21. Software architecture 
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Figure 22. Example of a visualization of a subsidence study 

TRS  – overview characteristics 

TRS-THERMAL is a three phase, three dimensional, dynamic implicit thermal reservoir 
simulator. Its main features are as follows. 

Thermal Modeling 

TRS-THERMAL models the flow of oil, steam, water and non-condensing (NC) gas in an oil 
reservoir, with heat transfer in the reservoir and over/under-burden.  The oil phase can contain 
both a light component which exists in both the oil and gas phases and a heavy component which 
does not vaporize.   

Primary production and production after steaming can be modeled under thermal conditions. Hot 
water, steam and NC gas can be injected into the reservoir. NC gas can be used as a tracer or as a 
(very) light gas. The model runs in either two, three or four component mode to minimize run 
times. The minimal configuration is heavy oil and water. A Black Oil PVT option is available. 
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Dynamic Implicit Formulation 

The dynamic implicit method combines the best features of the fully implicit technique and the 
IMPES method.  The complete reliability of a fully implicit formulation is obtained with  
computational requirements comparable to an IMPES method. 

Ease of Input 

Free field format and keywords are used to specify the input data. Imperial (Field) and SI metric 
units are available. 

Graphics 

The post-processor TERAPRO provides well plots, summary tables, color grid array displays and 
3-D plot facilities. Observed data input and case comparison aid in history matching. TERAPRO 
runs in Windows 98, NT, 2000.  

Portability 

A fully featured version of the simulator is available on workstations or PC's (Windows 98, NT or 
2000). 

Model Stability 

The dynamic implicit formulation automatically selects the degree of implicitness required during 
a timestep. Even very difficult coning problems can be modeled with just a fraction of the grid 
blocks implicit. Typical problems require only 25% of grid cells to be implicit. 

Grid Systems 

One, two or three dimensional cartesian, radial and corner point (CPG) grids are available. 
Arbitrary grid connectivity is allowed for modeling natural fractures and non-sealing faults. CPG 
grid data input is compatible with Eclipse format. 

Local Grid Refinement 

Local grid refinement can be used to model near well effects, such as coning, in field scale 
simulations.  High resolution can be obtained in areas of interest without unnecessary 
computation. Local grid refinement can be applied in the GEOSIM  mode without having to use 
LGR in the stress model. 
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Well Models 

A comprehensive list of well controls is available.  These include maximum/minimum bottom hole 
pressure, tubing head pressure, fluid rate, component rates, maximum GOR, water cut, voidage 
replacement and partial reinjection.  Horizontal and highly deviated wells can also be modeled. 

Iterative Matrix Solvers 

The finite difference reservoir flow model uses a highly advanced matrix solver based on a sparse 
incomplete factorization with ORTHOMIN acceleration is used for flow model.  No user input 
parameters are required. The finite element (FE) stress model uses an iterative solver specific to 
FE equations (with drop tolerance) (optional skyline direct solver also available). 

Grid Orientation Reduction 

A nine point formulation is available for reduction of grid orientation in adverse mobility ratio 
displacement. 

GEOFRAC– comprehensive characteristics 

GEOFRAC is a module for representing hydraulic fractures in a finite difference numerical 
simulator.  It allows modeling static (i.e., propped or acidized) fractures or dynamic fractures 
which result from water or waste injection at fracture pressure. GEOFRAC module can be run 
only in conjunction with a host reservoir model and cannot be executed as a stand-along program. 
The module is hosted by TAURUS reservoir simulator TRS but it can be adapted to other finite 
difference simulators.  

The fracture is represented by dynamic calculation of the transmissibilities in the fracture blocks 
and possible wall damage as a function of time during production of the well. For static fractures, 
this calculation is normally based on the proppant or acidized width distribution after closure 
generated by the fracturing module SIMFRAC (proppant model PROPFRAC, acid model 
ACIDFRAC or geomechanical model STRESSFRAC).  However, an option is available under 
which the user can input a simple fracture description without detailed simulation of the fracturing 
process. For modeling dynamic fractures, the time-dependent fracture growth must be generated 
by SIMFRAC which becomes in input to GEOFRAC. 

GEOFRAC can be also used in conjunction with the GEOSIM coupled reservoir and 
geomechanical simulator to simultaneously model fracturing and geomechanical effects in stress 
sensitive reservoirs. 

Scope of applications 

GEOFRAC allows modeling of the following problems: 

• Propped or acidized fractures with 3-D geometry of propped/acidized channel 
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• Dynamic waterflood induces injection fractures 
• Thermal fracturing in waterflooding 
• Fracturing in steamflooding thermal operations 
• Modeling of stimulated coalbed methane wells 
• Drilling cuttings or waste fluids reinjection at fracture pressure 
• Injection operations in environmental applications (hazardous waste) 
• Modeling stress changes during fracture injection in waterfloods and waste 

injection operations 
• Modeling geomechanical effects in stress sensitive reservoir caused by fracture 

injection 

Several of these features can be combined in a single model of the well or field being studied. 

Complex models 

GEOFRAC can be used in a single well model or in a full field model. Fractures can be placed at 
the origin for propped/acidized fractures, or arbitrarily (inside or at the edge of the grid)  for 
dynamic fractures. Fractures can be in any coordinate direction but must follow the reservoir grid.  

Modeling accuracy 

Fractures can be placed in a locally refined grid area (LGR) in the reservoir model which enhances 
the accuracy of fracture representation while maintaining computational efficiency.  

Thermal effects 

GEOFRAC is hosted by the thermal version of the TRS model. Thermal effects of either cold 
(waterflood) or hot (steam) fluid injection can be fully accounted for. For steam fractures, the 
STRESSFRAC fracturing model provides corresponding modeling capabilities including 
steam/hot water in the fracture and geomechanics of the leak-off. 

Features 

Other technical features of the program include: 

• field or metric units  
• vertical (2-D and 3-D) or horizontal fracture geometry 
• multiple proppant types and stress dependent conductivity 
• variation of fracture permeability with propped width (proppant coverage) 
• stress dependent acidized fracture conductivity 
• embedment and irreversible width reduction (hysteresis) 
• simulation of wall damage due to permeability reduction 
• blockage, permanent damage and cleanup of frac fluid from the fracture wall 
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• effects of poroelastic and thermal stresses, and nonlinear rock mechanics with 
failure included 

• fractures in x or y direction, in the interior or at the edge of the grid 
• fractures in a locally refined grid area 
• multiply fractured horizontal or vertical wells can be modeled 
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Pad A and B were 
simulated using the 

magenta area 
representing two 

half well pairs and 
one full well pairone full well pair 

for each pad

This is an XZ cross-
ti l th 2 f llsection along the 2 full 

well pairs

The grid spans from 
surface into underburden
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This is a zoom in of the 
previous plot

E h ll i i f 5Each well pair consists of 5 
equal well segments

This is a YZ cross-section showing 
the three well pairs 
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A zoom in of the previous plot

Wells were spaced at 65 m

Temperature Contours

• The next set of plots show the temperature• The next set of plots show the temperature 
contours for a YZ section cut through the 
middle of the Pad A well pairs for various 
times
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Temperature Contours

• The next set of plots show the temperature• The next set of plots show the temperature 
contours for each cross-section of each well 
at the end of the simulation (t=1278 d)
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Production Profiles

• The following plots show the production• The following plots show the production 
well behavior
– Qo and CumO vs time (Oil rate and cumulative 

oil production)
– CSOR vs time (Cumulative steam-oil ratio)



2/20/2010

14



2/20/2010

15



2/20/2010

16



2/20/2010

17



2/20/2010

18


	Main Menu
	Search
	Main TOC
	Appendix 5
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.

	Appendix I
	Figure 20.
	Figure 21.
	Figure 22.


	Main TOC: 
	Main Menu: 


