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EXECUTIVE SUMMARY 

 
This report describes a Joint Industry Project (JIP) commissioned to examine the impact of de-
methanization on the viscosity of bitumen.  The experimental study was carried out by the 
Alberta Research Council’s (ARC) Heavy Oil and Oil Sands (HOOS) research department.  
Members of the JIP are AERI, Paramount Resources Ltd., EnCana Corp., Petro-Canada, 
ConocoPhillips Canada Corp., and Nexen Inc.  The impetus for conducting the study was to 
provide industry with detailed data which could then be used in examining the effect that 
reservoir depressurization and degasification has on the recovery process.  This has a direct 
application to the gas over bitumen issue in the Alberta oil sands. 
 
The study involved the designing and construction of an experimental set up which enabled the 
preparation of different mixtures of methane and bitumen, and the  measurement of the live 
bitumen viscosity and methane solubility at temperatures (30 °C – 220 °C) and pressures (500 
kPa – 4,000 kPa) representative of a SAGD operation.  Bitumen from two different sources, 
Petro-Canada’s MacKay River lease and EnCana’s Christina Lake lease, was obtained and 
tested.  A series of 18 viscosity and solubility measurements were taken over the specified 
temperature and pressure range on each bitumen in a fully methane saturated state.  For each 
bitumen, an additional 4 viscosity measurements were taken in an undersaturated state. Also 
the viscosity of each bitumen in a degassed dead state was measured over the specified 
temperature range. 
 
Once the measurements were taken on each bitumen, they were then used to assess the 
effectiveness of the different methods to predict live oil viscosity.  The three approaches 
assessed were; 

− Mehrotra & Svrcek generalized empirical correlations for the viscosity of fully methane 
saturated bitumen and methane solubility developed from their experimental 
measurements. 

− Equations developed by Butler from Mehrotra & Svrcek’s data for predicting live oil 
viscosity and methane solubility.  The values of the constants in Butler’s equations are 
determined for both bitumens in the present study. 

− Approach used by the CMG STARS numerical simulator.  Values for liquid methane 
pseudo-viscosity required by this approach are determined for both bitumens in the 
present study.  Values for the constants required in the equation to calculate methane 
gas/liquid K-value (from which methane solubility can be calculated) were also 
determined for both bitumens in this study. 

 
The experimental measurements showed that temperature has a much greater effect on oil 
viscosity then the degree of saturation of methane.  Conversely pressure had a greater influence 
on methane solubility then temperature 
 
The Mehrota & Svrcek correlations with their suggested coefficients, under predicted both 
methane solubility and live oil viscosity for both bitumens.  Under prediction of methane 
solubility was about 30% for both bitumens.  Live oil viscosity was under predicted by a larger 
degree with Christina Lake bitumen then MacKay River; on average by 20% at low viscosity 
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and 60% at high viscosity for MacKay River versus 40% at low viscosity and 80% at higher 
viscosities for Christina Lake. 
 
Both the Butler and STARS methods were effective at predicting the methane solubility and live 
oil viscosity at fully saturated conditions.  Both approaches were also effective at predicting the 
live oil viscosity at undersaturated conditions if the methane solubility was known.  Both 
approaches predicted live oil viscosity within 10% for MacKay River bitumen and 15% for 
Christina Lake bitumen. 
 
The experimental measurements of methane solubility at fully saturated conditions were very 
similar for both bitumens as were the values of the constants in both the Butler and STARS 
equations for calculating methane solubility. 
 
The study showed that the methane pseudo-viscosity of the STARS approach could be 
effectively characterized by equations similar to those that characterize the viscosity of degassed 
bitumen.  Both bitumens show a similarity in the magnitude of the methane pseudo-viscosity 
and its relationship with temperature. 
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I M P A C T  O F  M E T H A N E  L O S S  O N  B I T U M E N  V I S C O S I T Y  
 -  J O I N T  I N D U S T R Y  P R O J E C T  

 
ROY COATES,  GERRY PIERCE,  HUGH FUNG 

 

1.0 INTRODUCTION 

 
There is major concern in Alberta regarding the situation where exploitable gas reserves overlay 
oil sand deposits that are recoverable by a SAGD process.  The fear is that the development of 
either resource autonomously, may have a detrimental effect on the exploitation of the other.  A 
case in point is the Surmount Steam Assisted Gravity Drainage (SAGD) pilot operated by 
Conoco.  The lease has a top gas zone overlying the oil sand pay zone.  An observation well 
indicates that the gas cap pressure at the pilot site fell from 1327 kPa to 858 kPa over 3 years due 
to production of gas.  It is estimated that the pressure may fall to less than 300 kPa by the time 
the gas wells are abandoned.  A reduction in pressure within of the oil sand zone brings about a 
degasification (methane) of the oil phase, which in turn results in an increase in the oil phase 
viscosity.  The degree of degasification and viscosity increase may have an important effect on 
the ultimate performance of the SAGD process. 
 
The Alberta Research Council (ARC) has the capability to saturate heavy crude oil with 
methane to different degrees of saturation at different conditions of temperature and pressure, 
and has the capability to determine properties (viscosity and composition) of the 
bitumen/methane blend at these conditions.  A joint industry project (JIP) was initiated that 
enlisted ARC to measure the viscosity of two different methane saturated bitumens at 
temperature and pressure conditions encountered during a SAGD operation.  One bitumen was 
from Petro-Canada’s MacKay River lease and the other bitumen was from EnCana’s Christina 
Lake lease.  The project also aimed to establish a suitable relationship (existing or new) that 
would enable industry to predict the effect of methane degasification on oil phase viscosity.  
Members of the JIP are AERI, Paramount Resources Ltd., EnCana Corp., Petro-Canada, 
ConocoPhillips Canada Corp., and Nexen Inc.  This report describes the experimental study and 
ensuing results. 
 
It is well established that along with temperature (and to a minor degree pressure), the viscosity 
of crude oil is significantly affected by the amount of gas dissolved in the oil.  The viscosity of 
the oil decreases with increasing gas content.  In turn the amount of gas that can be dissolved in 
the oil is a function of pressure and temperature.  The solubility of methane in oil decreases 
with increasing temperature and increases with increasing pressure.  It is apparent that any 
correlation to determine live oil viscosity must include effects of temperature and pressure on 
the dead oil viscosity and the effect of the amount of gas dissolved in the oil.  Three approaches 
to predicting methane solubility and live oil viscosity are examined in this report.  They are 
denoted as Mehrotra and Svrcek (referred to in this report as M&S) approach, Butler approach 
and STARS (CMG’s thermal numerical simulator) approach. 
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Mehrotra and Svrcek1,2 et al. carried out extensive measurements of the solubility of different 
gases in Athabasca bitumen along with density and viscosity measurements.  From this work 
two empirical correlations were produced: 
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where: 
 sol = solubility [cm3(@NTP)/cm3] 
 P = pressure [MPa] 
 T = temperature [°K] 
 a1,a2,a3,a4 = correlation coefficients for specific gases 
 
and 
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where: 
 µ = viscosity [mPa.s] 
 T = temperature [°K] 
 P = pressure, [MPa] 
 b1,b2,b3,b4 = correlation coefficients for specific gases 
 
The respective correlation coefficients for methane are presented in Table 1 
 
 
Table 1. M&S Correlation Coefficients 
Solubility (a1,a2,a3,a4) -0.018931 -0.085048 827.26 -635.26 
Viscosity (b1,b2,b3,b4) 0.777532 -0.00429448 -0.0175639 3.46902 
 
 
Although these correlations adequately capture the trends associated with the effects of 
pressure and temperature they are only generalized equations.  They do not take into account 
the variance in different bitumen dead oil viscosities due to compositional differences.  Also the 
viscosity correlation is only for fully saturated bitumen and can not be used for under-saturated 
conditions.  Additionally the correlations were based on measurements at <100 °C and cannot 
necessarily be extrapolated to elevated SAGD operating temperatures.  An objective of this 
study will be to examine how well the above correlations predict the solubility and viscosity of 
the bitumens tested. 
 
Butler3 took another approach with Mehrotra and Svrcek’s measurements by plotting dissolved 
methane versus log(dead oil viscosity)/log(live oil viscosity).  He found the linear correlation: 
 

 solm1
)log(
)log( o ×′+=
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μ
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where: 
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 µo = dead oil viscosity 
 µ = live oil viscosity 
 sol = methane solubility  
 m’ = slope 
 
Also he found that their solubility measurements correlated against pressure and temperature 
by the equation: 
 

 ⎟
⎠
⎞

⎜
⎝
⎛××=

T
bexpPasol  (4) 

 
where: 
 sol = methane solubility 
 P = pressure 
 T = temperature 
 a,b = correlation coefficients 
 
By combining the two equations the following correlation predicts the viscosity of live oil as a 
function of temperature, pressure and the viscosity of the dead oil at the same pressure and 
temperature: 
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This correlation, however, is again based on measurements taken at temperatures <100 °C and 
at fully saturated conditions.  An objective of this study is to determine the values of m’, a, and 
b for the bitumens used. 
 
A third approach, which is used by the STARS numerical simulator, is based on a formula 
proposed by Shu4 for determining the viscosity of a bitumen-liquid solvent mixture. The 
formula has the following logarithmic mixing form: 
 
 ( ) ( )( )∑

=
×=

1i
iim lnXln μμ  (6) 

 
where: 
 µm = viscosity of mixture 
 Xi = mole fraction of component i in oil phase 
 µi = viscosity of pure component i 
 
Methane is considered as the solvent and although at practical conditions it does not exist as a 
liquid, its pseudo properties can be determined by making a few live oil viscosity 
measurements.  At a constant temperature, a plot of the measurements of the mole fraction of 
methane in oil versus ln(oil viscosity) produces a linear relationship.  Extrapolation of the line to 
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XCH4 = 1 yields the pseudo-viscosity of pure liquid methane.  One of the goals of the present 
study is to determine if this approach is also valid for undersaturated conditions. 
 
The default equation used in STARS to calculate liquid component viscosities is the following 
exponential relationship between viscosity and temperature: 
 
 )T/bviscexp(avisc×=μ  (7) 
 
The STARS manual suggests 0.137849 cp and 114.14 °K as values for the constants avisc and 
bvisc for liquid methane. 
 
Usually a better fit of the viscosity-temperature relationship for oil is represented by Walther’s5 
equation: 
 

( ) ( ) nTlogm8.0loglog +×=+μ  (For heavy oil and bitumen the term 0.8 if often neglected.) (8) 
 
Another objective of this study is to determine if the pseudo-viscosity of liquid methane, 
obtained through the Shu approach, can also be characterized by these equations and whether 
the methane viscosities are independent of the bitumen type. 
 
The STARS numerical simulator uses a modified version of the Antoine equation to calculate 
methane solubility: 
 
 ))5kvT/(4kvexp()3kvP2kvP/1kv(K −×+×+=  (9) 
 
where: 

K = gas-liquid equilibrium factor = mole fraction of component in gas phase/mole 
fraction of component in oil phase.  For a single gas component K=1/X. 

P = pressure 
T = temperature 
kv1, kv2, kv3, kv4, kv5 = constants for specific gases 

 
The STARS manual gives values of 5.4547x105 kPa, 0.0, 0.0, -879.84 °K, and 7.16 °K for kv1, kv2, 
kv3, kv4 and kv5 respectively for methane (from Reid et al6).  In the study the constant are 
determined for the two bitumens. 
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2.0 OBJECTIVES 

The objectives were to make solubility and viscosity measurements of mixtures of methane and 
two different Athabasca bitumens at temperatures and pressures encountered during a SAGD 
operation.  The measurements were to be compared with the results from different methods for 
predicting solubility and viscosity. 
 
 

3.0 EXPERIMENTAL 

 

3.1. Experimental Set Up 
 
An experimental set up was designed and constructed to enable measurement of live bitumen 
viscosity at temperatures (up to 220 °C) and pressures (up to 4000 kPa) representative of SAGD 
operations in Alberta.  Incorporated into the set up was the ability to extract a sample of the 
bitumen and measure the methane dissolved in it.  Figure 1 shows a simplified schematic of the 
set up. 
 
The experimental set up consisted of two 5 l accumulators, shown in Figure 2, which were 
connected together at the top and connected at the bottom water side to a dual piston pump, 
shown in Figure 3.  The accumulators were mounted within an oven to maintain test 
temperature.  One accumulator was filled with live oil (piston at the bottom) while the other 
accumulator was partially filled with methane (piston near the top).  At each new test condition 
of pressure and temperature, the oil was pumped back and forth between accumulators to 
expedite a state of equilibrium.  The piston pump would displace the oil by pumping water into 
the bottom of the oil accumulator while the back pressure regulator would maintain system 
pressure by allowing water to flow from the bottom of other accumulator.  When equilibrium 
conditions were established the fluid levels in the accumulators were adjusted so that only the 
oil phase was contained in one accumulator and the gas phase was contained in the other 
accumulator. 
 
Viscosity measurements were made using a capillary tube viscometer positioned between the 
top of the two accumulators.  The viscometer consisted of two 1 m long parallel tubes; a 0.125 
inch diameter tube and a 0.0625 inch diameter tube, shown in Figure 4.  The larger tube was 
used for high viscosity measurements and the smaller tube for low viscosity measurements.  A 
differential pressure transmitter (one high range and one low range) measured the pressure 
drop across the tubes when oil was displaced through them by pumping water at a constant 
rate into the bottom of the accumulator from the piston pump.  Determination of fluid viscosity 
from the capillary tube viscometer is based on Pouselle’s Law which states that: 
 

 
4r

QL8P
×

×××
=Δ

π
μ

 (10) 

 
where: 
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 ΔP = pressure drop across capillary tube 
 µ = viscosity 
 L = length of capillary tube 
 Q = fluid flow rate (water rate from pump corrected for oven temperature) 
 r = radius of capillary tube 
 
For a specific capillary tube, L and r are constant and the equation can be rewritten: 
 

 
Q
PA Δ

×=μ  (11) 

 
A is the calibration constant for a specific tube and is obtained by flowing fluids of known 
viscosity through the tubes at different flow rates and measuring the resulting pressure drops.  
Calibration constants for the two tubes were determined using four viscosity fluid standards 
and details of the calibration are presented in Appendix I.  The calibration constants obtained 
were 16.08 and 15.14 for the 0.125 and 0.0625 inch tube respectively. 
 
Once calibrated the viscometer was used to determine the viscosity of the bitumen by pumping 
the oil phase at several controlled rates, through the tubes and measuring the resulting pressure 
drop.  A plot of pressure drop versus flow rate provides a slope which is then multiplied by the 
calibration constant to give viscosity. 
 
Solubility measurements were made by extracting a sample of the oil phase through a back 
pressure regulator into a sealed sample jar.  The lid of the sample jar was connected to a Brooks 
total volume meter, Figure 5, which measured the volume of gas that exsolved from the oil 
phase when flashed to atmospheric conditions.  The volume of remaining oil was measured, 
volumes of gas and oil were corrected for standard conditions (15 °C & 1 atm.) and a gas/oil 
ratio (GOR) was determined. 
 
3.2. Experimental Conditions 
 
The run conditions were selected to span the conditions representative of SAGD operations in 
Alberta.  Table 2 summarizes the conditions under which measurements were taken.  
 
Table 2. Summary of Experimental Measurements 
 
 

Live Oil (GOR & Viscosity) 
Pressure (kPa gauge) 

Temperature (°C) 

Dead Oil 
(Viscosity) 4000 1500 500 15001 

30 X X X X X 
70 X X X X X 

100 X X X X X 
125 X X X X X 
150 X X X X  
200 X X X   
2202 X X    

1 Undersaturated 
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2 The initial proposal specified an upper temperature of 250 °C; however, this value was relaxed 
because of equipment limitations. 

 
The order in which measurements are taken was from conditions of highest GOR to conditions 
of lower GOR.  For example the first measurement was at 30 °C and 4000 kPa.  The bitumen 
mixture was then heated to drive off dissolved methane and measurements were taken at each 
specified temperature.  The mixture was then cooled back to 30 °C and depressurized to 1500 
kPa releasing additional dissolved methane.  This procedure was continued over the 
experimental temperature and pressure range.  The under saturated measurements were 
obtained by cooling oil saturated with CH4 at 1500 kPa and 150 °C and taking viscosity 
measurements at 30 °C, 70 °C, 100 °C, and 125 °C.  Cooling was carried out at constant 1500 kPa 
and in the absence of methane gas.  GOR of the oil at undersaturated conditions was the same 
as at 1500 kPa and 150 °C. 
 
3.3. Bitumen Properties 
 
The two bitumens to be tested came from two locations in the Athabasca Oil Sands: Petro-
Canada’s MacKay River Lease and EnCana’s Christina Lake lease.  One of the chief differences 
between the two leases is the depth of the pay zone.  MacKay River is relatively shallow, 
averaging 95 m and Christina Lake is deeper at 350 m.  This difference may lead to differences 
in chemical composition and as a result different viscosity behavior.  Another difference of 
importance to the present study is the location where the bitumen was collected at the 
respective plant sites.  The operation and surface oil/water separation facilities at MacKay River 
require very little additives for efficient separation, so the bitumen supplied was sales oil that 
required no further processing for laboratory testing.  However, the Christina Lake operation 
uses large amounts of additives which negated the use of sales oil in the study.  The Christina 
Lake bitumen was obtained directly from the well head manifold. This produced a very stable 
oil/water emulsion that proved very difficult to separate.  Several methods were attempted 
including; heating with long residence time, filtering with a hydrophilic paper filter and 
centrifugation.  The method which was ultimately used and which provided viscosities similar 
to high speed centrifugation (this method was not practical because of the small volumes that 
could be processed) was removal of the water by a dean stark extraction and then removal of 
solvent by rotovap at low temperature.  Table 3 gives the viscosity measurements made with a 
laboratory viscometer for a range of temperatures from 10 °C to 150 °C (the upper limit of the 
viscometer). 
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Table 3. Dead Oil Viscosity Measurements 
Temperature MacKay River Viscosity Christina Lake Viscosity 

°C cp cp 
10 2,048,454 3,480,800 
20 330,472 673,920 
30 71,437 142,850 
40 20,595 37,670 
50 6,988 12,076 
60 2,811 4,590 
70 1,240 1,963 
80 614 952 
90 329 505 

100 191 291 
110 120 177 
130 57.6 78.0 
150 32.9 41.6 

 
Dead oil viscosity data is plotted according to exponential equation 7 as ln(µ) versus 1/T in 
Figures 6 and 7 for MacKay River and Christina Lake bitumen respectively and according to 
Walther’s equation 8 as lnln(µ) versus ln(T) in Figures 8 and 9 for MacKay River and Christina 
Lake bitumen respectively.  Walther’s equation produces the best fit to the data.  For MacKay 
River bitumen avisc and bvisc of equation 7 are 2.75x10-9 cp and 9383.2 °K, and m and n of 
equation 8 are -3.583 and 22.889.  For Christina Lake bitumen avisc and bvisc of equation 7 are 
2.06x10-9 cp and 677.4 °K, and m and n of equation 8 are -3.504 and 22.489. 
 
Table 4 presents the measured densities for the two bitumens. 
 
Table 4. Bitumen Densities 

Temperature MacKay River Density Christina Lake Density 
°C g/cm3 g/cm3 
15 1.011 1.019 
20 1.006 1.015 
25 1.002 1.009 

 
Additionally, measured molecular weights for the two bitumens were 611 g/mole for MacKay 
River and 640 g/mole for Christina Lake.  
 
 
 
 
 
 
 
 
 



 

 
Impact of Methane Loss on Bitumen Viscosity 
 - A Joint Industry Project [9]  
December 2005 

4.0 RESULTS 

 
4.1. MacKay River Bitumen 

4.1.1. Measurements 
 
Appendix II presents the raw capillary tube pressure drop measurements for MacKay River 
bitumen at all the experimental test conditions.  A summary of calculated viscosities is 
presented in Table 5. 
 
Table 5. MacKay River Bitumen Viscosity Measurements 
 Live Oil Viscosity (cp) 
 Pressure (kPa) 
Temperature (°C) 

Dead Oil 
Viscosity 

(cp) 4000 1500 500 15001 

30 71,912 20,383 37,794 53,724 45,219 
70 1,301 626 900 1,072 1,024 

100 202 123 158 171 166 
125 67.3 46.5 56.4 60.8 58.0 
150 30.4 22.0 26.1 26.3  
200 9.7 8.4 9.44   
220 7.1 6.1    

1 Undersaturated 
 
Appendix III presents all the raw GOR measurements for MacKay River bitumen.  Table 6 
presents the methane solubility measurements.  Mole fraction of methane in oil was derived 
from the GOR by the following equation: 
 

 
32.42GOR000,000,1MW

32.42GORX
4CH

×+⎟
⎠
⎞⎜

⎝
⎛ ×

×
=

ρ
 (12) 

 
where: 
 XCH4 = mole fraction of methane in oil phase 
 GOR = gas/oil ratio (@STP) [m3/m3] 
 ρ = density of oil at 15 °C [g/cm3] 
 MW = molecular weight [g/mole] 
 42.32 = mole density of gas at standard conditions [gmole/m3] 
 1,000,000 = units conversion factor [cm3/m3] 
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Table 6. MacKay River Bitumen Methane Solubility Measurements 
Methane Solubility  

Pressure (kPa) 
 

4000 1500 500 
Temperature (°C) GOR X GOR X GOR X 

30 10.84 0.2172 4.34 0.1000 1.54 0.0378 
70 9.12 0.1892 3.75 0.0876 1.23 0.0305 

100 8.19 0.1732 2.91 0.0694 1.01 0.0252 
125 7.30 0.1573 2.63 0.0631 0.98 0.0245 
150 7.09 0.1536 2.62 0.0629 0.96 0.0629 
200 6.82 0.1486 2.35 0.0567   
220 6.72 0.1467     

 

4.1.2. M&S Approach for Predicting MacKay River Bitumen Properties 
 
Figures 10 and 11 compare the calculated methane solubilities and live oil viscosities from the 
M&S correlations (equations 1 and 2) to measured values.  The graphs show that for the 
MacKay River bitumen, the M&S correlations under predict methane solubility; on average by 
30% and under predict live oil viscosity on average by 20% at low viscosity but 60% at higher 
viscosities. 

4.1.3. Butler Approach for Predicting MacKay River Bitumen Properties 
 
Figure 12 presents a plot of the ln(GOR/P) versus 1/T for MacKay River bitumen.  The data 
exhibits a reasonably good linear fit of the measurements.  The slope of the regression equates 
to b and the exponential of the intercept equates to a in equation 4.  By minimizing the sum of 
errors squared the values of a and b were refined to give 0.00073 and 382.64.  Figure 13 shows 
that the calculated solubilities from equation 4 compare quite closely to the measured values. 
 
Figure 14 presents a plot of the ln(dead oil µ)/ln(live oil µ) versus GOR for MacKay River 
bitumen.  The data again exhibits a reasonably good linear fit.  The slope of the regression, 
0.0125, equates to m’ in equation 3.  Using the values for a, b and m’, the live oil viscosities are 
calculated with equation 5 and the ratio of calculated values and measured values are shown in 
Figure 15.  The Butler approach was effective at predicting MacKay River live oil viscosities at 
saturated conditions within 10%.  Also shown on Figure 15 are the predictions at 
undersaturated conditions and these also fall within 10% of the measured values 

4.1.4. STARS Approach for Predicting MacKay River Bitumen Properties 
 
The Mackay River bitumen measured solubility and viscosity data are presented in Figure 16 in 
the form of ln(µ) versus mole fraction methane in oil.  Dead oil viscosity is included at zero 
mole fraction methane.  Each set of measurements at each test temperature produces a linear 
relationship that when extrapolated to XCH4 = 1 gives the pseudo-viscosity of pure liquid 
methane.  Table 7 gives the values of the methane viscosity at each temperature and these 
values are plotted as ln(µ) versus 1/T in Figure 17 and lnln(µ) versus ln(T) in Figure 18. 
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Table 7. MacKay River Methane Pseudo-Viscosity 
Temperature Viscosity 

°C cp 
30 231 
70 30.5 

100 13.3 
125 7.00 
150 5.07 
200 3.73 
220 2.72 

 
The methane viscosity values are characterised quite well by equation 7 and equation 8 with 
avisc and bvisc equal to 0.0023 cp and 3335.1 °K, and m and n equal to -3.34 and 20.72 
respectively.  Note that these values for avisc and bvisc are very different from those suggested 
in the STARS manual. 
 
Also plotted on Figure 16 are the undersaturated live oil viscosity measurements.  As observed 
from the graph, the undersaturated values fall very closely on the linear trend connecting the 
measurements at each test temperature. 
 
Figure 19 presents the MacKay River K value (1/XCH4) measurements versus pressure for each 
test temperature.  By minimising the sum of errors squared, values of kv1, kv2, kv3, kv4 and 
kv5 in equation 9 are determined as 4.0689x104 kPa, 4.8680x10-4 kPa-1, -1.1616, -1.1836x102 °K, 
and 1.7368x102 °K respectively.  Note that these kv values differ from those suggested in the 
STARS manual.  The K values calculated from equation 9 are also plotted on Figure 19 and 
show a close match to measured values.  Figure 20 also shows that the calculated methane 
solubilities (back calculated from the K values) compare quite closely to the measured values 
for MacKay River bitumen. 
 
Using equation 8 with the derived values of m and n for MacKay River dead oil and for the 
pseudo-liquid methane to determine component viscosities, and using equation 9 with the 
derived values of kv1, kv2 kv3, kv4 and kv5 to determine the equilibrium mole fraction of 
methane in the oil phase, live oil viscosities at saturated conditions were calculated with 
equation 6.  The predicted values are compared to measured values in Figure 21.  The STARS 
approach was capable of predicting live oil viscosities within 10%.  Also shown on Figure 21 are 
the predictions at undersaturated conditions and these also fall within 10% of the measured 
values. 
 
4.2. Christina Lake Bitumen 

4.2.1. Measurements 
 
Appendix IV presents the raw capillary tube pressure drop measurements for Christina Lake 
bitumen at all the experimental test conditions.  A summary of calculated viscosities is 
presented in Table 8. 
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Table 8. Christina Lake River Bitumen Viscosity Measurements 
 Live Oil Viscosity (cp) 
 Pressure (kPa) 
Temperature (°C) 

Dead Oil 
Viscosity 

(cp) 4000 1500 500 15001 

30 113,977 33,232 66,030 98,679 89,373 
70 2,090 1,000 1,274 1,576 1,416 

100 299 176 211 246 216 
125 93.7 63.1 72.2 82.8 73 
150 39.2 27.9 31.2 35.9  
200 11.9 9.3 10.9   
220 8.5 6.9    

1 Undersaturated 
 
Appendix V presents all the raw GOR measurements for Christina Lake bitumen.  Table 9 
presents the methane solubility measurements.  Mole fraction of methane in oil was derived 
from the GOR by equation 12. 
 
Table 9. Christina Lake Bitumen Methane Solubility Measurements 

Methane Solubility  
Pressure (kPa) 

 

4000 1500 500 
Temperature (°C) GOR X GOR X GOR X 

30 10.57 0.2193 4.21 0.1007 1.94 0.0489 
70 8.56 0.1853 3.60 0.0873 1.44 0.0368 

100 8.10 0.1771 3.08 0.0757 1.19 0.0306 
125 7.63 0.1687 2.70 0.0671 1.09 0.0283 
150 7.48 0.1659 2.56 0.0638 0.92 0.0240 
200 6.97 0.1564 2.38 0.0596   
220 6.65 0.1501     

 

4.2.2. M&S Approach for Predicting Christina Lake Bitumen Properties 
 
Figures 22 and 23 compare the calculated methane solubilities and live oil viscosities from the 
M&S correlations (equations 1 and 2) to measured values.  The graphs show that the M&S 
correlations significantly under predict both methane solubility and live oil viscosity for the 
Christina Lake bitumen; on average; by 30% for solubility, and by 40% for low viscosity and 
80% for high viscosity. 

4.2.3. Butler Approach for Predicting Christian Lake Bitumen Properties 
 
Figure 24 presents a plot of the ln(GOR/P) versus 1/T for Christina Lake bitumen.  The data 
exhibits a reasonably good linear fit.  The slope of the regression equates to b and the 
exponential of the intercept equates to a in equation 4.  By minimizing the sum of errors 
squared the values of a and b were refined to give 0.00073 and 379.26.  Figure 25 shows that the 
calculated solubilities from equation 4 compare quite closely to the measured values. 
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Figure 26 presents a plot of the ln(dead oil µ)/ln(live oil µ) versus GOR for Christina Lake 
bitumen.  The data again exhibits a reasonably good linear fit.  The slope of the regression, 
0.0142, equates to m’ in equation 3.  Using the values for a, b and m’, the live oil viscosities are 
calculated with equation 5 and the ratio of calculated values and measured values are shown in 
Figure 27.  The Butler approach was effective at predicting Christian Lake live oil viscosities at 
saturated conditions within 15%.  Also shown on Figure 27 are the predictions at 
undersaturated conditions and these also fall within 15% of the measured values. 

4.2.4. STARS Approach for Predicting Christina Lake Bitumen Properties 
 
The Christina Lake bitumen measured solubility and viscosity data are presented in Figure 28 
in the form of ln(µ) versus mole fraction methane in oil.  Dead oil viscosity is included at zero 
mole fraction methane.  Each set of measurements at each test temperature produces a linear 
relationship that when extrapolated to XCH4 = 1 gives the pseudo-viscosity of pure liquid 
methane.  Table 10 gives the values of the methane viscosity at each temperature and these 
values are plotted as ln(µ) versus 1/T in Figure 29 and lnln(µ) versus ln(T) in Figure 30. 
 
Table 10. Christina Lake Methane Pseudo-Viscosity 

Temperature Viscosity 
°C cp 
30 222.58 
70 44.14 

100 17.26 
125 9.74 
150 5.41 
200 2.45 
220 2.07 

 
The methane viscosity values are characterised quite well by equation 7 and equation 8 with 
avisc and bvisc equal to .00097 cp and 3696.1 °K, and m and n equal to -4.19 and 25.75 
respectively.  Note that the value of avisc and bvisc are very different from those suggested in 
the STARS manual. 
 
Also plotted on Figure 28 are the undersaturated live oil viscosity measurements.  As observed 
from the graph, the undersaturated values fall very closely on the linear trend connecting the 
measurements at each test temperature. 
 
Figure 31 presents the Christian Lake K value (1/XCH4) measurements versus pressure for each 
test temperature.  By minimising the sum of errors squared, values of kv1, kv2, kv3, kv4 and 
kv5 in equation 9 are determined as 3.7404x104 kPa, -1.4046x10-3 kPa-1, 1.0086x101, -2.1228x102 
°K, and 1.2199x102 °K respectively.  Note these kv values are different from those suggested in 
the STARS manual.  The K values calculated from equation 9 are also plotted on Figure 31 and 
show a close match to measured values.  Figure 32 also shows that the calculated methane 
solubilities (back calculated from the K values) compare quite closely to the measured values 
for Christina Lake bitumen. 
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Using equation 8 with the derived values of m and n for Christian Lake dead oil and for the 
pseudo liquid methane to determine component viscosities, and using equation 9 with the 
derived values of kv1, kv2 kv3, kv4 and kv5 to determine the equilibrium mole fraction of 
methane in the oil phase, live oil viscosities at saturated conditions were calculated with 
equation 6.  The predicted values are compared to measured values in Figure 33.  The STARS 
approach was capable of predicting live oil viscosities within 15%.  Also shown on Figure 33 are 
the predictions at undersaturated conditions and these also fall within 15% of the measured 
values. 
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5.0 DISCUSSION 

The experimental measurements showed that temperature has a much greater effect on oil 
viscosity then the degree of saturation of methane.  For example for MacKay River bitumen, 
increasing the temperature from 30 °C to 220 °C at a constant methane content of 2.62 std. 
m3/m3, decreased the viscosity from 45,000 cp to 58 cp, where as; increasing the methane 
content from 1.11 std. m3/m3 to 10.84 std. m3/m3 at a constant temperature of 30 °C, only 
decreased the viscosity from 54,000 cp to 20,000 cp.  Conversely pressure had a greater influence 
on methane solubility then temperature.  For example for MacKay River Bitumen, increasing 
the pressure from 500 kPa to 4,000 kPa at a constant temperature of 30 °C increased methane 
solubility from 1.11 std. m3/m3 to 10.84 std. m3/m3, where as; increasing the temperature from 
30 °C to 220 °C at a constant pressure of 4,000 kPa, only decreased solubility from 10.84 std. 
m3/m3 to 6.72 std. m3/m3. 
 
The experimental study demonstrated that with the suggested constants, the use of Mehrotra & 
Svrcek correlations to provide absolute values for solubility and live oil viscosity were not 
accurate.  Although the correlations capture the trends associated with the effects of pressure 
and temperature, they significantly under predicted both parameters of both bitumens.  The 
correlations were developed for a specific bitumen which was not identified and make no 
allowance for the magnitude of the dead oil viscosity.  From the degree of deviation between 
measured and calculated values it appears that the M&S correlations were developed from a 
bitumen that had a viscosity more closely matching Mackay River then Christina Lake.  No 
assumption can be made of the solubility as both bitumens showed similar deviation.  To obtain 
a better prediction with the M&S method, new correlation coefficients for each specific bitumen 
would need to be determined. 
 
Both the Butler approach and STARS approach showed the ability to effectively predict the 
methane solubility and live oil viscosity at fully saturated conditions.  Also both approaches can 
predict the live oil viscosity at undersaturated conditions if the methane solubility was known. 
 
The experimental measurements of methane solubility at fully saturated conditions were very 
similar for both bitumens as shown in Figure 34.  This is also confirmed by the similarity in the 
parameters in equation 4 and in equations 9 for both bitumens.  It remains to be determined if 
this characteristic is true for other Athabasca bitumens. 
 
The study has shown that the methane pseudo-viscosity can be effectively characterized by 
either the exponential equation 7 or by Walther’s equation 8.  Both bitumens show a similarity 
in the magnitude and relationship with temperature of the methane pseudo-viscosity.  This 
similarity is shown in Figure 35 for all the derived methane viscosities of both bitumens.  An 
overall linear regression of the data provides values of -3.76 and 23.24 respectively for 
parameters m and n in equation 9.  Again it remains to be determined if this characteristic is 
true for other Athabasca bitumens, however, if it is true then the STARS approach has an 
advantage.  In this approach to determine live oil viscosity at any temperature and pressure 
only the dead oil viscosity and methane solubility (either measured or by correlation) need to be 
known.  In the Butler approach several live oil viscosity measurements need to be made in 
order to determine the value of parameter m’ in equation 3. 
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6.0 CONCLUSIONS 

 
1. An experimental set up was designed and constructed to measure live oil viscosity and 

methane solubility over a range of temperatures (30°C – 220 °C) and pressures (500 kPa- 
4,000 kPa) encountered during a SAGD operation. 

 
2. Measurements of live oil viscosity and methane solubility were made over the SAGD 

operating temperature and pressure range for two different bitumens, MacKay River 
and Christina Lake.  Measurements were made at fully methane saturated conditions 
and at under saturated conditions. 

 
3. Three predictive approaches were examined for there ability to effectively determine 

methane solubility and live oil viscosity. The approaches were Mehrota & Svrcek 
correlations, Butler correlations and STARS numerical simulator correlations.  Values for 
the correlation constants of both the Butler and STARS methods were determined for 
both MacKay River and Christina Lake bitumens. 

 
4. The Mehrota & Svrcek correlations with their suggested constants, under predicted both 

methane solubility and live oil viscosity for both bitumens.  Under prediction of 
methane solubility was about 30% for both bitumens.  Live oil viscosity was under 
predicted by a larger degree with Christina Lake bitumen then MacKay River; on 
average by 20% at low viscosity and 60% at high viscosity for MacKay River versus 40% 
at low viscosity and 80% at higher viscosities for Christina Lake. 

 
5. The liquid methane pseudo-viscosities determined in the STARS method could be 

effectively represented by either the exponential relationship or Walther’s equation. 
 

6. Both the Butler and STARS methods were effective at predicting the methane solubility 
and live oil viscosity at fully saturated conditions.  Both approaches were also effective 
at predicting the live oil viscosity at undersaturated conditions if the methane solubility 
was known.  Both approaches predicted live oil viscosity within 10% for MacKay River 
bitumen and 15% for Christina Lake bitumen. 

 
7. Methane solubilities at fully saturated conditions were very similar for both bitumens. 

 
8. The magnitude and temperature relationship of the liquid methane pseudo-viscosity 

determined in the STARS method was very similar for both bitumens. 
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Figure 1. Schematic of Experimental Set Up 

 
 
 
 

 
Figure 2. Photograph of Fluid Accumulators 

 
 

 
Figure 3. Photograph of Piston Pump 
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Figure 4. Photograph of Capillary Tubes 

 
 

 
Figure 5. Photograph of Brooks Gas Meter 
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Figure 6. MacKay River Dead Oil Viscosity – 

Exponential Relationship 
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Figure 7. Christina Lake Dead Oil Viscosity – 

Exponential Relationship 
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Figure 8. MacKay River Dead Oil Viscosity – 

Walther’s Equation 
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Figure 9. Christina Lake Dead Oil Viscosity – 
Walther’s Equation 
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Figure 10. M&S Calculated Solubility Compared to 

MacKay River Measured Solubility 
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Figure 11. M&S Calculated Viscosity Compared to 

MacKay River Measured Viscosity
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Figure 12. Ln(GOR) versus 1/T for MacKay River 

Bitumen 
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Figure 13. Butler Calculated Solubility versus 
MacKay River Measured Solubility
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Figure 14. Ln(Dead Oil Vis.)/Ln(Live Oil Vis.) versus 

GOR for MacKay River Bitumen 
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Figure 15. Butler Calculated Viscosity compared to 

MacKay River Measured Viscosity
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Figure 16. Ln(Viscosity) versus Mole Fraction 

Methane for MacKay River Bitumen 
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Figure 17. Methane Pseudo-Viscosity Values for 
MacKay River Bitumen – Exponential 
Relationship 
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Figure 18. Methane Pseudo-Viscosity Values for 

MacKay River Bitumen – Walther’s 
Equation 
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Figure 19. K-Values for MacKay River Bitumen 
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Figure 20. STARS Calculated Solubility versus 

MacKay River Measured Solubility 
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Figure 21. STARS Calculated Viscosity versus 

MacKay River Measured Viscosity
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Figure 22. M&S Calculated Solubility Compared to 

Christina Lake Measured Solubility 
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Figure 23. M&S Calculated Viscosity Compared to 

Christina Lake Measured Viscosity 
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Figure 24. Ln(GOR/P) versus 1/T for Christina Lake 

Bitumen 
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Figure 25 Butler Calculated Solubility versus 
Christian Lake Measured Solubility
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Figure 26. Ln(Dead Oil Vis.)/Ln(Live Oil Vis.) versus 

GOR for Christina Lake Bitumen 
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Figure 27. Butler Calculated Viscosity compared to 

Christina Lake Measured Viscosity 
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Figure 28. Ln(Viscosity) versus Mole Fraction 

Methane for Christina Lake Bitumen 
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Figure 29. Methane Pseudo-Viscosity Values for 

Christian Lake Bitumen - Exponential 
Relationship 
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Figure 30. Methane Pseudo-Viscosity Values For 

Christian Lake Bitumen – Walther’s 
Equation 
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Figure 31. K-Values for Christian Lake Bitumen 
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Figure 32.  Stars Calculated Solubility versus 

Christian Lake Measured Solubility 
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Figure 33. STARS Calculated Viscosity Compared 

to Christina Lake Measured Viscosity 
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Figure 34. MacKay River Methane Solubility 

Compared to Christina Lake Methane 
Solubility 
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Figure 35. MacKay River Methane Pseudo-Viscosity 

Compared to Christina Lake Methane 
Pseudo-Viscosity
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8.0 APPENDICES 

Appendix I Capillary Tube Calibration Data 
Table 11. Calibration Measurements 

S30000 S8000 S2000 S600
Temp Viscosity Viscosity Viscosity Viscosity
C cp cp cp cp

22 104,334.48 31,414.65 6,641.21 1,908.51
30 47,776.21 14,457.06 3,194.09 975.24
70 2,416.16 793.26 220.50 87.47

100 521.06 186.80 60.97 28.22
125 196.28 75.93 27.94 14.37
150 90.19 37.57 15.37 8.64
200 28.82 13.72 6.70 4.31

1/8 " Tube
1/16" Tube
Both

Oil Standards
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Appendix II MacKay River Bitumen Capillary Tube Measurements 
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Appendix III MacKay River Bitumen GOR Measurements 
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Appendix IV Christina Lake Capillary Tube Measurements 
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Appendix V Christina Lake GOR Measurements 
 

 


