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Parts of this talk were presented at AICISE and CHORUS meetings, the OSHOT 
conference and the Geophysical Society of Alaska in 2010.  Some earlier results have been 
presented by the authors in TLE papers.
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Reservoir Characterization
• 1. Build geological model using seismic, well logs, core g g g , g ,

analyses in a reservoir simulator
• 2. History match production data, 4D seismic, fluid & sand 

d ti t d l iproduction to model reservoir
• 3. Simulate reservoir to predict and design recovery 
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Enhanced heavy oil production involves lowering the oil viscosity.



Why Viscoelastic?Why Viscoelastic? 
• Heavy oils, which play a significant role in today’s oily y g y

industry, have high viscosities, closer to solid
viscosities.
R t t di h h th t ti• Recent studies have shown that wave propagation
in the reservoir is affected by the viscosity.

• Elastic assumption excludes the time dependent• Elastic assumption excludes the time dependent
response of the porous media. This is true for
perfectly elastic media, but:

Is the Earth a perfectly elastic medium?
NO

• Rocks absorb and convert (i.e. attenuate) energy.



Reservoir Engineering Importance
( f V h h i 2008)(ref. Vasheghani, 2008)

 Darcy’s Law, q=flow rate

q: flow rate

te

q vs. viscosity k: permeability
A:cross sectional area
μ: viscosity
P: pressure
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Viscosity changes with:
Temperature (thermal 

P: pressure

Viscosity mechanisms)
Gas saturation (cold 
production)



Definition of Q quality factorDefinition of Q, quality factor 

• Solution to wave equation for dampedSolution to wave equation for damped 
harmonic oscillation
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Definition of Q the quality factorDefinition of Q, the quality factor

• Relation of Q to absorption andRelation of Q to absorption and 
wavelength (Toksöz and Johnston, 1981)
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Reflections on Q: Models to illustrate reflections 
d t i d d Q t tdue to impedance and Q contrasts (CSEG Recorder, 2008).



Finite-difference modeling using 
Carcione’s modeling codes

• Finite-
difference 
codes
(Fortran 90)
fromfrom 
Carcione 
(2007) can 
be used to 
model the 
effects of Q.



Reflection seismograms for models 1 and 2.e ect o se s og a s o ode s a d

• Source depth= 250mp
• Source offset = 600m
• Receiver depths = 260m
• Lateral receiver spacing 

10=10 m
• Wavelet peak delayed 20 

ms from onset
• Note that both modelNote that both model 

responses have 
reflections at about 165 
ms

• From “Reflections on Q”• From Reflections on Q  
by Lines et al. (2008).

• Stand by for CREWES 
presentation by Chris Bird



ViscoelasticityViscoelasticity 
• Viscoelastic behavior is a time dependent, mechanical
non instantaneous response of a material body to
variations of applied stress (Carcione, 2007).

• To formulate the viscoelastic behavior, springs (elastic)
and dashpots (viscous) can be used as the components ofp ( ) p
viscoelasticity.

f ff• based on configuration, we achieve different responses:
– Maxwell
– Kelvin-Voigtg
– Zener



Zener’s ModelZener s Model
• A spring and a Kelvin-Voigt component in series
• Provides a more realistic representation of earth

(from Carcione, 2007).



Q vs. Viscosity and 
Temperature

• Frequency of signal: 12.6 Hz.

• Q at room temperature for the
U ld b t k ithUvalde carbonate rock with
25% porosity is about 5.

• With increasing temperature,g p ,
Q reaches a minimum of
around 4 and increases to a
value of 40 at about 350°C.

(from Behura et al., 2007).



Q vs. Viscosity and 
Temperature

• Frequency of signal: 25 Hz.



Estimation of QEstimation of Q
Centroid FrequencyCentroid Frequency
• Centroid frequency is defined as (Hedlin et al., 2002):

• Quan and Harris (1997) estimated Q and solved a
tomography problem in absorption fD Δ='α



Synthetic Results - ModelsSynthetic Results Models
Layer Cells

Q
Model Models Model 

1
Model 

2
1 1-30 40 40
2 31-40 40 3
3 41-100 800 800

Middle 
layer



Synthetic Results - ResultsSynthetic Results Results

Pulses broaden
and decay with
propagation

Model 2:
Q = (40, 3, 800)

A: Top interface
B B tt i t f

A            B
B: Bottom interface



Biot + Squirt flow modelot Squ t o ode

Measured in lab Theoretical values

(Behura et al, 2007)

B th h th t lit f t d t i i th i ith- Both show that quality factor decreases to a minimum then increases with 
viscosity (temperature).



Methodology (from Vasheghani’s PhD thesis)

1- Pick first 
arrivals

2- Travel time 
tomography

3- Output: 
Velocity for each cell

4- Output:
Ray length in each 
cell

5- Calculate the 
centroid frequency of 
the signal for each 
trace

cell

6- Attenuation 
tomographytomography

7- Output:
Attenuation 
coefficient for eachcoefficient for each 
cell

8- Calculate Q for 
each cell

9- Calculate viscosity 
for each cell

10- Create cross well 
viscosity map

(Quan and Harris, 1997)



Cross well location

(modified from ERCB)



Stratigraphy



Velocity



Quality factor

Cap rock



Quality factor
- Zone of interest



Geological model
• From core and well log data.
• Using statistical modeling techniques



Biot + Squirt flow modelot Squ t o ode

Theoretical values
Reservoir and fluid propertiesReservoir and fluid properties

Fluid Density 1000 kg/m3

Fluid bulk modulus 1 GPa

Fluid viscosity Variable

Frequency 300 Hz

R 1 mm

Oil saturation 1

Matrix Bulk modulus 35 GPa

Matrix Density 2650 kg/m3

Porosity 0.30

Dry frame bulk modulus 1.7 GPa

D f h d l 1 35 GPDry frame shear modulus 1.35 GPa

Permeability 1 D

For each set of reservoir parameters one Q-viscosity curve can beFor each set of reservoir parameters, one Q viscosity curve can be 
plotted.



Viscosity: ambiguity



Conclusions

• Heavy oils are considered viscoelastic materials and their shear properties 
are important. 
B th th d t h th t Q h d i i i• Both theory and measurements show that Q has a decreasing-increasing 
behavior with viscosity. 

• The Q-viscosity behavior, unfortunately, demonstrates that there can be 
nonuniqueness (ambiguity) in determining viscosity from Qnonuniqueness (ambiguity) in determining viscosity from Q. 

• The uncertainties in the input parameters can move the Q-viscosity curve a 
and create error.

• Viscosity can be estimated from Q, but further research is needed.Viscosity can be estimated from Q, but further research is needed.
• No real viscosity data were available to the authors during this research for 

validation purposes.  Only regional estimates were available.
• According to BISQ theory, Q does not change with density. g y g y
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Thank you!!Thank you!!

Viscosity 
estimationestimation 
from seismic 
Q – it’s a bearQ it s a bear 
of a problem.
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