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ABSTRACT 

Steam-Assisted Gravity Drainage (SAGD) is the leading recovering technique for 

heavy oil and bitumen in Canada. An indispensable condition for a successful SAGD 

process is the full utilization of the injected steam. However, because of the reservoir 

heterogeneity and the wellbore hydraulics and undulation, a non-uniform steam chamber 

will evolve. 

This study proposes Transient Temperature Analysis (TTA) to evaluate the early-

stage SAGD (start-up and ramp-up) steam conformance through analyzing the 

temperature falloff data after shut-in. Both forward and inverse mathematical models are 

presented to facilitate the application of this technique. The four 2D forward mathematic 

models, including three non-condensation models of a two-system (a hot-zone of steam 

temperature and a cold-zone of reservoir temperature), a three-system (a transition-zone 

is added in between), superposition of multiple two-systems for irregular temperature 

distribution, and one condensation model, were developed to model the temperature 

falloff behaviour. All three non-condensation models assume that heat conduction is 

dominant after shut-in, whereas the condensation model incorporates the effect of steam 

condensation. The inverse model helps to automatically analyze the temperature falloff 

data and to interpret the hot-zone size. Sensitivity analyses show that the hot-zone size 

and shape, the observing distance, and the thermal diffusivity in the vicinity of the 

observing location (usually at the producer) strongly affect the temperature response. 

Synthetic case studies suggest that both the superposition model and three-system model 



 

II 

 

can be used to interpret the temperature distribution for a SAGD start-up process under 

different conditions; the superposition model is applied before steam breakthrough; and 

the three-system model is applied after steam-breakthrough. Synthetic case studies also 

show that the condensation model can reasonably interpret the steam chamber size and 

match the temperature falloff for the ramp-up stage. 

The second part of this study investigated the effects of reservoir heterogeneity on 

the steam chamber development and temperature response after shut-in through 3D 

heterogeneous reservoir simulation studies. Based on the statistics gathered from the 

simulations, empirical correlation(s) between steam chamber size and the temperature 

falloff data was achieved through regression. A practical guideline regarding how to 

utilize these empirical correlations and to estimate the steam chamber size is introduced.  
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NOMENCLATURE 

T  = temperature, ºC 

RT  = initial reservoir temperature, ºC 

sT
 = steam temperature, ºC 

t  = time, day 

wR
 = wellbore radius, m 

r  = radius from any location to the hot-zone center, m 

1R
 = radius of the hot-zone, m 

2R
 = radius of the transition-zone in the three-system model, m  

oR
 = observing distance, m 

BR
 = radius of the condensation front, m 

tC
 = overall volumetric heat capacity of the reservoir, J/m

3
-ºC 

oC
 = volumetric heat capacity of oil, J/m

3
-ºC 

wC
 = volumetric heat capacity of water, J/m

3
-ºC 

rC
 = volumetric heat capacity of rock, J/m

3
-ºC 

oK
 = thermal conductivity of oil, J /m-day-ºC 

wK
 = thermal conductivity of water, J /m-day-ºC 

rK
 = thermal conductivity of rock, J /m-day-ºC 

tK
 = overall thermal conductivity of the reservoir, J /m-day-ºC 

L rK   = thermal conductivity of the mixture of rock and liquid, J /m-day-ºC 

G rK   = thermal conductivity of the mixture of rock and gas, J /m-day-ºC 

tSK
 = overall thermal conductivity of steam-zone, J /m-day-ºC 

tLK  = overall thermal conductivity of liquid-zone, J /m-day-ºC 

t t tk K C  = overall thermal diffusivity of the reservoir, m
2
/day 

tS tS tk K C  = overall thermal diffusivity of the steam-zone, m
2
/day 
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tL tL tk K C  = overall thermal diffusivity of the liquid-zone, m
2
/day 

1q
 = heat flux on the boundary of the steam-zone and transition-zone, J /day 

2q
 = heat flux on the boundary of transition-zone and cold-zone, J /day 

1T
 = Temperature in the steam-zone, ºC 

2T
 = Temperature in the liquid-zone, ºC 

D  = distance between the two heat sources, m 

T  = temperature in Laplace space 

'

1 1( , ) / ( , )T r t T r t

 
= 

temperature effects in Laplace space caused by the 1
st
 hot-zone when the 

observation point is inside/outside of the 1
st
 hot-zone, dimensionless  

2
'

2

( , )

/ ( , )

T D r t

T D r t




 = 

temperature effects in Laplace space caused by the 2
nd

 hot-zone when the 

observation point is inside/outside of the 2
nd

 hot-zone, dimensionless  

s = time variable for Laplace Transform 

( )nI x
 = Modified Bessel Function of the 1

st
 kind of the n

th
 order 

( )nK x
 = Modified Bessel Function of the 2

nd
 kind of the n

th
 order 

w  = water density, kg/m
3
 

s  = steam density, kg/m
3
 

sL  = latent heat of steam, J/kg 

NS = the number of sub-zones divided in the steam-zone 

NL = the number of sub-zones divided in the liquid-zone 

i = the counter to number the divided sub-zone 

sA  = the steam area on a specific vertical section along the wellbore,  

m = slope of the dimensionless temperature derivative curve (
ln( )

DdT

d t
vs. t) 

h = the distance from the chamber edge to the producer, m
2
 

Np  accumulative oil production, m
3
 

Subscript 

D = dimensionless 

p = Particular solution 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

Steam-Assisted Gravity Drainage (SAGD) is the key in-situ recovery process being 

used today to extract heavy oil and bitumen from oilsands. An efficient SAGD process 

highly depends on the full utilization of the injected steam and creation of a uniform 

steam chamber along the well length, which is also called steam conformance. The 

volume of the steam chamber directly determines the amount of bitumen that can be 

recovered from the oilsands reservoir, because only the bitumen in the heated oilsands 

can be mobilized and drain down to the producer. Because of the reservoir heterogeneity, 

the wellbore hydraulics, and the wellbore undulation, preferential flow paths of steam 

will be formed, and all the heated fluids tend to flow through the preferential paths. 

Therefore, non-uniform steam chamber is inevitable in a SAGD process and might cause 

formation damage in some extreme conditions. Although non-uniform steam chamber 

distribution is inevitable, measures can be taken to mitigate those adverse effects if the 

steam chamber development is properly monitored and evaluated.  

Reservoir simulation has always been a good way to evaluate the SAGD 

performance. However, the reliability of reservoir simulation highly depends on the 

accuracy of the input data, e.g., the geological model, the rock and fluid properties, based 

on which the reservoir simulation will be conducted. Also, the reservoir simulation has its 

own limitations, the reliability of the results should be highly doubted when larger grids 

are used due to the numerical dispersion. For thermal recovery processes, in which the 
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heat transfer is much faster that the fluid movement, smaller grids are required. The finer 

grids and detailed input leads to much longer calculation time. This is definitely not a 

good option of steam chamber evaluation and monitoring. 

The traditional way for estimating steam chamber extent is the application of 3D/4D 

seismic, usually in combination with the vertical temperature log from the offset 

observers. However, its high cost and its deficiency in differentiating steam from 

methane limit its applications. Cases have been reported that the temperature data from 

the vertical observers was successfully applied to estimate the steam chamber dimension, 

expansion orientation, and the growth rate. However, the costs of drilling observers are 

also very high and it only provides the information of steam chamber at that single 

observation point. Therefore, an economic and effective technique is needed by the 

industry to understand steam chamber development. The study proposes to use transient 

temperature analysis to estimate the steam chamber size distribution along the horizontal 

well length in early-period SAGD through analyzing the temperature falloff data which is 

available from the thermocouples or optical fibres installed in SAGD producers and 

injectors. 

Compared with the traditional method of 3D/4D steam chamber analysis, the 

technique proposed in this study provides a fast and economic way to evaluate the steam 

conformance. Both the semi-analytical solution for the forward model and the 

optimization method for the inverse model ensure minimum interpretation time and 

optimal chamber size estimation. Furthermore, thermocouples and optical fibres have 

already been installed or can be easily installed in most SAGD wells. The TTA 
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technology will allow the industry to use the temperature data more efficiently without 

bringing any additional costs. Based on the empirical correlation(s) derived from the 3D 

heterogeneous reservoir simulation, this study also provides a practical procedure to 

conduct temperature falloff testing to estimate steam chamber size variation along the 

well length for SAGD processes with short shut-in time. 

Finally, the author would like to point out that this study is the beginning of the 

application of TTA in SAGD process evaluation. This study has shown that the Transient 

Temperature Analysis technique has the potential of developing into a stronger 

monitoring technique, and this study hopefully will shed light on the further application 

of TTA in thermal recovery processes. 

1.2 Problem Statement 

The purpose of the study is to establish a series of mathematical models to 

characterize the temperature falloff behaviour after shut-in and use these models to 

interpret the steam chamber size variation along the well length through analyzing the 

temperature falloff data with the assistance of optimization method. Based on the 

mathematical models, a software package will be developed to facilitate the steam 

conformance evaluation. Also, a practical temperature falloff testing procedure will be 

provided to evaluate steam conformance using the correlation(s) derived from 3D 

reservoir simulations in heterogeneous reservoir. 
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1.3 Methodology 

The study was conducted in two parts: one is the mathematical modeling of the 

early-stage SAGD temperature falloff behaviour; the other is the correlation of the steam 

chamber size and the temperature falloff response. 

In the first part, the research work was conducted in the following steps: 

1. Established partial differential equations that describe the temperature falloff 

behaviour for early-stage SAGD processes and find their solutions. Four 2D mathematic 

forward models−two-system, three-system, superposition, and condensation 

models−were developed. Their solutions were found in Laplace space and transformed 

back numerically using Stehfest algorithm. 

2. Conducted a series of sensitivity analyses over each type of forward model. The 

observations from sensitivity analyses provided in-depth understanding of the physical 

and mathematical models. 

3. Developed an inverse algorithm to estimate steam chamber shape and size in the 

2D scenario. The Complex Method for constrained optimization was used to facilitate 

obtaining the optimal steam chamber size through matching the given temperature falloff. 

4. Validated the mathematical models through synthetic case studies. All four 

proposed models were examined and a number of useful conclusions were achieved.  

In the second part, the effects of reservoir heterogeneity over the steam conformance 

and temperature response after shut-in were investigated through 3D heterogeneous 

reservoir simulation. Based on the simulations statistics, empirical correlation(s) between 

steam chamber size and the temperature falloff data was achieved through regression. A 
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practical guideline regarding how to utilize this empirical correlation and to estimate the 

steam chamber size is introduced.  

1.4 Organization of the Thesis 

After the introduction, the thesis starts with Chapter 2: Literature Review. The 

literature review provides an evaluative report of studies found in the literature related to 

Transient Temperature Analysis, steam conformance and its monitoring techniques.  

In Chapter 3, the three types of non-condensation models and their solutions are 

provided. The results from corresponding sensitivity analyses and synthetic case studies 

are summarized. 

Chapter 4 introduces the condensation model to incorporate the effect of steam 

condensation. Accordingly, sensitivity analyses and synthetic case studies are conducted 

and reported in this chapter. 

Chapter 5 presents the Complex Method for constrained optimization for inverse 

problems in the synthetic case studies, and some factors affecting its performance are also 

discussed.  

Chapter 3 through Chapter 5 make up the first part of this research work: the 

mathematical modeling. Chapter 6 presents empirical correlation(s) between steam 

chamber size and the temperature falloff data obtained through 3D reservoir simulation 

and a practical guideline to utilize this empirical correlation to evaluate steam 

conformance.  

Finally, conclusions are drawn and recommendations are given in Chapter 7. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 SAGD Process 

Heavy oil and oilsands reservoirs in Alberta, Canada host approximately 1.7 trillion 

barrels of heavy oil and bitumen. This is a significant fraction of the global estimated 6 

trillion barrels of heavy oil and oilsands reserves. The key challenge faced by operators to 

produce heavy oil and oilsands reservoirs is the high viscosity of the oil. Thermal 

recovery methods mobilize the oil by heating it to over 200ºC to significantly reduce its 

viscosity. Among these techniques, SAGD has become the predominant one used to 

recover heavy oil and bitumen in Canada. In a typical SAGD process (Figure 2.1), two 

parallel horizontal wells, an upper injector and a lower producer, are drilled at the bottom 

of the formation. The injector is usually 5 meters above the producer. Steam is injected 

continuously into the formation and expands vertically and laterally to form a steam 

chamber. At the edge of the chamber, the heated bitumen and condensate drains down to 

the lower producer to be produced out. As oil and condensate drain down, steam grows 

upwards and sideway. Because the oil is significantly mobilized, and the permeability of 

the oilsands is relatively high, the oil recovery factor for a SAGD process can be very 

high. However, the high cost of steam generation, water treatment, and the associated 

CO2 emissions are the main challenges of SAGD. 



 

7 

 

 

 

Figure 2.1 Schematic diagram of SAGD configuration (Courtesy of Japan Canada Oil 

Sands Limited). 

 

 

Figure 2.2 SAGD progression (Courtesy of Cenovus, 2011) 
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The current commercial SAGD process consists of four stages of operations 

(Cenovus, 2011): start-up, ramp-up, conventional SAGD and blow-down. An additional 

stage, co-injection, occurs between the conventional SAGD and blow-down stages when 

a non-condensable gas such as air or methane is co-injected with the steam. A typical 

SAGD progression is illustrated in Figure 2.2. 

2.1.1 Start-up Stage 

At initial reservoir conditions, due to the negligible fluid mobility and lack of water-

saturated zones within the SAGD interval, even if the conventional SAGD is 

implemented in the first place, the communication is still hard to achieve. Therefore, 

conventional circulation start-up or enhanced start-up operations will be employed to 

start SAGD well-pair. The conventional start-up stage of SAGD establishes thermal and 

hydraulic communication by simultaneously circulating steam through both the injector 

and producer. Figure 2.3 shows the typical well configuration for a SAGD start-up using 

steam circulation. Steam is injected into the tubing, condensing in the well, releasing heat 

and resulting in a liquid water phase that then flows up the casing-tubing annulus due to 

pressure gradients for the injection well (Figure 2.3(a)); for the production well steam is 

injected into the long tubing and retuned up the short tubing (Figure 2.3(b)). Edmunds 

and Gittins (1993) had an excellent discussion over the SAGD start-up process through 

summarizing a field test in the Alberta Oil Sands Technology Research Authority 

(AOSTRA) Underground Test Facility (UTF). A typical SAGD start-up procedure, as  
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Figure 2.3 Well configuration in a SAGD start-up using steam circulation. (a) circulation 

of the injection well, (b) circulation of the production well. (Vincent, 2004). 

 

Figure 2.4 The UTF SAGD Start-up process (Edmunds and Gittins, 1993) 
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illustrated in Figure 2.4, was described, in their paper, as a combination of conduction 

heating followed by a mild steam flood, implemented by circulating steam in both wells 

with a pressure differential. Once the bitumen is heated to 50 ºC to 100 ºC to be 

mobilized by conduction, the communication is established, and hot water can displace 

enough of it to finger through and initiate rapid convection, while at the same time the 

new steam chamber begins growing up and out due to SAGD. 

Typical steam circulation time to establish fluid communication is 120 days, and it is 

related to:  

1. Inter- well separation along the horizontal well length; 

2. Near-wellbore reservoir quality, e.g. the existence of shale barrier; 

3. Circulation pressure and temperature (Vincent, 2004);  

4. Steam quality  and circulation rate (Vincent, 2004, Yuan, 2009, Parmar, 2009); 

5. The magnitude and timing of pressure differential implementation between the 

injector and producer (Vincent, 2004, Vanegas, 2005, Parmar, 2009); 

6. The mobility improvement associated with a relativly higher initial water saturation 

in the near-well region. (Oskouei, et al. 2012); 

In addition, the start-up might be accelerated using several different methods, 

namely, cold water dilation, steam dilation, solvent soaking, and electrical heating. These 

are referred to as enhanced start-up operations. 
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2.1.2 Ramp-up Stage 

After communication has been established between the SAGD well-pair, often over 

a limited section of the well-pair length, steam is injected into the injection well at 

constant pressure while mobilized oil and water are removed from the production well. 

During this period the zone of communication between the wells is expanded axially 

along the full well-pair length and the steam chamber grows vertically up to the top of the 

bitumen zone. When the inter-well region over the entire length of the well-pair has been 

heated and the developed steam chamber has reached the reservoir top, the oil production 

rate peaks and begins to decline while the steam injection rate reaches a maximum and 

levels off. 

2.1.3 Conventional SAGD Operations 

After the ramp-up stage, the steam chamber has essentially achieved full height, 

although it might still be rising very slowly through or spreading around lower 

permeability zones in some locations. Lateral growth becomes the dominant mechanism 

for recovering oil. As the steam chamber widens, overburden heat losses consume an 

increasing portion of the heat from injected steam, leading to declining oil production 

rates at steady steam rates (or possibly steady oil rates with increasing steam rates). 

Typically, steam is injected into the injection well and controlled to maintain a target 

steam chamber pressure during this stage, and the production well remains submerged in 

draining oil and steam condensate. One key control variable in SAGD is the temperature 

difference between the injected steam and the produced fluids. This value, known as the 

subcool, is typically maintained in a form of steamtrap control between 12 and 30 ºC 
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(Gates, et al. 2007). The subcool is being used as a surrogate variable instead of the 

height of liquid above the production well. This operating strategy prohibits excessive 

steam from short-circuiting the SAGD process and flowing directly from the injection 

well to the production well. Conventional SAGD operations will be sustained until the 

optimal amount of heat has been supplied to the well-pair. 

2.1.4 Blow-down Operations 

Once steam injection is terminated, a non-condensable gas (expected to be air) might 

be injected into the steam chambers to maintain pressure to enable continuous bitumen 

production as in conventional SAGD. Bitumen production rates decline over time as the 

growth rate of the steam front slows under gas injection. Blow-down production 

operations are anticipated to continue until bitumen production declines to an 

uneconomic rate.  

2.2 Steam Conformance 

Reservoir heterogeneity (Chen et al., 2007, Gotawala and Gates, 2010, Shama and 

Gates, 2011), wellbore hydraulics (Yuan, 2009), and wellbore undulation (Shen, 2011) 

are the three major causes of non-uniform steam chamber development along the 

horizontal wellbore.  

Because of the depositional environment, the reservoir might contain spatially 

distributed mud and shale barriers, calcite nodules, and tight sand zones. The propagation 

of the steam chamber is directly related to the reservoir heterogeneity caused by this 

geology of the oil sand reservoir. Thus, the ideal steam chamber may not form in reality, 
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and without understanding the effects of reservoir heterogeneities, SAGD results for 

homogeneous systems cannot be applied directly to provide reliable predictions for field-

type systems. For example, the analysis of Zhang et al. (2005) of 4D seismic and cross-

well seismic and production data demonstrated that steam chamber growth and oil 

recovery are strongly influenced by reservoir geology. Steam chamber growth is 

especially affected by low permeability facies in the vicinity of the SAGD well-pair. In 

many well-pairs, less than 100% of the well length contributes to oil production; this is 

due in some part to the geological and fluid heterogeneities along the well-pair (Larter et 

al., 2008, Gates et al., 2008). The predicted flow performance of a SAGD well-pair is 

thus sensitive to the spatial distribution of permeability (Zhang et al., 2005). 

Gotawala and Gates (2010) and Shama and Gates (2011) gave a good explanation of 

why and how the non-uniform steam chamber can develop. There are two modes of heat 

transfer at the edges of the steam chamber. The first is heat conduction, which depends 

on the temperature gradient at the edge of the steam chamber. The second is convection 

and it depends on the tendency of the steam and condensate to flow into the oilsands at 

the edge of the chamber. The flow of steam and condensate at the edge of the chamber is 

controlled by the driving force for fluid motion, that is, the local pressure gradient, and 

the permeability of the oilsands. If the permeability varies spatially at the edge of the 

chamber, then steam will flow preferentially into relatively high permeability zones at the 

chamber edge. Thus, both conductive and convective heat transfer contribute at the edge 

of the chamber. Heat conduction will tend to homogenize the temperature profile, 

whereas convection in channels will tend to polarize heat transfer to the channels. If 
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conduction dominates, then an isotherm, say the one at steam temperature, at the edge of 

a chamber will tend to be uniform along the well-pair since heat transfer is proportional 

to the thermal diffusivity of the oilsands. If convection dominates, then the isotherm will 

tend to be non-uniform since the permeability varies spatially. In the most efficient mode 

of heat transfer at the edge of a chamber, conduction will occur from both the steam 

chamber and the convective channels to yield the highest heat transfer to the oilsands 

beyond the edge of the chamber. Also, the heterogeneity of water saturation distribution 

along the wellbore inside the reservoir will contribute to the non-uniform distribution of 

steam chamber along the wellbore. 

Start-up process is dominated by the complex hydraulics of the circulated hot fluid, 

thermal conduction, and convection effects in the near-well region. Therefore, the steam 

injection rate, steam quality, the pressure drop between the well-pair, which are directly 

related to wellbore hydraulics, will play important roles. Yuan (2009) discussed that 

under a higher circulation rate when no insulation is present, the heat transfer from the 

tubing to the annulus near the heel increases with the increase of the steam circulation 

rate; and the pressure gradient from the heel of the tubing around the toe and returning to 

the heel of the liner also increases with increasing fluid velocity. The combination of the 

two effects returns a higher proportion of the injected steam out of the well and reduces 

the effectiveness of steam circulation so that the region around the toe becomes cooler, 

and even insufficiently heated to establish thermal communication when steam has 

broken through near the heel. 



 

15 

 

Shen (2011) used CMG STARS’ FlexWell model to assess the effects of wellbore 

undulation, wellbore fluid heating and wellbore/grid alignment. The simulation results 

revealed that the variation of inter-well distance affects both the heating of the inter-well 

formation and the development of steam chamber. Larger inter-well distance returns 

slower inter-well formation heating, thereby impairing the initiation and development of 

steam chamber, whereas uniform well distance tends to bring forth uniform heating, 

uniform steam chamber development, and fast production ramp-up. 

Measures can be taken to mitigate those adverse effects. For example, appropriately 

larger tubing can reduce the fluid velocity, and insulation of the horizontal tubing can 

reduce the heat transfer rate to the annulus. Recently, wells with dual or three tubing 

strings have become widely used in SAGD projects to design and optimize steam 

chamber development. Some practical controls, including Proportional-Integral-

Derivative (PID) and Interval Control Valves (ICVs), are applied on SAGD wells to help 

to achieve uniform steam chamber development and enhanced production. A PID 

feedback controller (Stone et al. 2011) is installed on each injection tube to regulate the 

injection through monitoring temperature differences between injected and produced 

fluid. ICVs (Erlandsen, 2000) permit the direct control of injectants and produced fluids 

along the length of the well.  

However, a non-uniform steam chamber is still unavoidable due to the reservoir 

heterogeneity. If the steam chamber can be properly monitored and evaluated, the above 

techniques can be applied directly on the pertinent location. Technologies available for 

start-up evaluation and steam chamber monitoring are quite limited. An easy-to-conduct 
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and effective method is needed to quickly identify the steam conformance in the near-

well region for SAGD. 

2.3 4D Seismic for Steam Chamber Monitoring 

4D seismic or time-lapse seismic technology has found widespread applications in 

reservoir monitoring within the last 10 to 15 years for various recovery processes, 

including those involving steam injections (Zhang, 2005, Yuh, 2009). A reservoir 

saturated with heavy oil has higher seismic P-wave velocity than a reservoir saturated 

with steam in most cases. Thus, by detecting the relatively large velocity contrasts or the 

seismic anomaly around the steam chamber, the 4D seismic can measure the 3D shape of 

the steam chamber and its expansion and migration regarding time. However, if the 

reservoir has been developed based on natural depletion, free gas should be present. The 

free hydrocarbon gas also has a lower P-wave speed compared to the oil, which makes 

the velocity contrast between gas and steam no longer large. Therefore, to differentiate 

the steam from hydrocarbon gas, a high signal-to-noise ratio is required. Also, the high 

cost of 4D seismic limits its application to only being shot at long interval. 

2.4 Down-hole Temperature Monitoring Technology 

The two most widely applied temperature gathering technologies in steam-related 

recovery processes are thermocouples and optical fibre. 

2.4.1 Thermocouple 

A thermocouple is a device consisting of two different conductors (usually metal 

alloys) that produce a voltage, proportional to a temperature difference, between either 
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end of the two conductors. Thermocouples are widely used temperature sensors for 

measurement and control and can also be used to convert a temperature gradient into 

electricity. They are inexpensive, interchangeable, and are supplied with standard 

connectors, and can measure a wide range of temperatures. In contrast to most other 

methods of temperature measurement, thermocouples are self powered and require no 

external form of excitation. The main limitation with thermocouples is the lacking of 

accuracy: system errors of less than one degree Celsius can be difficult to achieve. 

Thermocouples have been extensively used in SAGD projects. Their applications 

date back to the early SAGD pilot tests. Some types of thermocouples can operate up to 

900°F, but practical experience in SAGD wells suggests reliability is poor above 440°F 

(Carnahan, 1999). Birrell (2003) proposed to interpret temperature data obtained from 

thermocouples installed in a vertical observation well to predict steam chamber growth 

and rate in the pilot project of Phase B at the Undergrad Test Facility. Birrell stated that 

steam chamber movement rate can be estimated by analyzing the temperature in the 

observation wells and applying temperature transient technologies. He offered several 

methods to calculate steam growth rate and to determine steam chamber movements in 

heterogeneous reservoirs by use of thermocouples and heat equations. 

2.4.2 Optical Fibre 

An optical fibre is a flexible fibre made of pure silica not much thicker than a human 

hair. It functions as a waveguide to transmit light between the two ends of the fibre. 

Optical fibres are widely used in communications and illumination, and are wrapped in 

bundles so that they may be used to carry images, allowing viewing in confined spaces. 
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Specially-designed fibres are used for a variety of other applications, including sensors 

and fibre lasers. 

Optical fibre began to see extensive applications in real-time monitoring for thermal 

recovery processes from the end of 1990 (Carnahan, 1999, Knoll, 2000) due to its 

inherent advantages over conventional permanent down-hole sensors such as immunity to 

electromagnetic interference, greater sensitivity, resistance to high temperature, 

capability of multiplexing and making distributed measurements (optical fibre 

Distributed Temperature System), and finally, ease of integration into large-scale fibre 

networks and communication systems. 

The temperature gathered from optical fibre DTS can be used for identifying the 

formation of the steam chamber, determining orientation of steam chamber expansion, 

estimating the height and vertical growth velocity of the steam chamber and optimization 

of steam injection parameters (Wang, 2009). 

2.4.3 Comparison of Optical Fibre and Thermocouple 

Until the advent of optical fibre systems, thermocouples were the only means of 

acquiring continuous temperature data from steam flood wells. There are a number of 

advantages that optical fibre systems hold over thermocouples. Thermocouple bundles 

are available in lengths up to 5,000 ft with up to 36 thermocouples, whereas fibre is 

produced up to 32,000 ft. There are many more data points available with optical fibre 

systems that measure temperature at every meter. The DTS is self-referencing and does 

not drift. The optical fibre line dimensions are usually much smaller than multiple 

thermocouple lines. The optical fibre sensor can be removed and replaced without 
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disturbing the outer control cable. Finally, because the optical fibre sensor measures data 

all along the wellbore, pre-positioning the cable in the well is unnecessary. Kaura and 

Sierra (2008) also proposed that temperature monitoring along a horizontal wellbore in a 

SAGD process should be monitored using optical fibre technology rather than 

thermocouples. 

2.4.4 Vertical Observers 

As mentioned earlier, the vertical observers have be extensively used in SAGD 

projects to help to infer the steam chamber dimension, its expansion orientation, and 

chamber growth rate (Birrell, 2003, Wang, 2009). Furthermore, as a direct measurement, 

the temperature log from vertical observer complements the 3D/4D seismic in estimating 

the vertical dimension of the steam chamber. And, the engineers can get more 

information that just temperature, e.g., the fluid saturations. Therefore, the observers play 

a significant role in monitoring steam chamber development and evaluating SAGD 

performance. However, each observer can only provide information observed or inferred 

from that point. To get a full understanding of the steam chamber development, more 

observers are needed, especially those along the well length direction. Because drilling 

observers are very expensive, it’s unrealistic to monitor the chamber development 

through only the temperature data from the observers. Therefore, a more economic and 

efficient way is needed. 
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2.5 Transient Temperature Analysis Technique 

The transient behaviour of temperature in the reservoir and wellbore is studied 

through heat transfer (Duru and Horne, 2010). Most authors in petroleum engineering 

study heat transfer mainly as a wellbore phenomenon. A few studies have examined heat 

transfer in reservoirs during flow of reservoir fluids. Models to couple the wellbore and 

reservoir systems in solving the heat-transfer problem are available. Comprehensive 

models for heat transfer in a porous medium from mass, energy, and momentum balance 

are also available. The literature shows that temperature analysis rests on comprehensive 

models of heat and mass transfer in porous media. The necessary analytical equations, a 

numerical simulation model confirming them, and a discussion on the calculation of the 

model’s robustness based on the measurement resolution claimed by the sensor 

manufacturer are the three important components to set up a reliable temperature analysis 

procedure (Muradov, 2012). 

2.5.1 TTA for Thermal Recovery Process 

In light of transient pressure analysis, Duong and Cyrot (2008a) proposed to predict 

the temperature profiles in the near-well region by using the exponential integral solution 

for radial heating in a long cylinder and superposition in space for multi-heating sources. 

In another paper, Duong (2008b) proposed two novel concepts of cooling time and 

heating ring. Cooling time can be used to estimate the formation thermal diffusivity, and 

thus, to infer the fluid type and fluid saturation around the wellbore. The heating ring, 

analogous to the drainage area in well-testing, can help to evaluate the steam chamber 
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extent and the heating storage in the formation. The models proposed by Duong borrow 

the idea and solution of pressure buildup. They were the first known published 

application of conventional pressure transient analysis into the conductive heating 

processes.  

However, both models are forward problem solving, which is to assume a constant 

heat flux or a constant injection pressure for a period of time and then calculate the 

temperature distribution. The reliability of this solution highly depends on the assumption 

of constant heat flux or constant injection pressure. When this constraint cannot be met, 

which is usually the case in a SAGD process, the result should be doubted. In addition, in 

start-up, before steam chamber forms, the temperature distribution is like two interfering 

circles with temperature radially decreasing from the center to the edge; after that, the 

temperature is uniform inside the chamber and radially decreasing outside. This 

difference in initial condition requires that the solution of the pressure buildup is no 

longer applicable to the temperature analysis in SAGD. Alternative solution method must 

be found. 

2.5.2 TTA and TPA 

TPA is the analysis of transient pressure especially that associated with small 

variations in the volume of fluid. In most well tests, a limited amount of fluid is allowed 

to flow from the formation being tested and the pressure at the formation is monitored 

over time. Then, the well is shut-in and the pressure monitored while the fluid within the 

formation equilibrates. These analyses can provide information on the size and shape of 

the formation as well as its ability to produce fluids. Analogous to TPA, by shutting the 



 

22 

 

steam injector, the temperature changes with time are observed. In this way, the reservoir 

thermal properties as well as the size and shape of the heat fluxed zone can be estimated. 

However, as discussed in the last section, there are fundamental differences between TPA 

and TTA (Table 2.1). Although the methodologies of TPA and TTA are similar, the 

solution of TPA is not applicable to TTA.  

As a monitoring approach with great potentials, the TTA technology is currently in 

its developmental stage. Its applications help complement TPA in estimating reservoir 

porosity, permeability, and thermal properties (Duru & Horne, 2010).  
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Table 2.1 Comparison between TTA and TPA 

 TPA TTA 

Problem type Boundary-value problem Initial-value problem  

Boundary 

condition 2wr r

w

P q B

r Kr h









   
constant flow rate 

0
wr r

T

r





   

no heat flux 

Initial 

condition 
1) 

( , 0)( , ) r t iP r t P   

    uniform initial condition 

2) t=0 , well is open. 

1) 
 , 0 sT r t T for r  

 

    
 , 0 rT r t T for r  

 
     non-uniform initial condition 

2) t=0, well is shut-in 

Method Pressure build-up can be solved 

through pressure drawdown and 

superposition principle. 

Temperature falloff cannot be solved 

through temperature build-up. 

Superposition-in-time is not 

applicable. 
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2.6 Inverse Problem Solving and Optimization Methods 

2.6.1 Inverse Problem 

A forward problem is a general framework that is used to convert parameters of a 

system to a series of data that normally can be observed via a model and a physical 

theory linking the parameters of the model to the parameters being measured. An inverse 

problem is a general framework that is used to convert observed measurements into 

information about a physical object or system of interest.  

The solution to an inverse problem is useful because it generally infers a physical 

parameter that cannot be directly observed. Thus, inverse problems are one of the most 

important, and well-studied mathematical problems in science and mathematics. Inverse 

problems arise in many branches of science and mathematics, including: computer vision, 

machine learning, statistics, statistical inference, geophysics, medical imaging, remote 

sensing, ocean acoustic tomography, non-destructive testing, astronomy, physics and 

many other fields. 

The forward problem can be conceptually formatted as: Model parameters → Data. 

The inverse problem can be conceptually formatted as: Data → Model parameters. The 

transformation from data to model parameters (or vice versa) is a result of the interaction 

of a physical system with the object about which one wishes to infer properties. In other 

words, the transformation is the physics that relates the physical quantity (i.e. the model 

parameters) to the observed data. 
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Inverse problems can be difficult to solve for at least two different reasons: (1) 

different values of the model parameters might be consistent with the data; and (2) 

discovering the values of the model parameters might require the exploration of a huge 

parameter space. This is why most of the formulations of inverse problems proceed 

directly to the setting of an optimization problem. 

In this study, in order to solve the inverse problem, the forward problem must be 

solved. Then, the optimization method can be employed to adjust the reservoir thermal 

properties and steam chamber size parameters to match the temperature falloff data. 

Based on this methodology, the inverse problem ultimately is converted into the solving 

of a series of forward problems under different sets of parameters characterizing the 

physical system and then extracting the optimized parameters among those candidates. 

Most optimization problems fall into the Least Square (LS) problem category, which 

might be expressed as a sum of squares or residuals. Because the residuals in our study 

are strongly non-linear, the non-linear least square problem is investigated. The methods 

that can be employed to solve non-linear LS problems mainly are (Numerical Recipe, 

1992): 

1. Gauss-Newton method, 

2. Gradient method, and  

3. Direct-search method. 

Among these, two of the most widely accepted LS methods are Levenberg–

Marquardt method and Complex Method, which are discussed below. 
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2.6.2 Levenberg–Marquardt Algorithm 

The Levenberg–Marquardt algorithm (Levenberg, 1944, and Marquardt, 1963), 

abbreviated as LMA, also known as the damped least-squares (DLS) method, provides a 

numerical solution to the problem of minimizing a function, generally nonlinear, over a 

space of parameters of the function. These minimization problems arise especially in 

least squares curve fitting and non-linear programming. 

The LMA interpolates between the Gauss–Newton algorithm (GNA) and the method 

of gradient descent. When the current solution is far from the correct one, the algorithm 

behaves like a steepest descent method: slow, but guaranteed to converge. When the 

current solution is close to the correct solution, it becomes a Gauss-Newton method. The 

LMA is more robust than the GNA, meaning that in many cases it finds a solution even if 

it starts very far off the final minimum. For well-behaved functions and reasonable 

starting parameters, the LMA tends to be a bit slower than the GNA. LMA can also be 

viewed as Gauss–Newton using a trust region approach. 

The drawback of LMA is that it finds only a local minimum, not a global minimum. 

2.6.3 Complex Method for Constrained Optimization 

The Complex Method of Constrained Optimization was originally proposed by Box 

(1965) and improved on by several other researchers. The method is a multivariable, 

direct-search technique that is efficient and convenient in optimizing problems with 

nonlinear objective functions subject to inequality constraints on explicit or implicit 

variables, without requiring the function derivative. This method has been applied 

successfully to solving many problems in the industry including oilfield problems (Shum, 
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1976). In Shum’s paper, two oilfield problems, a push-pull steam stimulation process 

problem, a push-pull steam stimulation process, and a well-drilling schedule were 

optimized using the Complex Method. The results were compared with those obtained by 

other optimization techniques reported in the literature. For both problems, the Complex 

Method was as efficient as other methods and probably was more efficient in obtaining 

the global optimum, both in terms of the number of objective-function evaluations 

required and of computing time. Through the solution of two problems, the Complex 

Method was demonstrated to be easily applied and effective in obtaining optimum 

solutions as compared to other methods.  

2.6.4 Choice between the Complex Method and the Levenberg–

Marquardt Algorithm 

Both the Complex Method and the Levenberg–Marquardt method are capable of 

solving optimizing problems with nonlinear, multivariable objective functions subject to 

inequality constraints. Both methods are widely accepted and can be easily applied with 

algorithms already available. However, each has its own advantages and disadvantages. 

Levenberg-Marquardt algorithm: 

1. It finds only a local minimum, not a global minimum. 

2. When the current solution is far from the correct one, the algorithm is slow, but 

can guarantee convergence. When the current solution is close to the correct solution, it 

becomes a Gauss-Newton method, but tends to be slightly slower than the GNA. 

Complex Method: 

1. It is effective in obtaining global optimum. 
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2. As a direct-search technique, it does not require the function derivative. 

3. The constraints can be on explicit or implicit variables.  

Based on the comparison, the Complex Method was chosen for the inverse problem 

solving in this study. 

2.7 Chapter Summary 

SAGD has become the leading technology to recovery heavy oil and bitumen in 

Canada. Due to reservoir heterogeneity, wellbore hydraulics, and wellbore fluctuation, 

the near-well region might not be evenly heated along the horizontal wellbore, and the 

localized chamber growth might occur in both the start-up process and the early stage of 

SAGD. These unfavorable situations can lead to delay in achieving quick ramp up to the 

target peak oil production rate, poor project economics, and poor SAGD performance in 

the long run. Therefore, an economic and efficient monitoring technique is needed to 

quickly examine the heating profile along the horizontal wellbore in the start-up process 

and to evaluate the steam chamber development along the horizontal wellbore in the early 

stage of SAGD.  

Although important, technologies available for evaluating heating efficiency and 

chamber growth in a SAGD-related process are quite limited. Numerical simulation is the 

most widely used tool to evaluate SAGD and its start-up process, and it sheds light on the 

major factors that affect SAGD and its start-up operation. However, simulation demands 

a large amount of time and data input; whereas industry needs a direct and easy way to 

assess the performance of start-up processes. 4D seismic has been successfully applied to 

detecting the steam chamber evolution in many SAGD cases. However, its high cost and 
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deficiency in identifying hydrocarbon gas from steam limits its applications, especially 

for early SAGD and start-up processes since the steam chamber is not well-developed at 

the early stage.  

Continuous temperature data is already available in many SAGD wells through the 

installed thermocouples and optical fibre but their data have not yet been used to full 

potential. Cases have been reported in which the temperature data obtained from either 

thermocouples or optical fibre were employed to predict steam chamber dimension, 

expansion orientation and growth rate. Those data are mainly gathered from the vertical 

offset observers. However, one observer can only provide information of one point, and 

more observers are needed to get a full understanding of the chamber progression. While 

the high costs drilling observers make it uneconomic to drill many observers.  

The sufficient shut-in time for work-over ensures the feasibility of measuring 

temperature falloff data for temperature analysis. TTA is still in the early stage of 

development. Its application are limited. For thermal processes, Duong published the first 

application of TTA in SAGD. He proposed to use temperature falloff data to estimate 

formation thermal diffusivity and heating ring along the horizontal wellbore during start-

up using the solution of pressure build-up. His methods are easy-to-conduct but lacking 

of accuracy due to the difference in initial condition of thermal processes and. pressure 

build-up. 

Therefore, the author proposes Transient Temperature Analysis to evaluate heating 

efficiency and chamber size using temperature falloff data from either thermocouples or 

optic fibre after shut-in. 
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CHAPTER 3: NON-CONDENSATION MODEL FOR 

SAGD START-UP 

According to Edmunds and Gittins (1993), during steam circulation when the well-

pair is still open, two types of heating scenarios exist at the two different periods of start-

up: 1) before steam chamber forms, conduction dominates; 2) after steam chamber forms, 

conduction is still dominant outside the chamber because the fluids in that area is not 

enough heated to be mobilized; whereas inside the chamber, convection starts to 

dominate over conduction. Accordingly, two types of heating scenarios exist after shut-in: 

1) if shut-in occurs before steam chamber forms, conduction still dominates; 2) if shut-in 

occurs after steam chamber forms, heat conduction will continue to dominate outside the 

chamber, and a small amount of convection will exist inside the chamber for a short 

period of time. Because the heating scenarios are different for the different stages, 

different models should be used to handle these scenarios. Based on this consideration, 

three types of conduction-heating models were developed according to their respective 

initial temperature distribution assumptions to describe the temperature response after 

shut-in for a SAGD start-up. The solutions were obtained in Laplace space using Bessel 

Function and ware transformed back numerically using Stehfest method. With the 

solution available, a series of sensitivity analyses were carried out to investigate the 

effects of the important parameters. Finally, a synthetic case study was conducted to 

validate the applicability of each model in evaluating SAGD start-up process. 



 

31 

 

3.1 Mathematical Model 

3.1.1 Model Assumptions 

The following assumptions were made: 

1. Heat conduction is dominant in the shut-in period.  

As discussed earlier, convection is mainly present in the steam chamber. If the steam 

chamber as a whole is regarded as a singular heat source, then convection inside the 

chamber can be ignored when we study the heat transfer between different temperature 

zones, and the whole system can be approximated as a conductive heating system. 

Furthermore, the observing point at the producer is always outside and below the 

chamber. Thus, conduction is always the dominant heat transfer mechanism in that near-

producer region. Moreover, the conductive heating theory has been extensively adopted 

by engineers to evaluate the start-up process. Ito et al. (2004) employed a 2D conductive 

heat flow model to estimate the temperature distribution at the cross-section after steam 

circulation and to identify communication, as shown in Figure 3.1. Duong (2008a, 

2008b) also proposed to predict the temperature profiles in the near-well region by using 

the exponential integral solution for radial conductive heating and superposition in space 

for multi-heating sources. To sum up, the conductive-heating model during shut-in is 

reasonable because 1) the producer is located in the conduction-dominant region, 2) the 

whole system can be viewed as conduction-dominant if the steam chamber is viewed as a 

heat source, and 3) conductive heating model is the most commonly used model to 

evaluate the start-up processes. 
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Figure 3.1 Isotherms at the end of initial circulation with location of injector, producer, 

and observation (Ito et al., 2004). 

 

Table 3.1 Thermal properties comparison between reservoir and over-/under- burden 

  

Thermal Conductivity 

(J /m-day-ºC) 

Heat Capacity  

(J/m
3
-ºC)  

Thermal diffusivity 

(m
2
/day) 

Rock 2.74E+05 2.35E+06  

Oil 1.15E+04 2.05E+06  

Water 5.35E+04 4.20E+06  

Overall 8.87E+04 2.39E+06 3.71E-02 

Over-/under- burden 1.49E+05 2.35E+06 6.35E-02 

Difference    42% 
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2. The reservoir is infinite-acting for heat conduction.  

Because over-/under- burden are good heat conductors, heat conduction proceeds 

when encountering over-/under-burden. In addition, the shut-in time should not be long in 

most cases, and the formation is infinitely small compared to the total dimensions of the 

earth. Thus, heat conduction in the system can be regarded as infinite-acting. 

3. The formation is thermally uniform.  

Table 3.1 lists the typical thermal properties for reservoir rock, over-/under-burden, 

and fluid from the CMG STARS manual (2009). The overall thermal conductivity is 

calculated using the more accurate complex mixing rule (CMG, 2009). The overall 

reservoir heat capacity is calculated using the linear mixing rule. A 42% variation 

between the reservoir and over-/under-burden thermal diffusivity was found, given an 

initial oil saturation of 0.8 and porosity of 0.337. Therefore, the assumption of uniform 

thermal properties is acceptable. 

4. If shut-in occurs before steam chamber forms, the initial temperature distribution 

before shut-in is assumed to be two interfering circles which are radially decreasing 

from the center. 

Before steam chamber forms, conduction is dominant. The thermal properties of oil 

sand are well known and fairly homogeneous, so that conduction heating is virtually 

guaranteed. If the conductive heating model with two heating sources is applied, the 

temperature distribution after a period of heating should take the form described above. 

This is the most commonly used method to estimate the temperature distribution after 
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steam circulation. For example, in Figure 3.1 (page 31), Ito et al. (2004) employed this 

model to evaluate the start-up process and identify communication.  

5. If shut-in occurs after steam chamber forms, the shape of the steam chamber is 

assumed to be circular, and so is the temperature zone outside the chamber.  

Once the steam chamber begins to form, steam tends to expand vertically and 

laterally. Thus, before the chamber reaches the top, the range of steam movement should 

have a circular shape, which is analogous to the pressure distribution around a producer. 

6. A 2D model. 

This assumption arises from the need for a fast and effective evaluation of the 

heating scenarios in the SAGD processes. In practice, it is almost impossible to 

analytically solve a complex 3D problem which incorporates all the heat transfer, fluid 

dynamics, wellbore undulation, and reservoir heterogeneity. Thus, most predominant 

analytical theories describing the SAGD mechanism are based on 2D assumption (Bulter, 

1981a, 1981b, 1985).  The only powerful tool for solving this type of 3D problem seems 

to be reservoir simulation, which strongly depends on the accuracy of the geological 

model, and thus, requires abundant input and computation time. That’s why most 

published theoretical simulation studies over SAGD processes were in 2D scenarios. Or 

even in 3D models, only a specific aspect of the parameters was incorporated while 

simplifying other aspects to facilitate the investigation. Finally, the nature of inverse 

problem solving proposed in this paper requires much more time than the normal forward 

problem solving. Thus, it is unrealistic to construct a 3D complex model together with the 
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inverse problem. However, a pseudo-3D model which can incorporate the heat transfer 

between adjacent vertical layers might be feasible in future. 

On the other hand, in order to complement the 2D model, the authors figure out a 

way to apply 2D model in solving the 3D problem: The formation along the horizontal 

wellbore is divided into multiple vertical sections by assuming no interference between 

adjacent sections; then, the temperature falloff on each section is analyzed using the 2D 

model; finally, the interpreted hot-zone for each section is connected to form a 3D shape 

and this distribution can be further calibrated through mass and energy balance. The 

assumption of no interference between adjacent sections has been adopted by Duong 

(2008b) in estimating the heating scenario along the horizontal wellbore. 

Based on the above assumptions and according to different initial temperature 

distribution schemes of the heated zone, the two-system model, three-system model, and 

the superposition model were developed as illustrated in Figure 3.2 (a), (b), and (c). 
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 (a)  

(b)  

(c)  

Figure 3.2 Schematic diagrams of (a) two-system model, (b) three-system model, and (c) 

superposition model 
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3.1.2 Two-system Model 

Figure 3.2 (a) is the schematic diagram of the two-system model. A heat source 

located in the center of a homogeneous and infinite-acting reservoir is shut-in, stopping 

heat influx. The initial temperature distribution is approximated into two zones: a hot-

zone (system 1) with steam temperature TS and radius of R1; a cold-zone (system 2) with 

reservoir temperature TR.  

Non-dimensionalization can simplify and parameterize problems in which measured 

units are involved and makes the solution more general. Therefore, non-dimesionalization 

was conducted first with the following dimensionless terms:  

2 2

1

k
, / , = ,

2 ( )

R t t
D D w D D

S R t w w t D S R
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               (3-1) 

where t r qD D D DT ， ， ，  are the dimensionless temperature, time, radius, and heat flux; 

tK  , tC , and k t   are the overall thermal conductivity, volumetric heat capacity, thermal 

diffusivity of the reservoir; wr  is the wellbore radius. 

System 1 (hot-zone) can be mathematically described as follows: 
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System 2 (cold-zone) can be mathematically described as follows: 
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Its solutions in Laplace space for System 1 is, 

0 01 ( ) 2 ( ) 1/D D DT C I s r C K s r s                                                                 (3-4) 

for System 2 is, 

0 03 ( ) 4 ( )D D DT C I s r C K s r                                                                          (3-5) 

Applying the inner and outer boundary conditions of each system gives, 
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     (3-6) 

The temperature continuity on the boundary of system 1 and system 2 yields, 

0 1 0 1 1 0 1 1

1 1 1 1 1 1 1 1

1 1
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            (3-7)  

where 0 1( ), ( )I x I x are the Modified Bessel Function of the 1
st
 kind of the 0

th
 order 

and 1
st
 order respectively; 0 1( ), ( )K x K x  are the Modified Bessel Function of the 2

nd
 kind 

of the 0
th

 order and 1
st
 order respectively; s is the time variable of Laplace Transform. 
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3.1.3 Three-system Model 

To closely represent a real case, a transition-zone with a radius of R2 was added 

between the hot-zone and the cold-zone to the two-system model to form a three-system 

model, as shown in Figure 3.2 (b). The temperature inside the transition-zone changes 

from steam temperature at R1 to reservoir temperature at R2. And the temperature 

distribution is proportional to the logarithm of the radius, which has been verified by 

simulation.With the same definition of dimensionless terms as in Eq. (3-1), the hot-zone 

(System 1), transition-zone (System 2), and cold-zone (System 3) can be mathematically 

described as follows: 
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Its solutions in Laplace space respectively are: 

For System 1:   

0 01 ( ) 2 ( ) 1/D D DT C I s r C K s r s                                                              (3-11) 

For System 2:  

2
0 0

1 2

1 ln( / )
3 ( ) 4 ( )

ln( / )

D D
D D D

D D

r r
T C I s r C K s r

s r r
                                    (3-12) 

For System 3:  

0 05 ( ) 6 ( )D D DT C I s r C K s r                                                                     (3-13) 

Following the same procedure as the two-system model, the coefficients 

1, 2, 3, 4, 5, 6C C C C C C  can be obtained by applying boundary conditions, and 
1 2,D Dq q can 

be solved based on temperature continuity between every two adjacent systems.  

3.1.4 Superposition Model 

The two-system model and three-system model are mainly applicable to the cases in 

which hot-zone shape can be approximated as a circle. For irregular temperature 

distribution cases, superposition of the two-system model is proposed. In physics, the 

superposition principle states that for all linear systems, the net response at a given place 

and time caused by two or more stimuli is the sum of the responses that would have been 
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caused by each stimulus individually. Because the governing partial differential equation 

for the temperature falloff is linear, the superposition principle is applicable to the 

system. Meanwhile, for a two-system model, the dimensionless temperatures at TS and 

TR are 1 and 0, respectively, and only the hot-zone has influence over the temperature 

falloff behaviour.  Thus, only the hot-zone should be considered in superposition. In this 

way, an irregularly-shaped hot-zone can be divided into multiple smaller circular hot-

zones, each zone with different 
1 2, ... ,...,D D Di DnT T T T . Then, the net temperature falloff 

caused by the whole hot-zone is the sum of those individual falloffs. 

 1 2 ... ...D D D Di DnT T T T T      .   

Figure 3.2 (c) shows the application of superposition in the case for two hot zones 

that are not in communication. Those two hot zones are analogous to the well-pair case in 

a SAGD start-up process. The temperature falloff in this case can be calculated as 

follows: 

For a location inside the 1
st
 hot-zone but out of the 2

nd
 hot-zone, where 1D Dr R ,  

'

1 2( , ) ( , )D D D D D D D DT T r t T D r t                                                                          (3-14) 

For a location inside the 2
nd

 hot-zone but out of the first hot-zone, 

where 2D D DD r R  ,  

'

1 2( , ) ( , )D D D D D D D DT T r t T D r t                                                                          (3-15) 

where, 
1 ( , )D DD

T r t   and 
'

1 ( , )D D DT r t  are the dimensionless temperature falloff caused 

by the 1
st
 hot-zone when the observation point is inside and outside the 1

st
 hot-zone 
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respectively; 
2( , )D D D DT D r t  and 

'

2 ( , )D D D DT D r t  are the dimensionless temperature 

falloff caused by the 2
nd

 hot-zone when the observation point is inside and outside the 2
nd

 

hot-zone respectively. 

As for the more complicated problems, more than two two-systems might be 

involved.  

3.2 Sensitivity Analysis 

This section investigated how the hot-zone size and shape and the observing location 

affect the transient temperature behaviour. In all cases, initial hot-zone temperature, 

reservoir temperature, and wellbore radius were kept constant as 250C, 8C, and 0.084 

m, respectively. Both temperature falloff which is defined as the initial temperature 

minus the current temperature, and derivative of the temperature falloff are presented for 

each case. The derivative of temperature over time indicates the speed of temperature 

falloff. The inflexion points on the derivative curve indicate that the changing speed has 

reached its extreme. The temperature derivative is more sensitive to the temperature 

changes than the temperature curve itself. 

3.2.1 Effect of Hot-zone Size: Two-system Model 

The effect of hot-zone size was examined using the two-system model. Three 

different hot-zone radii, 0.5, 1, and 2 meters, were considered, while the observing point 

is at the center of the hot-zone. Figure 3.3(a) shows the dimensionless temperature falloff 

and its derivative versus dimensionless time for the three cases. It suggests that the hot-

zone size has a great effect on the temperature behaviour. 
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Before the temperature falloff reaches the observing point, the observed temperature 

remains unchanged; after that, the temperature starts to fall off. The moment at which the 

temperature starts falling off is strongly related to the size of the hot-zone.  The smaller 

the hot-zone, the closer the observing point is to the cold-zone, the earlier the temperature 

begins to drop off and the earlier it drops to the reservoir temperature. It is also observed 

that in all three cases, both the temperature falloff and its derivative curve have the same 

shape and peak value. This is mainly due to the fact that the three cases have the same 

hot-zone shape.  

3.2.2 Effect of Transition-zone: Three-system Model 

As is discussed, the three-system model is more representative of the actual 

temperature distribution. The only factor that makes the three-system model different 

from the two-system model is the existence of a transition zone. By keeping the hot-zone 

radius R1 as 1 m, the effect of the transition zone size on the temperature falloff 

behaviour was studied through the three-system model.  Four transition zone sizes of 1) 

no transition-zone, 2) 2m, 3) 5m, and 4)10m, were considered. Figure 3.3 (b) shows the 

different temperature falloff behaviours and suggests that, given the same hot-zone size, 

the larger the transition zone, the more energy is stored and the slower the temperature 

cools off. Thus, the case without a transition zone has the fastest temperature falloff rate. 

It can also be observed that the larger the transition zone is, the slower the temperature 

falls off. To summarize, the existence of a transition-zone slows down the temperature 

falloff. 
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(a)  

(b)  

Figure 3.3 Effects of (a) hot-zone size with two-system model (Ro= Rw, and R1=0.5, 1, 

and 2 m), and (b) transition-zone size with three-system model (R1=1 m, Ro= Rw, and 

R2=0, 2, 5, 10 m) 
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3.2.3 Superposition Model Validation 

The superposition model is validated through matching the temperature falloff 

generated from the two-system model with that from the superposition model under the 

condition that they have the same hot-zone areas, as illustrated in Figure 3.4(a), (b) and 

(c). In (a), a two-system model with a hot-zone radius of R1, serves as the base case. In 

(b), the same hot-zone is divided into 13 smaller circular hot-zones. One circle hot-zone 

with a radius of R1/2 is in the center; another 12 circular hot-zones with radii of R1/4 

surround and are tangent to that center circular hot-zone. In (c), 49 circular hot-zones are 

employed. One circular hot-zone with a radius of R1/2 is in the center, and another 20 

circular hot-zones with radii of R1/8 surround and are tangent to that center circular hot-

zone, and another 28 circular hot-zones with the same radii of R1/8 surround and are 

tangent to those 20 circular hot-zones.  

The temperature falloff of (b) and (c) was calculated using superposition and 

compared to that of (a), as shown in Figure 3.4 (d). They were in good agreement with 

(a) because of the almost identical hot-zone shape and area. However, small 

discrepancies were observed due to the overlaid and uncovered areas caused by 

superposition to ensure the same hot-zone area. And the temperature curve of (c) is closer 

to that of (a) than (b). Because the more the hot-zone is divided, the less overlaid and 

uncovered areas are involved, and the less error is generated. The comparison further 

validates the applicability of superposition for cases with irregular hot-zone shapes. 
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(d)  

Figure 3.4 Validation of the superposition model (a) two-system. (b) superposition of 

circles with 2 different radii of R2=R1/2 and R3=R1/4 making 13 hot-zones. (c) 

superposition of circles with 3 different radii of R2=R1/2 and R4=R1/8 making 49 hot-

zones, and (d) comparison of temperature behaviour between the three cases. 
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3.2.4 Effect of the Hot-zone Shape 

In this section, the effect of hot-zone shape is illustrated through comparing the 

temperature falloff of three cases with different hot-zone shapes but the same hot-zone 

areas and same observation distance (1 m from the bottom), as illustrated in Figure 

3.5(a), (b), and (c). In (a), the hot-zone is the combination of two hot-zones with the 

larger hot-zone on the top. Because steam tends to rise and then expand after reaching the 

over-burden, this could be a simplified approximation for a not fully developed steam 

chamber. (b) is the opposite of (a). In (c), the hot-zone is the combination of 4 hot-zones 

with a much wider span. This is more representative of a fully developed steam chamber. 

The temperature falloff speed from high to low , as shown in Figure 3.5 (d), are:  

1. (c): the hot-zone prevails in the upper region, with the least hot-zone areas near the 

observing point. Thus, this case has the fastest temperature falloff.  

2. (a): the hot-zone still prevails in the upper region but not as much as in (c). Thus, (a), 

with larger hot-zone surrounding, has slower falloff. 

3. (b): the observing point is closest to the hot-zone center and is surrounded by the 

largest hot-zone. Therefore, it has the lowest temperature falloff speed. 

It can also be observed that every time the temperature falloff reaches a hot-zone 

boundary, there will be an obvious inflexion on the derivative curve. In other words, the 

inflexion point reflects the hot-zone shape. Therefore, when shut-in time is long enough, 

it is possible to estimate every boundary location based on the time when inflexions show 

up and then to estimate the hot-zone size and shape. 



 

48 

 

 

 

 
(a)                                            (b)                                      (c) 

 (d)  

Figure 3.5 Different superposition models for analyzing hot-zone shape. (a) 2 hot-zones 

with larger hot-zone on top, (b) 2 hot-zones with larger hot-zone at the bottom, (c) 4 hot-

zones, and (d) temperature response comparison between different hot-zone shapes. 
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3.2.5 Effect of the Well Location 

To study the effect of the observing location, which is usually the well location, two 

cases (Figure 3.6(a) and (b)) with the same hot-zone shape and size but different 

observing locations were examined. To make the cases more real, superposition was 

employed to form an irregular hot-zone shape. In (a), the observing point is below the 

center of the lower hot-zone and closer to the reservoir bottom, which is usually the case 

for real SAGD start-up processes. In (b), the observing point was at the center of the 

lower hot-zone, which is more ideal. The results (Figure 3.7 (a)) show that the closer to 

the bottom of the hot-zone, or the farther from the center of the hot-zone, the earlier the 

temperature begins to drop off. This difference even can be observed in the early stage of 

the temperature falloff if the observing point is close enough to the edge of the hot-zone, 

as shown in Figure 3.7 (b). 
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Figure 3.6 Effects of well location: The schematic diagrams of two cases when observing 

point is (a) below the center of the lowest hot-zone, and (b) in the center of the lowest 

hot-zone.  

 

 

Figure 3.7 Temperature response comparison between the two cases for (a) the whole 

period and (b) early stage. 
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3.2.6 Summary 

Based on the analysis above, it can be concluded that the hot-zone size and shape 

and the observing location have decisive influences on the temperature falloff behaviour. 

The hot-zone size indicates the energy stored in it: the larger the hot-zone, the longer it 

will take for the temperature to drop off to the reservoir temperature. Meanwhile, under 

the same hot-zone size, different observing locations will render different temperature 

responses. The closer the observing point is to the hot-zone boundary and inside the 

chamber, the earlier the temperature begins to drop off, but the slower the temperature 

falls off. For irregular observing location and irregular hot-zone shape, the temperature 

falloff front might reach several hot-zone boundaries, which can be observed on the 

derivative curves, depending on the irregularity of the hot-zone shape. 

3.3 Synthetic Case Study 

A synthetic case study was conducted to validate if the non-condensation model can 

evaluate SAGD start-up processes. The simulation was run in CMG STARS®. In the 

simulation, the well-pair were circulated for 110 days and 133 days respectively to create 

3 typical scenarios in the SAGD start-up process: steam breakthrough, communicated, 

and not-communicated cases at two points along the horizontal wellbore.  Then the well-

pair were shut-in to observe temperature fall off and a non-condensation model was used 

to analyze the temperature falloff. The hot-zone size and shape parameters obtained from 

the model are in good agreement with the simulation.  
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3.3.1 Simulation Model 

CMG STARS’ discretized wellbore model was used to account for the complex 

hydraulics of the SAGD start-up process. A 3D reservoir of 22.5 m in width (J direction), 

27.5 m in height (K direction), and 600 m in length (I direction), with a total of 49,500 

grids, was developed.  The grid blocks were equal in length (20×30m), width (45×0.5m), 

and thickness (55×0.5m). The reservoir is homogeneous with horizontal permeability of 

6.12 Darcy and vertical permeability of 3.06 Darcy. The oil is typical Athabasca heavy 

oil and is dead oil. The thermal properties of reservoir fluid, rock, and over- and under- 

burden are typical values from the CMG STARS manual (2009). The thermal 

conductivity was calculated using the COMPLEX mixing rule. The thermal properties of 

over-/under-burden were specified to account for the heat loss to them and to be in 

accordance with the assumption of a thermally homogeneous reservoir. All the simulation 

parameters are listed in Table 3.2. Both injector and producer were straight and 

horizontal with a 5 m vertical separation. The pressure at the lower producer was 3000 

kPa, 100 kPa higher than the upper injector. The 100 kPa pressure difference provided 50 

kPa to overcome the hydraulic head between the well-pair and an additional 50 kPa to 

push the steam from producer to injector to speed up the communication. The steam 

circulation rates for both wells were CWE 100 m
3
/day, with a steam quality of 0.8. Both 

wells were circulated for 110 days in Case 1, and 133 days in Case 2, to create three 

typical scenarios in SAGD start-up, steam breakthrough at the heel, communicated, and 

not-communicated. After that, both wells were shut in to cool off the reservoir. 
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Table 3.2 Simulation parameters 

Property Value 

Grid 

I Direction 20×30 m 

J Direction 45×0.5 m 

K Direction 55×0.5 m 

Rock Fluid Property 

Horizontal Permeability  6.12 Darcy 

Vertical Permeability 0.5×Kh 

Porosity 0.337 

Pi 2000 kPa 

Soi 0.8 

Swi 0.2 

TR 8ºC 

μo at reservoir temperature (dead oil) 2,000,000 cp 

Thermal property 

Thermal conductivity of reservoir rock 2.74×10
5
 J /m-day-ºC 

Heat capacity of reservoir rock 2.347×10
6
 J/m

3
-ºC 

Thermal conductivity of oil 1.15×10
4
 J /m-day-ºC  

Heat capacity of oil 2.053×10
6
 J/m

3
-ºC 

Thermal conductivity of water 5.35×10
4
 J /m-day-ºC 

Heat capacity of water Using the table from CMG STARS 

Thermal conductivity of over-/under-burden 1.49×10
5
 J /m-day-ºC 

Heat capacity of over-/under-burden 2.347×10
6
 J/m

3
-ºC 

Well constraints 

Qinj 100 m
3
/day 

Steam quality 0.8 

Tinj 240ºC 

Ppro 3000 kPa 

Pinj 2900 kPa 
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3.3.2 Simulation Results 

The temperature distributions at the vertical section along the horizontal wellbore 

for Case 1 and Case 2 are shown in Figure 3.8(a) and (b), respectively. It can be 

observed that in Case 1 where steam was circulated for 110 days, the reservoir was still 

evenly heated. For Case 2 where steam was circulated for 133 days, the region was no 

longer evenly heated, and steam broke through at the heel. The temperature distributions 

at the midpoints between the well-pair for the two cases are shown in Figure 3.9 (a) and 

(b). If 80ºC is chosen as the midpoints threshold temperature for determining 

communication, then for Case 1, only a fraction of the vertical layers meet the 

requirement. As for Case 2, all midpoint temperatures reached or exceeded 80ºC, 

indicating communication. This can be explained as follows: Due to the pressure drop, 

the pressure at the heel was higher than that at the toe, pushing more steam or heat into 

the reservoir at the heel than other locations. This higher gas saturation at the heel 

increased the thermal diffusivity in that area, causing more heat to be transferred to the 

reservoir at the heel. The more heat transferred to the reservoir, the higher the mobility of 

the reservoir fluid. This, again, allowed more steam into the region and finally led to 

steam breakthrough at the heel. Figure 3.10 (a) and (b) show the temperature distribution 

at vertical layers I=1 and 13 after 110 days’ circulation for Case 1; Figure 3.10 (c) and 

(d) show the temperature distribution at vertical layers I=1 and 13 for Case 2. The 

temperature falloff at the producer on layer I=1 and layer I=13 are shown in Figure 3.11 

(a) for Case 1 and (b) for and Case 2. 
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Figure 3.8 Temperature distributions in the vertical pane along the horizontal wellbore 

after different circulation periods of (a) 110 days, (b) 133days 

 

 

Figure 3.9 Temperature distribution along the midpoints after different circulation 

periods of (c) 110 days and (d) 133 days. 
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Figure 3.10 Temperature distributions after different circulation periods at different 

sections perpendicular to the horizontal wellbore. (a) Case 1:110 days, heel. (b) Case 1: 

110 days, middle. (c) Case 2: 133 days, heel. (d) Case 2: 133 days, middle. 

 

Figure 3.11 Temperature falloff along the producer at the heel and middle after steam 

was circulated for (a) Case1: 110 days. (b) Case 2: 133 days. 
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3.3.3 Non-condensation Modeling Results 

3.3.3.1 Choice between three-system or superposition model 

In a SAGD start-up, for those vertical layers  where steam has broken through, the 

three-system model which has a uniform high-temperature zone (hot-zone), should be 

applied; whereas, for those locations far from the heel or with relatively low permeability 

so that steam has not broken through, superposition models should be applied.  

3.3.3.2 Analysis of the temperature falloff with a radially distributed temperature 

profile 

Knowing temperature profiles between and along the horizontal wells is of great 

importance when deciding how to design the circulation parameters, where to modify the 

process, and when to switch to the SAGD production phase in a timely manner. 

For Case 1, where steam is circulated for 110 days, because steam has not broken 

through when shut-in, the temperature falloff in the middle (Figure 3.10 (b)) was 

analyzed using the superposition model. A radial temperature distribution around both 

injector and producer at each section was assumed, as can be observed form the 

simulation results. Then the temperature field was divided into an amount of small hot-

zones with equivalent radii based on the same area as the square-zones they replaced. 

Finally, a superposition model was applied to calculate the temperature falloff at the 

producer. Through adjusting the assumed temperature distribution, satisfactory agreement 

between calculated and measured temperature fall-off can be achieved, as shown in 

Figure 3.12 (a). The matching parameters are listed in Table 3.3. A slight difference can 
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be observed between the interpreted and the simulated falloff. Figure 3.13 compares the 

(a) interpreted temperature profile and (b) simulation temperature profile and Figure 3.13 

(c) shows the difference between them (interpreted minus simulated). The interpreted one 

captures the main features of the simulated one, but with a smaller horizontal and a larger 

vertical temperature falloff gradient than that in the simulation. Therefore, the 

temperature falloff is faster in the early period due to the under-estimation of the 

temperature distribution near the producer (the pink region in Figure 3.13 (c)) and slower 

in the later period due to the over-estimation of the temperature distribution away from 

the producer (the green region in Figure 3.13 (c)). Also, the overlapped and uncovered 

areas caused by using equivalent circular hot-zones might also contribute to this 

discrepancy. Therefore, it can be expected that as long as a satisfactory temperature fall-

off match is achieved, the interpreted temperature profile can be a good approximation of 

the real temperature profile. 

 The midpoint temperatures at (13, 23, 26) and (1, 23, 26) estimated from the 

assumptive distribution are 73ºC and 85ºC compared to those in simulation of 79ºC and 

81ºC. A 5-6ºC acceptable difference can be observed. Therefore, the interpretation results 

in this case study can be a helpful reference for identifying communication in this section. 
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Figure 3.12 Comparisons of temperature falloff at the middle (13, 23, 31) for Case 1 

between simulation and superposition model using assumptive distribution. 

 

 

Figure 3.13 Comparison of the temperature distribution (a) Superposition model and (b) 

Simulation. (c) Temperature difference between interpreted and simulation. 
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Table 3.3 Parameters for TTA using superposition model with assumptive temperature 

distribution for calculating temperature falloff at (13, 23, 31) 

Parameters Value 

Tpro(ºC) 233 

Tinj (ºC) 170 

D (m) –distance between well-pair 5 

Tr (ºC) 8 

Rpro-1 (m) – the radius in which temperature remain Tpro 0.2 

Rpro-2 (m) – the radius outside which the temperature remains Tr    7 

Rinj-1 (m) – the radius in which temperature remain Tinj 0.15 

Rinj-2 (m) – the radius outside which the temperature remains Tr    4.95 

Overall thermal diffusivity (m
2
/day) 0.037  

Rw  (m) 0.0085  

Sub-zone size for superposition (m)  0.5  

Calculation period (days) 30  
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3.3.3.3 Analyzing the temperature falloff after break-through with the three-system 

model 

For Case 2, where steam is circulated for 133 days, steam has broken through at the 

heel. Therefore, the three-system model was chosen to match the temperature falloff data 

there. According to the definition of the thermal diffusivity, the overall thermal 

diffusivity is equal to the overall conductivity divided by the overall heat capacity. The 

overall heat capacity is calculated using the linear mixing rule as follow: 

( ) (1 )t L G r O O W W G G rC C C S C S C S C            
 

Lower heat capacity of steam and higher gas saturation will lead to a reduction in the 

overall heat capacity, and as a result, a increase in the overall thermal diffusivity. 

Therefore, because of the extensive existence of steam in the near well-pair region, the 

thermal diffusivity in that area (about 0.065) was remarkably higher than that outside 

(about 0.037), as shown in Figure 3.14 (a). Thus, a higher thermal diffusivity of 0.059, 

but still in the range of (0.037, 0.065), was selected. The dimensionless temperature 

falloff and its derivatives at the heel in the simulation, compared with these interpreted 

using the three-system model, are shown in Figure 3.14 (b). The temperature falloff trend 

can be well matched, except for the first several days. This sudden temperature falloff 

observed in the simulation at the very early stage in the simulation might be reasonable 

because shut-in will cause the fast condensation of steam and the liquid build-up in the 

producer. While the three-system model hasn’t considered the effect of steam 

condensation yet. This explains this discrepancy very well. And also, the ellipse shape of 

the temperature distribution may also contribute a little bit to the temperature mismatch 
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in the early shut-in period. The temperature distribution comparison between the three-

system model and the simulation in Figure 3.15 (a) and (b) indicates that the overall 

temperature distribution pattern in the simulation, with the hot-zone located in the center 

and the transition-zone surrounding the hot-zone and stretching out to form a circular 

shape in the outer edge, can be well approximated by the three-system model.  The good 

agreement in both temperature falloff and temperature zone size parameters further 

validates the three-system model. 
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Figure 3.14 Modeling results of the three-system model for Case 2 at the heel (a) thermal 

diffusivity distribution, (b) comparison of dimensionless temperature falloff and its 

derivatives over time between three-system model and the simulation 

 

 

 

Figure 3.15 Temperature distribution comparison between (a) simulation, and (b) three-

system model 



 

64 

 

 

3.4 Chapter Summary 

Based on the reasonable assumptions of conduction-dominance and radial 

temperature distribution, three types of non-condensation models including two-system, 

three-system, and superposition model were developed. The sensitivity analysis shows 

that the hot-zone size and shape, the transition-zone size, the observing location, and the 

thermal properties of the liquid-zone might have significant influence over the 

temperature falloff behaviour at the observing point. Synthetic case study indicates that 

superposition models can achieve good estimation of the temperature distribution for 

start-up processes before steam break-through, and that the three-system model can be 

used to evaluate the small steam chamber size for a start-up process after steam break-

through. 
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CHAPTER 4: CONDENSATION MODEL FOR SAGD 

RAMP-UP 

After the success of using non-condensation model to interpret the temperature 

distribution or steam chamber size at the vertical plane perpendicular to the horizontal 

wellbore in a SAGD start-up process, it was questioned if the non-condensation model 

can also be applied in estimating the steam chamber size in the ramp-up stage. However, 

the result was not as good as expected. The energy balance checking indicated that the 

latent heat released by steam condensation that occurs after shut-in in a SAGD ramp-up is 

no longer negligible and will slow down the temperature falloff. Thus, a new 

condensation model was developed to extend the application range of the previously 

proposed mathematic model.  

Based on the observation from simulation that the temperature throughout the steam 

chamber is uniform and is equal to the saturation temperature at the corresponding 

pressure, the original condensation model was developed with the assumptions of 

uniform saturation temperature, uniform condensation rate and fixed chamber boundary. 

However, no satisfactory match between the calculated temperature and the simulation 

can be obtained.  Thus, a new type of condensation model with the assumptions of 

condensation on the chamber edge and moving condensation front was developed 

subsequently. This time a good match was achieved, indicating the validity of this model. 

In the following sections, the validated condensation model, its sensitivity analysis, and 
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its synthetic case study will be described and discussed in detail; the first-developed 

condensation model will be introduced briefly as the “second-type condensation model.” 

4.1 Mathematic Model 

4.1.1 Model Assumptions 

The following assumptions have been made: 

1. A 2D model.  

2. Heat conduction is dominant after shut-in. Since when both wells are shut-in, no more 

steam enters the steam chamber, so the movement of remaining steam inside the 

chamber should be negligible and so should be the heat convection. As a result, the 

steam saturation in the chamber can be assumed to be uniform. 

3. The reservoir is infinite-acting for heat conduction.  

4. The temperature is radially distributed. 

5. Steam condensation occurs and only occurs on the edge of the steam chamber. The 

condensation-front moves inward toward the center of the chamber, causing the steam 

chamber to shrink. This is analogous to the phenomenon of ice melting (Carslaw and 

Jaeger, 1959). 

4.1.2 Model Description 

Based on the three-system model and above assumptions, the condensation model 

can be described as Figure 4.1, and the producer, which is usually the observing locaiton 

is right below and outside of the steam chamber because of the steamtrap control. 
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Figure 4.1 Schematic diagram of condensation model 
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Because the transition-zone and the cold-zone are all saturated with liquid, thus 

having the same thermal properties, they are combined as a liquid-zone. After shut-in, 

steam condenses and releases latent heat on the edge of the steam chamber 

(condensation-front), thereby slowing down the cooling process and pushing the 

condensation front to move inward.  

Based on the above considerations and using the dimensionless terms defined in Eq. 

(3-1), the condensation model can be mathematically formulated as follows. 

For the steam-zone: 
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For the liquid-zone: 
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where tSk  is the overall thermal diffusivity of the steam chamber; tLk  is the overall 

thermal diffusivity of the liquid-zone; D ( )ST t is the dimensionless steam saturation 
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temperature; and 
DBR is the dimensionless radius of the condensation-front. The reason 

tSk and 
tLk are different is that they have different water saturations.  

On the steam condensation-front, energy balance which dictates heat released by 

condensation to be conducted into the region near condensation-front yields: 

1 2

( )D BD D BD

S w g tSD tL D BD
r R r R

D tS D tS S R D

L S kT K T dR

r K r K T T dt

 
 

 
  

  
                                             (4-3) 

where D1T  and D2T denote the temperature in steam-zone and liquid-zone; tSK  and 

tLK  denote the overall thermal conductivity of steam chamber and the liquid-zone. 

Coupling the energy balance on the condensation-front and the governing equations 

for steam-zone and liquid-zone, the temperature behaviour and the condensation-front 

movement at any moment can be calculated. 

4.1.3 Solution Procedure 

In order to calculate the condensation-front movement, the change of temperature on 

the condensation-front (Ts vs. time) serve as input parameters for solving the system. 

The solutions in Laplace space for each system can be written as follows: 

For steam-zone   

1 0 1 0 1 11 ( ) 2 ( )D D D PT C I s r C K s r T                                                               (4-4) 

For liquid-zone:  

2 0 2 0 2 23 ( ) 4 ( )D L D L D PT C I s r C K s r T                                                         (4-5) 

where s is the time variable in Laplace space for steam-zone; L tS tLs sk k ; 0I and 

0K  are the modified Bessel Function of the 1
st
 and 2

nd
 kind in the 0

th
 order; 1, 2, 3, 4C C C C  
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are the coefficients of the 0I and 0K which can be determined by the boundary conditions; 

1PT  and 2PT are the particular solutions for steam-zone and liquid-zone in Laplace space: 

4 2

1 1 1 1 1 1

2 2 2 2[ ln( ) ] /

P P D P D P

P D

T a r b r c

T a r b s

  

  
  

where 
2 3 2

1 1 1 1 1 1 1 1 1/ ; 16 / / ; 64 / 4 / /P P Pa a s b a s b s c a s b s c s      ; 1 1 1, ,a b c
 

satisfy 
4 2

01 1 1 1 1 1D DT a r b r c    and 01T
 is the initial temperature distribution in steam-zone. 

2 2,a b  satisfy 02 2 2 2ln( )DT a r b   and 02T  is the initial temperature in liquid-zone. 

To ensure that those initial approximation functions are accurate enough, the steam-

zone and liquid-zone need to be divided into as many sub-zones as possible.  

Because the condensation-front moves inwards with time, a time-wise calculation is 

needed. In each time-step, e.g., the n
th

 time-step, the solutions of steam-zone and liquid-

zone in Laplace space can be easily obtained following the same procedure in the three-

system model. Then, the temperature derivatives (in Laplace space) at the condensation-

front on both the steam-zone and liquid-zone sides can be calculated using: 
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At the n
th

 time-step, new condensation-front 
BD

nR
 
for the n

th
 time-step in Laplace 

space can be calculated as follows: 
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                           (4-8) 

Finally, the temperature 
1 2
,

D D

n nT T and 
BD

nR will be used as the initial value for the 

(n+1)
th

 time-step. Also, because of the movement of the condensation front, the steam-

zone is shrinking, and the liquid-zone is enlarging. Thus, the moving distance of 

condensation front which used to belong to the steam-zone turns into a new small liquid-

zone in the next time-step. 

4.2 Sensitivity Analysis 

This section discusses how the steam chamber size, the temperature transition-zone 

size, the observing location, and the reservoir thermal properties affect the transient 

temperature behaviour interpreted through condensation models. Table 4.1 summarizes 

all the scenarios this sensitivity analysis has examined. The initial steam chamber 

temperature, reservoir temperature and wellbore radius were kept constant at 262.28 C, 

10 C and 0.084 m, respectively. The observing location is always 0.25m (Ro -R1 

=0.25m) away from the edge of the steam chamber unless otherwise indicated. The 

calculated shut-in period is 7 day, around 80 in dimensionless terms. 
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Table 4.1 Summary of sensitivity analysis scenarios investigated 

Affecting parameters 

Scenario 

No. R1 (m) R2 (m) Ro (m) kts (m
2
/day) Ktl (m

2
/day) 

steam chamber size  

(R1) 

1 3.5 6.5 3.75 0.041 0.0376 

2 3.75 6.75 4 0.041 0.0376 

3 4 7 4.25 0.041 0.0376 

Initial transition zone 

size 

(R2) 

1 3.5 6 3.75 0.041 0.0376 

2 3.5 6.5 3.75 0.041 0.0376 

3 3.5 7 3.75 0.041 0.0376 

observing location 

(Ro) 

1 3.5 6.5 3.75 0.041 0.0376 

2 3.5 6.5 4 0.041 0.0376 

3 3.5 6.5 4. 5 0.041 0.0376 

4 3.5 6.5 5. 5 0.041 0.0376 

Thermal diffusivity 

of the zone outside 

steam chamber(ktl) 

1 3.5 6.5 3.75 0.041 0.0376 

2 3.5 6.5 3.75 0.041 0.0564 

3 3.5 6.5 3.75 0.041 0.1128 
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(a)  

(b)  
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(c)  

(d)   

Figure 4.2 Effect of the (a) steam chamber size, (b) initial transition zone size, and (c) 

observing location, and (d) reservoir thermal properties 
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4.2.1 Effects of Steam Chamber Size 

The steam chamber size has a profound effect on the temperature falloff behaviour. 

In this study, 3 scenarios with three different steam chamber sizes of 3.5 m, 3.75 m and 4 

m were examined. Figure 4.2(a) shows the dimensionless temperature falloff and its 

derivatives in the three scenarios. The three temperature curves basically have the same 

trend and are almost parallel, and the larger the steam chamber is, the higher the 

temperature is due to the greater energy supply. However, if the derivative curves are 

examined closely, it can be found that the larger the steam chamber is, the slower the 

temperature falls off.   

4.2.2 Effects of Initial Transition-zone Size  

The transition-zone directly determines the initial temperature at the observing 

point. In this study, 3 scenarios with different transition-zone sizes of 6 m, 6.5 m and 7 m 

were investigated. The dimensionless temperatures versus time and its derivative curve 

for the 3 scenarios are plotted in Figure 4.2 (b). It is obvious that the larger transition 

zone leads to a smaller temperature gradient inside the transition-zone. Therefore, at the 

same distance from the chamber edge, the larger the transition zone is, the higher the 

temperature at the observing location. Also smaller transition-zone has a slightly faster 

falloff speed. This can be attributed to the greater energy stored in the lager transition 

zone.  
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4.2.3 Effects of Observing Location 

Observing location can significantly affect the temperature falloff behaviour. Three 

cases with different observing distances of 3.75 m, 4 m, and 4.25 m and other parameters 

fixed were studied. Figure 4.2 (c) shows the effect of observing location. The curves 

from the top to the bottom are the temperature falloff of observing point from near 

chamber edge to away from the chamber edge. The figure indicates that the farther the 

observing location is from the chamber edge, the lower the temperature is, and the slower 

the temperature falls off. With the same transition-zone size, it is obvious that the farther 

from the chamber, the lower the temperature. The slower falloff at a longer distance can 

be explained by the smaller temperature gradient at longer observing distance. 

4.2.4 Effects of Reservoir Thermal Diffusivity 

Reservoir thermal diffusivity determines how fast heat transfers through the 

reservoir. In a substance with high thermal diffusivity, heat moves through rapidly 

because the substance conducts heat quickly relative to its volumetric heat capacity. Eq. 

(4-4) indicates that the thermal diffusivity of the steam chamber and the thermal 

conductivity of the steam chamber and the surrounding area determine the heat transfer 

on the condensation front. In SAGD processes, the producer is outside the steam chamber 

(in the liquid-saturated zone) and at the bottom of the formation, which is very close to 

the under-burden. Because the thermal diffusivity of the over-/and under-burden are 

much larger (2-3 times) than that of the steam chamber and the reservoir, as shown in 

Table 3.1 (page 31), it is necessary to increase the thermal diffusivity of the liquid-zone 

by 2-3 times when calculating the temperature falloff at the producer. Thus, in this 
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sensitivity analysis, the thermal diffusivity of the liquid-zone was increased to1.5 and 3 

times its original value (also the thermal conductivity was increased correspondingly) to 

represent the under-burden and to see how this difference of thermal diffusivity affects 

the temperature falloff at the producer, as shown in Figure 4.2 (d). Much faster 

temperature falloff can be observed for the higher liquid-zone thermal diffusivity cases: a 

10 ºC extra temperature drop was obtained in the 3 times thermal diffusivity case. This 

also demonstrates the significance of heat loss to over-/under-burden.   

4.3 Synthetic Case Study 

A synthetic case study was conducted to verify if the condensation model is capable 

of evaluating early-stage SAGD processes. First, a 2D simulation model was established, 

in which, after start-up, the well-pair went through normal SAGD mode for 4 months to 

form a small-scale steam chamber. Then, both wells were shut-in to observe temperature 

falloff at the producer. The condensation model was employed to calculate the 

temperature falloff at the producer. The steam chamber size, the transition-zone size, the 

observing location, the thermal properties of the reservoir and fluids, and the steam 

temperature and reservoir temperature are the parameters adjusted when matching the 

temperature falloff of the condensation model with the simulation results. Both 

temperature falloff and steam chamber size have been satisfactorily matched with the 

simulation results.  
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4.3.1 Simulation Model  

CMG STARS® was used to simulate the early SAGD process. A 2D reservoir 

model of 30 m in width (J direction), 30 m in height (K direction), and 500 m in length (I 

direction), with total 3600 grids, was established.  The grid blocks were equal in length 

(1×500 m), width (60×0.5 m) and thickness (60×0.5 m). The reservoir is homogeneous 

with horizontal permeability of 1 Darcy and vertical permeability of 0.5 Darcy. The oil is 

typical Athabasca heavy oil and is dead oil. The thermal properties of the reservoir fluid, 

rock and over-/under- burden were typical values from the CMG STARS manual (2009). 

Heat loss to over-/under- burden was considered to be in accordance with the assumption 

of infinite-acting for heat conduction.  

Both injector and producer were straight and horizontal with a 5 m vertical 

separation. The producer was 5 m above the bottom to facilitate temperature distribution 

observation. The start-up process was realized by assuming higher water saturation (0.3) 

in the near well region. The minimum bottom-hole pressure at the producer was 

maintained at 3200 kPa, very close to the reservoir hydraulic pressure. A steam trap 

control of 40ºC was applied to prevent steam breakthrough to the producer. Steam was 

injected for 120 days, at a rate of CWE 100 m3/day at 267ºC with a steam quality of 0.9. 

Then both wells were shut-in to allow cooling off. All the simulation parameters are 

listed in Table 4.2. 

. 
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Table 4.2 Simulation parameters 

Property Value 

Rock Fluid Property 

Horizontal permeability 1 Darcy 

Vertical permeability 0.5 Darcy 

Porosity 0.3 

Initial reservoir pressure 3000 kPa 

Initial oil saturation 0.87 

Initial water saturation 0.13 

Initial reservoir temperature 10ºC 

Viscosity at reservoir temperature (dead oil) 2,000,000 cp 

Thermal property 

Thermal conductivity of reservoir rock 1.5×10
5
 J /m-day-ºC 

Heat capacity of reservoir rock 1.5×10
6
 J/m

3
-ºC 

Thermal conductivity of oil 1.15×10
4
 J /m-day-ºC  

Heat capacity of oil 2.053×10
6
 J/m

3
-ºC 

Thermal conductivity of water 5.35×10
4
 J /m-day-ºC 

Heat capacity of water Using table from CMG STARS 

Thermal conductivity of over- / under- burden 1.5×10
5
 J /m-day-ºC 

Heat capacity of over- and under- burden 1.5×10
6
 J/m

3
-ºC 

Well constraints 

Injection rate 100 m
3
/day 

Steam quality 0.9 

Injected steam temperature 267ºC 

Minimum BHP of producer 3200 kPa 

Steam trap control 40ºC 

 



 

80 

 

 

4.3.2 Simulation Results 

The temperature and steam saturation distribution at the moment of shut-in at the 

vertical plane perpendicular to the horizontal wellbore is shown in Figure 4.3 (a) and (b). 

The steam chamber developed into a nearly circular (oval) shape, with a radius of 4.25 m 

in the vertical direction and 3.75 m in the horizontal direction. Because of the steam trap 

control, the producer was always outside and right below the steam chamber. Figure 4.3 

(c) illustrates how the steam saturation inside the steam chamber changed with time. 

From the left to the right is the steam saturation from the bottom to the center of the 

steam chamber. At the very early period of shut-in, the steam in the most exterior grid 

always condensed first, rendering a sharp decrease in steam saturation to 0 of that grid. 

After the steam in the most exterior grids disappeared via condensation, steam in the 

second exterior grids, which were then the most exterior grids, began to condense, 

leading to a significant decrease in steam saturation to 0. This observation further 

rationalizes the assumption in the proposed condensation model that the steam 

condensation only occurs at the edge of the steam chamber. Another interesting 

phenomenon is that before the steam saturation at any grid inside the chamber began to 

decrease, it increased a little bit first. This might be attributed to the gravity segregation, 

which causes the steam to go up and the water condensate to go downwards. However, 

this increment is relatively small and can be ignored. Finally, the temperature falloff at 

the producer after is shown in Figure 4.3(d). 
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(a)                                                                      (b) 

 

(c)                                                                      (d) 

Figure 4.3 Simulation results: (a) temperature and (b) steam saturation distribution at the 

vertical plane perpendicular to the horizontal wellbore at shut-in. (c) Steam saturation 

changing with time at different locations inside the steam chamber after is shut-in, and 

(d) temperature falloff at the producer. 



 

82 

 

 

4.3.3 Condensation Modeling Results 

The thermal conductivity was calculated using COMPLEX mixing rule. Then the 

temperature falloff predicted by the proposed condensation model was matched with the 

simulated one. Due to practical and economic consideration, shut-in time was restrained 

to14 days. The parameters involved in condensation model are listed in Table 4.3.  

Figure 4.4(a) shows the comparison of temperature falloff at the producer in the 

course of 14 days after shut-in between condensation model and simulation. A 

satisfactory match was obtained from the condensation model. The initial temperature 

distribution at shut-in interpreted from the condensation model was compared with that in 

the simulation, as shown in Figure 4.4(b). A good agreement was also achieved. The 

good agreements further validate the applicability of condensation model in estimating 

steam chamber size in the early-stage of SAGD.  

To further examine the validity of the condensation model, the temperature 

distribution after shutting in for 14 days from both condensation model and simulation 

are compared, as shown in Figure 4.4(c). Satisfactory match can be observed except for 

the steam chamber region. In the condensation model, according to its governing 

equation, the temperature in the chamber is declining from the center towards the edge; 

whereas in the simulation, because the chamber is saturated with steam, the pressure and 

temperature inside the chamber should be uniform as PS and TS. The phenomenon 

observed in simulation is more reasonable. This is what the condensation model should 

take into account in the future. 
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Table 4.3 Parameters used in condensation model for temperature falloff matching 

Parameters Value 

Ts(ºC) 262.2 

Tr (ºC) 10 

Initial oil saturation 0.8 

Initial water saturation 0.2 

Wellbore radius (m) 0.084 

Total thermal diffusivity of steam-zone (m
2
/day) 0.038 

Total thermal diffusivity of liquid-zone (m
2
/day) 0.1 

Steam saturation in steam chamber 0.65 

Initial steam chamber radius-R1 (m) 4 

Initial transition-zone radius-R2 (m) 6.3 
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(a)  (b)  

 (c)  

Figure 4.4 Comparison of temperature falloff during shut-in at the producer between 

condensation model and simulation. (a) Comparison of temperature falloff, (b) 

Comparison between interpreted steam chamber size and the simulation, (c) Comparison 

of temperature distribution between condensation model and simulation after shut-in for 

14 days 
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4.4 The Original Condensation Model 

This model was inspired by the observation from the simulation that the temperature 

and pressure inside the steam chamber is always kept at the saturation temperature at the 

corresponding pressure while the steam chamber is depleted and the chamber pressure 

draws down, as shown in Figure 4.5. Thus, it is reasonable to assume that heat 

conduction does not occur in the steam chamber. Also, because the temperature inside the 

chamber is uniform, steam condenses throughout the steam chamber, instead of only on 

the edge of the chamber. Based on the above considerations, the assumptions of this 

model can be summarized as follows: 

1. 2D model;  

2. The temperature is radially distributed; 

3. The temperature and pressure inside the steam chamber is uniform, so that heat 

conduction is not present in the steam chamber; 

4. Heat conduction is still dominant outside the steam chamber after shut-in; 

5. The reservoir is infinite-acting for heat conduction;  

6. Steam condensation occurs throughout the steam chamber; 

7. If a very short shut-in period is considered, the condensation front is not moving; 

8. To make the problem simple, the gas saturation inside the steam chamber is uniform 

because convection is not considered. 
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Figure 4.5 Temperature distribution at a vertical plane that pass through the well-pair 

after shut-in for 0, 1, 2, and 3 days. 
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Based on the above assumptions, the model can be mathematically described as 

follows: 

The steam-zone satisfies: 

1
( , ) ( )

wR r R ST r t T t                                                                                                     (4-10) 

The liquid-zone satisfies: 
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                                                       (4-11) 

which is similar to the previous condensation model.  

On the steam condensation-front, energy balance dictates that for a short interval t , 

heat released by condensation and by the temperature falloff inside the chamber to be 

conducted into the vicinity outside the chamber:  

1

2 1 22
1 1 12 ( )n n

tL r R ts S S w S w

T
R hK t R hC T T R h L S

r
      




     


                                   (4-12) 

tsC  is the overall heat capacity of the steam-zone; 
wS  denotes the change of water 

saturation during t  of condensation. All the other terms have the same denotations as the 

first type model. 

Because the saturation temperature inside the steam chamber at each time-step is 

already known, Eq. (4-10) no longer needs solving, and the solution for temperature 

distribution in liquid zone is the same as that of the previous model. After the temperature 
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distribution is obtained in both the steam-zone and liquid-zone, the water saturation 

change 
wS at each time-step t  can be calculated using the energy balance equation. 

However, the synthetic case study conducted using this model did not yield the 

expected results: the temperature calculated from this condensation model could not 

obtain a good match with the simulated one. To explain this, the gas saturation changing 

behaviour inside the steam chamber was examined.  Figure 4.6 (a) and (b) show the 

short-term and long-term gas saturation changes versus time inside the steam chamber 

after shut-in. In both figures, from left to right are the gas saturation curves for the 

location from the lowest to the top inside the steam chamber. From short-term point of 

view shown in Figure 4.6 (a), condensation occurred at the most exterior layer “1, 30, 

49” of the steam chamber. When all the steam in the most exterior layer condenses, the 

second exterior chamber layer “1, 30, 48” becomes the most exterior layer and begins to 

condense and so forth. Meanwhile, from the long-term point of view shown in Figure 4.6 

(b), except for the most exterior layer “1, 30, 49”, which condensed immediately, all the 

other layers first rapidly condensed to a mid-level gas saturation, which varied between 

0.35 and 0.45 according to the height of the grid. Higher grid had higher gas saturation. 

This difference between different layers was caused by the gravitational differentiation. 

Once the stable gas saturation was achieved, the gas saturation decreased gradually as a 

whole. The immediate condensation at the beginning could be attributed to the sharp 

temperature gradient at the condensation front, and the later slower condensation was due 

to the smaller temperature gradient in in that area, as in Figure 4.5 
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(a)  

(b)  

Figure 4.6 the saturation changes vs. time after shut-in inside the steam chamber for a (a) 

short-term (2 days), and (b) a long term (6 months).  
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This observation indicates that the new condensation model, which considers the 

condensation front moving inward, is more appropriate for interpreting the early shut-in 

period, which normally last for 1-2 days in industrial practice, whereas the original 

condensation model, which assumes a uniform chamber temperature and uniform 

condensation inside the steam chamber and thus no condensation front moving, is not 

appropriate for the short-term temperature falloff modeling.  

4.5 Chapter Summary 

Two types of condensation models based on different assumptions were developed. 

The original model assumes uniform temperature and pressure inside the chamber, that 

steam condenses throughout the chamber, and that the condensation front does not move. 

These assumptions are more suitable for the long-term shut-in period. Thus, the original 

model could not get a satisfactory match of temperature falloff with the simulation. On 

the other hand, because it captures the thermal characteristics of that period, the new 

model, which assumes that steam condensation only occurs on the edge of the steam 

chamber and the condensation front keeps moving inward, was able to well match the 

early short-term temperature falloff in the simulation with the steam chamber size also 

being well-matched. Since the shut-in time during work-over for a SAGD process usually 

takes no more than 2 hours, the original model is more applicable in estimating the steam 

chamber size. Furthermore, in order to improve the reliability of the first type model, the 

assumption of uniform temperature inside the chamber should be added to the model to 

get a more accurate match of both temperature falloff and steam chamber size. 
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CHAPTER 5: INVERSE PROBLEM 

5.1 Mathematic Model of the Inverse Problem 

The objective of this study was in the form of an inverse problem, which was to 

estimate the hot-zone size by interpreting the temperature falloff data from optical fibre 

or thermocouples.  The inverse problem ultimately is transformed into solving a series of 

forward problems under different sets of parameters characterizing the physical system 

and then extracting the best-solution using an optimization method.  

The measured temperatures and their derivatives over time at a series of time points 

are 0 1 1, , , lT T T    , and 
' ' '

0 1 1, , , lT T T    . The temperature calculated using the TTA 

mathematic model and its derivative over time is: 0 1 1, , ,C C ClT T T  and 

' ' '

0 1 1, , ,C C ClT T T  , where l is the number of time points. 

Taking the three-system model as an example, the objective function can be defined 

as the discrepancy between the calculated temperature and measured (simulated) 

temperature and their derivatives, which can be expressed as follows: 

'

1 1
2 2

0 0

( ) ( ' ')
l l

i Ci i Ci

i i

T T

T T T T

J w w
l l

 

 

 

 
 

                                                         (5-1) 

On the other hand, it is known that the temperature behaviour of the three-system 

model is determined by the sizes of each zone and the observing location, which are R1, 

R2 and RO. Thus the objective function can be regarded as a function of R1, R2 and RO: 
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1 2( , , )OJ f R R R                                                                                                 (5-2) 

The 3n  constant constraints are 

1 2Re, Re, Re,w w w oR R R R R R                                                        (5-3) 

where Re is the reservoir boundary radius. 

The 3m    functional constraints are 

1 1 2 1 2, , Rew o oR R R R R R R R                                                          (5-4) 

Finally, the task of estimating the hot-zone size becomes seeking the minimum of 

objective function 1 2( , , )OJ f R R R  using the Complex Method under n  

equality/inequality constant constraints and m  equality/inequality functional constraints. 

5.2 Complex Method for Constrained Optimization 

As is discussed in the literature review, the Complex Method for constrained 

optimization is chosen as the optimization method for solving the inverse problems in 

this study. The Complex Method searches for the minimum value of a function 

1( ,..., )nf x x subject to m constraints of the form , 1,2,... ,k k kg x h k m   , where 

1,...,n mx x  are functions of 1,..., nx x , and the lower and upper constraints are either 

constant or functions of 1,..., nx x . To find a maximum value, f  is maximized. It is 

assumed that initial points 0 0

1 ,..., nx x , which satisfy all the m constraints is available.  

In this method, 1k n   points are used, of which one is the given point. The 

further 1k   points required to set up the initial configuration are obtained one at time by 

the use of pseudo-random numbers and ranges for each of the independent variables, viz. 
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( )i i i i ix g r h g   where ir  is a pseudo-random deviate rectangular distributed over the 

interval (0,1). A point so selected must satisfy the explicit constraints, but need not 

satisfy all the implicit constraints. If an implicit constraint is violated, the trial point is 

moved halfway towards the centroid of those points already selected (where the given 

initial point is included). Ultimately a satisfactory point will be found. (It is assumed that 

the feasible region is convex.) Proceeding in this way, ( 1k  ) points are found which 

satisfy all the constraints. 

The function is evaluated at each vertex, and the vertex of least function value is 

replaced by a point 1   times as far from the centroid of the remaining points as the 

reflection of the worst point in the centroid, the new point being collinear with the 

rejected point and the centroid of the retained vertices. If this trial point is also the worst, 

it is moved halfway towards the centroid of the remaining points to give a new trial point. 

The above procedure is repeated until some constraint is violated. 

If a trial vertex does not satisfy some constraint on given independent variable 

, 1,2,...ix i n , that variable is reset to a value of 0.000001 inside the appropriate limit; if 

some implicit constraint , 1 ,jx n j m   is violated, the trial point is moved halfway 

towards the centroid of the remaining points. Ultimately, a permissible point is found. 

Thus, as long as the complex has not collapsed into the centroid, progress will continue. 

The use of over-reflection by a factor a > 1 tends to cause a continual enlargement of 

the complex and, thus, to compensate for the moves halfway towards the centroid. 

Furthermore, it enables rapid progress to be made when the initial point is remote from 

the optimum. It is also an aid towards maintaining the full dimensionality of the complex. 
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So too is the use of k > n + 1 points; since with k = n + 1 points only, the complex is 

liable to collapse into a subspace. In particular, it tends to flatten itself against the first 

located constraint and, thus, be unable to move along an additional constraint when a 

corner is reached. 

The ability of the complex to turn a corner can be explained in the following way. 

Consider an optimization in which the k > n + 1 points of the complex lie roughly in a 

subspace parallel to a constraint. Then if the contours of the function change considerably 

(or the intersection of two constraints is reached), progress may be maintained by one of 

the following features: 

(1) The over-reflection factor a. > 1 might immediately enlarge the complex and 

move it in the desired direction (if the points do not strictly lie in the subspace). 

(2) The complex might shrink from being long and narrow to a very small size, and 

then behave as in (1). 

(3) When a corner is reached, the device of setting an explicit variable 0.000001 

inside its limit usually means that a point not lying in the subspace of the other points is 

introduced. 

The method of setting up the initial complex avoids the difficulty of constructing a 

regular simplex that satisfies all the constraints and is of reasonable size; furthermore, the 

initial array is roughly scaled to the orders of the various variables, i.e. the programmer 

does not need to scale the problem. 

The only stopping criterion built into the program is a conservative one, namely that 

the program shall stop itself when five consecutive equal function evaluation s have 
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occurred, which give values of f which are "equal" to the accuracy of the computer word-

length being used. This means the program will not terminate when there is any chance of 

further improvement in the function but avoids fruitless machine time when the complex 

has shrunk to such a size which changes in the function are smaller than one digit in the 

least significant place. The usual method for checking that the global rather than a local 

maximum has been found is to restart the program from different points, and infer that if 

they all converge at the same solution, then a global optimum has been found. In several 

dimensions, for a problem for which the feasible region of parameter space is small, the 

discovery of an alternative permissible initial point can present considerable difficulty. 

With the Complex Method, there is no difficulty in using the same initial point with 

different pseudo-random number initiators to perform such a rough check as to whether 

the optimum is indeed global. The solving procedure is illustrated in Figure 5.1. 

5.3 Case Study and Sensitivity Analysis 

Complex Method significantly improves the searching the optimal parameters when 

estimating the temperature distribution. This section demonstrates the application of the 

Complex Method in the synthetic case study for using the three-system model to interpret 

the steam chamber size, the transition-zone size, and the observing distance (the distance 

from the producer to the center of the steam chamber) in the SAGD start-up process. The 

factors that affect the performance of the Complex Method are also discussed.  
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Figure 5.1 Flow chart of the Complex Method for constrained optimization 
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The inverse problem solving in the three-system model synthetic case study was to 

seek the minimum value of the residual function 1 2( , , )OJ f R R R  under the 

3n  constant constraints 1 2Re, Re, Rew w w oR R R R R R       and the 3m   

functional constraints 1 1 2 1 2, , Rew O OR R R R R R R R      . In this case, the effect 

of the constant constraints, the initial values of the independent variables, the number of 

iterations, and the allowed error of the Complex Method were investigated through the 

obtained optimal parameters, the optimized objective function value, the iteration times, 

the and the calculation time. As for the functional constraints, because they highly 

depend on the mathematic model of the objective function, rather than the Complex 

Method itself, there is not little room for adjustment. The over-reflection factor uses the 

recommended value of 1.3. Unless otherwise specified, the number of iterations was kept 

as 500 for the purpose of comparison. 

5.3.1 The Effect of Constant Constraints 

The effect of the constant constraints on the Complex Method was examined 

through varying the constant constraints of the independent variables and observing the 

corresponding results. In this case, 3 different ranges of the independent variables were 

selected. The constraints and the corresponding results are shown in Table 5.1. The 

optimal parameters obtained from the calculation have large discrepancies between each 

other, with the smaller-range case having the closer estimation of the size in the 

simulation. The closer the range is to the actual value of the parameter, the better the 

result. A wider range will lead to unsatisfactory estimation. Thus, it is important to learn 
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the reservoir properties and to give a realistic estimation of the range of each independent 

variable to get a reasonable estimation of the steam chamber size.  

5.3.2 The Effect of Initial Value 

To observe the effect of choice of initial value of the independent variables, the 

optimal independent variables and object functions were calculated for three sets of initial 

values, as shown in Table 5.2. It is obvious that the initial values in Case 2 are closer to 

the actual one. However, the optimal object function and the error of the method at the 

500
th

 iteration did not change much between the 3 cases. This indicates that once the 

constraints of the independent variables are properly chosen, this method has no 

difficulties in narrowing the range of each variable and finally finding the optimal value. 

5.3.3 The Effect of Iterations 

The effect of the iterations on the method was investigated by setting different 

iterations of 200, 400, 500, and 600 to compare the difference, as shown in Table 5.3. 

When the iterations are 200, the optimal parameters obtained were not good enough as 

can be observed from the objective function value and the comparison with other larger 

iterations cases. Also, the more iteration involved, the more calculation time was needed, 

and the smaller objective function value and error is. However, when the iterations were 

increased above 500, no evident improvement in the optimization could be achieved and 

the error was undulating between 1e-8 and 1e-9. This is probably because of the strong 

non-linearity of the objective function and the nature of the non-condensation model 

itself. Thus, more iteration is not recommended since little improvement was obtained. 
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Table 5.1 Effect of the constant constraints 

 

Case 1: 

1<=R1,R2,Ro <=7  

Case 2: 

1<=R1,R2,Ro <=15 

Case 3: 

1<=R1,R2,Ro <=20  

R1 (m) 3.51251 3.98432 5.42322 

R2 (m) 6.10096 6.50943 7.17144 

Ro (m) 3.45234 4.09432 5.9433 

Object function value 0.00732023 0.00984613 0.011335 

Error 1.37E-08 5.10E-07 9.68E-07 

Calculation time (s) 18 19 20 

Table 5.2 Effect of the initial values 

Initial value 

Case 1: 

R1=R2=Ro=1 m 

Case 2: 

R1=R2=Ro=3 m 

Case 3: 

R1=R2=Ro=6 m 

R1 (m) 3.51251 3.52001 3.59567 

R2 (m) 6.10096 6.11112 6.10096 

Ro (m) 3.45234 3.46434 3.44232 

Object function value 0.00732023 0.00784613 0.0071335 

Error 1.17E-08 1.10E-08 1.15E-08 

Calculation time (s) 15 14 16 

Table 5.3 Effect of the iterations 

Iterations 

Case 1: 

200 

Case 1: 

400 

Case 1: 

500 

Case 1: 

600 

R1 (m) 3.01231 3.52001 3.51251 3.50594 

R2 (m) 5.99801 6.15344 6.10154 6.10096 

Ro (m) 2.93021 3.46434 3.45083 3.45234 

Object function value 0.019696 0.00928627 0.00732023 0.0072312 

Error 3.57E-06 1.14E-07 1.94E-08 1.28E-09 

Calculation time (s) 10 19 23 28 
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CHAPTER 6: CORRELATION OF STEAM 

CHAMBER SIZE AND TEMPERATURE 

BEHAVIOUR IN 3D NUMERICAL SIMULATION 

6.1 The Rationality of Setting up Correlation between Steam 

Chamber Size and Temperature Falloff Data 

When conducting sensitivity analysis over the three-system model and the 

condensation model, the author found that if the temperature falloff derivative curves in 

the form of ln( )DdT d t  were plotted versus time in normal scale for the early shut-in 

period, the plots for both models can fall in straight lines, as shown in Figure 6.1. 

Because the solutions of both the three-system and condensation model were obtained in 

Laplace space and then transformed to real space numerically, it is not easy to find an 

analytical explanation of why this occurs. However, this suggests that it might be 

possible to find some connections between the steam chamber size and the short-term 

temperature falloff and then to generate an empirical correlation between them. 

The mathematical models developed in this study are all assuming 2D homogeneous 

reservoir. In reality, no reservoir is homogeneous. The heterogeneity introduced by the 

shale distribution and other geological features plays an important role in the steam 

propagation in the reservoir. Thus, it is important to investigate the effect of reservoir 
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Figure 6.1 Straight lines found in the temperature derivative curves in both three-system 

model and condensation model. 
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 heterogeneity on the steam chamber distribution along the horizontal wellbore and, 

subsequently, its effects on the temperature falloff behaviour after shut-in. 

Based on the above considerations, a series of 3D reservoir simulations that 

incorporated the reservoir heterogeneity were conducted. In the simulation, the well-pair 

was shut-in at different stages to observe temperature response. Those temperature falloff 

data and steam chamber size data served as input data for regression to help obtain an 

empirical correlation between them. 

Because the steam chamber growth is determined by the reservoir local permeability 

(Gotawala and Gates, 2010), the reservoir heterogeneity in this simulation study was 

realized through imposing permeability heterogeneity along the horizontal wellbore. 

6.2 Simulation Model  

CMG STARS® was used to simulate this SAGD process. A 3D reservoir of 60 m in 

width (J direction), 30 m in height (K direction), and 750 m in length (I direction) with 

total 45,000 grids, was developed.  The grid blocks were equal in length (25×30 m), 

width (60×1 m) and thickness (60×1 m). The reservoir was heterogeneous with a random 

horizontal permeability distribution along the wellbore following a logarithmic normal 

distribution in the range of 0.839~ 3.854 Darcy. The ratio between vertical and horizontal 

permeability was 0.3. The oil is typical Athabasca heavy oil and is dead oil. The thermal 

properties of reservoir fluid, rock and over-/under- burden were typical values from CMG 

STARS manual (2009).  

Both the injector and producer were straight and horizontal with a 5 m vertical 

separation, and the producer was at the bottom of the formation. The details of SAGD 
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wellbores were simulated with FlexWell model (Oballa, 2009). Inside a 0.245 meter 

diameter, 750 meter long, slotted liner, a 0.089 meter diameter long tubing string was 

located at the toe end. The configurations were similar for both injector and producer. 

This wellbore completion allows steam circulation in both of the wellbores for start-up 

and different combinations of injection/production modes during the subsequent SAGD 

operation. Steam was circulated in both wellbores for 6 months with maximum 

circulation rate of CWE 300 m
3
/day and steam quality of 0.9 at 250.3ºC. At the start-up 

stage, the BHPs of the injecting tubing and producing annulus for both upper injector and 

lower producer were maintained at 4000 kPa maximum and 3500 kPa minimum 

respectively. After that, the injector annulus and the producer tubing were shut-in to 

convert the start-up to SAGD with the constraint of injecting tubing and producing 

annulus maintaining the same conditions as at start-up. The pressure difference between 

the injector and producer helped to push the heated oil in the near-well region into the 

producer and accelerate the steam convective flow. Steam trap control was not applied to 

observe the effect of the height of liquid column above the producer. The detailed 

simulation parameters are listed in Table 6.1. 
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Table 6.1 Simulation parameters 

Property Value 

Rock Fluid Property 

Horizontal permeability 0.839~3.854 Darcy, log-normal 

distributed 

Vertical permeability 0.3 × horizontal permeability 

Porosity 0.3 

Initial reservoir pressure 3000 kPa 

Initial oil saturation 0.87 

Initial water saturation 0.13 

Initial reservoir temperature 10ºC 

Oil viscosity at reservoir temperature(dead oil) 2,000,000 cp 

Thermal property 

Thermal conductivity of reservoir rock 1.5×10
5
 J /m-day-ºC 

Heat capacity of reservoir rock 2.57×10
6
 J/m

3
-ºC 

Thermal conductivity of oil 2.0×10
4
 J /m-day-ºC  

Heat capacity of oil Using table from CMG STARS 

Thermal conductivity of water 5.35×10
4
 J /m-day-ºC 

Heat capacity of water Using table from CMG STARS 

Thermal conductivity of over-/under-burden 1.728×10
5
 J /m-day-ºC 

Heat capacity of over-/under-burden 2.35×10
6
 J/m

3
-ºC 

Well constraints-Start-up 

Circulation rate, MAX 300 m
3
/day 

Steam temperature/quality 250.3ºC / 0.9 

BHP at the annulus, MIN 3500 kPa 

BHP at the injector tubing, MAX 4000 kPa 

 Well constraints-SAGD 

Injection rate, MAX 300 m
3
/day 

Steam temperature/quality 250.3ºC / 0.9 

BHP at producer, MIN 3500 kPa 

BHP at injector, MAX 4000 kPa 

Steam trap control none 
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6.3 Simulation Results 

6.3.1 The Effects of Reservoir Heterogeneity over the Steam Chamber 

Distribution along the Horizontal Wellbore 

In the simulation, in order to understand the effects of reservoir heterogeneity on the 

steam chamber distribution along the horizontal wellbore at different stages of the 

chamber progression, the SAGD wells continued operation for 516 days, 730 days, and 

1096 days including the start-up period, and then were shut-in to observe temperature 

falloff. Figure 6.2 shows the gas saturation distribution in the vertical plane along the 

horizontal wellbore on the 516
th

 day, 730
th

 day, and 1096
th

 day, indicating the steam 

chamber growth at different stages. It was observed that the chamber height increased 

with the increase of the permeability. It seemed that steam chamber’s vertical growth was 

dominated by reservoir permeability, and the heat transfer between different sections 

along the horizontal wellbore had negligible effects on the steam chamber distribution 

along the horizontal wellbore. This observation can be explained by the fact that the 

temperature and pressure inside the steam chamber is virtually uniform. The very small 

temperature gradient inside the chamber led to negligible heat conduction along the well. 

The very little pressure gradient inside the chamber led to minimum fluid flow, and thus, 

minimum convection along the wellbore. On the other hand, according to Darcy’s law, 

the flow rate is proportional to the permeability. Therefore, the higher the permeability, 

the faster steam can flow into the reservoir and the higher the steam chamber can rise up. 
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(a)                                                           (b)  

 
(c)                                                           (d) 

Figure 6.2 Gas saturation (steam chamber vertical growth) along the horizontal wellbore 

on the (a) 516
th

 day, (b) 730
th

 day, (c) 1096
th

 day, and (d) permeability distribution along 

the horizontal wellbore in Case 1 



 

107 

 

 

To further validate this explanation, another simulation case, Case 2, was conducted. 

In Case 2, the reservoir properties and operation strategies were kept the same, except 

that reservoir permeability distribution along the horizontal wellbore was altered with a 

new log normal distribution as shown in Table 6.2. 

Similarly, the SAGD wells continued operation for 516 days, 730 days, and 1096 

days, and were shut-in. Figure 6.3 shows the gas saturation distribution on the vertical 

plane along the horizontal wellbore at shut-in on the 516
th

 day, 730
th

 day, and 1096
th

 day 

and the permeability distribution on the same vertical plane for Case 2. The same results 

as in Case 1were obtained. 
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Table 6.2 Permeability distribution along the horizontal wellbore from heel (I=1) to toe 

(I=25) in the 2 cases. 

Case 1 Case 2 

I k (Darcy) I k (Darcy) I k (Darcy) I k (Darcy) 

1 1.78 14 3.51 1 1.78 14 0.90 

2 0.90 15 2.04 2 3.85 15 0.84 

3 3.85 16 2.40 3 1.42 16 1.56 

4 0.84 17 2.27 4 1.94 17 2.38 

5 1.42 18 1.21 5 2.13 18 1.40 

6 1.56 19 1.14 6 2.23 19 1.22 

7 1.94 20 2.68 7 1.57 20 3.51 

8 2.38 21 2.19 8 2.04 21 2.40 

9 2.13 22 1.56 9 2.27 22 1.21 

10 1.40 23 1.85 10 1.14 23 2.68 

11 2.23 24 2.24 11 2.19 24 1.56 

12 1.22 25 2.90 12 1.85 25 2.24 

13 1.57     13 2.90     
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(a)                                                                     (b)  

 
(c)                                                                     (d)  

Figure 6.3 Gas saturation (steam chamber vertical growth) along the horizontal wellbore 

on the (a) 516
th

 day, (b) 730
th

 day, (c) 1096
th

 day, and (d) permeability distribution along 

the horizontal wellbore, in Case 2 
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To further observe this relation, the author reordered the gas distribution along the 

horizontal wellbore according to the permeability from the smallest to the largest for 

Case 1and Case 2 on the 730
th

 day, as shown in Figure 6.4, and 1096
th

 day, as shown in 

Figure 6.5. It was apparent that chamber height increased monotonously with 

permeability before reaching the top. After that the chamber spread laterally, and the 

spreading speed also increased monotonously with permeability.  

Furthermore, in Figure 6.4 on the 730
th

 day when the steam chamber had not 

reached the top, no matter how the permeability was distributed, as long as the 

permeability was the same, the steam chamber heights were almost the same. In Figure 

6.5, which was one year after the 730
th

 day, the same trend was observed. However, in 

Case 1, in some high permeability sections of I=15, 9, 21, 24, 17, the chamber had 

reached the top; whereas in Case 2, in the same permeability sections of I=8, 5, 11, 6, 25, 

9, the chamber had not. To explain this, the neighbouring chamber of Layer I=15 in Case 

1 and Layer I=8 in Case 2 were examined, as shown in Figure 6.6.The reason why the 

chamber in Layer 8 of Case 2 had not reached top is that the neighbouring chambers of 

Layer 8, Layer 7 and Layer 9, had smaller chamber; whereas, the neighbouring chambers 

of Layer 15 in Case 1, Layer 14 and Layer 16, had already reached the top and helped 

pull up the chamber in Layer 15. This observation indicates that the interaction between 

neighbouring vertical layers started to exert influence over the chamber development 

when the steam chamber had grown to a comparable dimension. Nevertheless, the 

influence of the permeability still dominates. 
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a)  

b)  

Figure 6.4 The relation between chamber height and permeability for (a) Case on the 

730
th

 day, and (b) Case 2 on the 730
th

 day 
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a)  

b)  

Figure 6.5 The relation between chamber height and permeability for (a) Case 1 on the 

1096
th

 day, and (b) Case 2 on the 1096
th

 day 
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(a)                                                              (b)  

Figure 6.6 The neighbouring chamber shape of the same permeability layer in (a) Case 2 

(I=8), and, (b) Case 1 (I=15). 
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6.3.2 The Effects of Reservoir Heterogeneity on the Temperature Falloff 

in the Producer along the Horizontal Wellbore after Shut-in  

The effects of the reservoir heterogeneity over the temperature falloff behaviour 

were investigated using the same simulation model of Case 1 as the previous section. 

Two different scenarios were examined: one is ignoring the heat loss to over-/under-

burden, the other is considering the heat loss to over-/under-burden. The temperature 

falloff of the two different scenarios, starting at different dates on the 516
th

 day, 730
th

 day, 

and 1096
th

 day and lasting for one day, were observed and compared. The reason why 

only one day of shut-in period was chosen is that a shut-in time of more than two days is 

not acceptable due to economic consideration. Because of the very short shut-in time, 

only small temperature differences in the range of -1~1ºC could be observed. Therefore, 

instead of the temperature falloff data, the temperature falloff derivative (
ln( )

DdT

d t
) was 

plotted for each different shut-in time, and the positive value indicated falloff. The 

temperature falloff derivative curves for the scenarios ignoring the heat loss to over-

/under-burden were plotted in Figure 6.7. The temperature falloff derivative curves for 

the scenarios considering the heat loss were plotted in Figure 6.8. It was observed that 

the temperature derivative curves tended to fall in straight lines and both rise-up and 

falloff was observed in cases ignoring heat loss (Figure 6.7), but only falloff was 

observed in cases considering heat loss (Figure 6.8). The vibration observed in the 

curves are caused by the reservoir simulation inaccuracy. 
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(a)  

(b)  

(c)  

Figure 6.7 Temperature falloff derivatives along the producer for cases ignoring heat loss 

to over-/under-burden when shut-in on the (a) 516
th

 day, (b) 730
th

 day, and (c) 1096
th

 day. 
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 (a)  

(b)  

(c)  

Figure 6.8 Temperature falloff derivatives along the producer for cases considering heat 

loss to over-/under-burden when shut-in on the (a) 516
th

 day, (b) 730
th

 day, and (c) 1096
th

 

day. 
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For the cases in which heat loss to the over-/under-burden is ignored, over-/under-

burden acted like insulation layers to block the heat from being loss to region outside the 

reservoir, and, thus, mitigated the temperature falloff. In addition, as discussed in the 

sensitivity analysis of the condensation model in “4.2.3 Effects of Observing Location,” 

the farther the observing location is from the chamber edge, the slower the temperature 

falls off. When the observing distance is long enough, temperature rise-up could be 

observed. For the cases in which heat loss to the over-/under burden was considered, heat 

proceeded when encountering over-/under-burden, and the producer was right above the 

under-burden, the heat transferred from the chamber will undoubtedly be lost to the 

under-burden, thus, only temperature falloff was observed. 

To summarize, both temperature falloff and rise-up occurred after shut-in in cases 

ignoring heat loss to the over-/under-burden; whereas only falloff occurred in cases 

considering this heat loss. Whether temperature rise-up can be observed for a certain 

chamber size depends on the observing distance and the heat loss to the over-/under-

burden. The longer the observing distance, the more probably temperature rise-up can be 

observed. The more heat is lost to the over-/under-burden, the more probably temperature 

falloff can be observed. Also, the uneven temperature distribution will add to the 

complexity of the temperature behaviour because after shut-in the heat conduction is the 

dominant heat transfer mechanism.  
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6.4 Empirical Correlation of Steam Chamber Size and 

Temperature Falloff at the Producer when Ignoring Heat 

Loss to the Over-/under-burden 

When top-gas zone exists over the reservoir, the top-gas acts like an insulation layer 

to prevent heat from being lost to the over-burden. Furthermore, because the steam 

chamber tends to grow upward, the majority of heat is lost to the over-burden rather than 

the under-burden. Thus, it is important to study the temperature falloff behaviour in cases 

in which heat loss to over-/under- burden is not considered.  

As mentioned in the last section, the temperature falloff/rise-up derivative curves 

observed in the simulation results tended to fall into straight lines in the early shut-in 

stage. In this section, the temperature falloff/rise-up, the chamber size, and the distance 

from the producer to the chamber down edge were gathered and summarized to find the 

correlation(s) between those parameters. Table 6.3 illustrates the statistics of those 

parameters.  

Among them, As is the total gas area at a specific vertical section. It is calculated as 

follows: 

s g
chamber

A S dA                                                                                                     (6-1) 

m is the slope of temperature falloff derivative curve in each vertical section.  
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Table 6.3 The statistics of the As, hD, and m for cases for different shut-in time on 516
th

 

day, 730
th

 day, and 1096
th

 day in the cases without heat loss.  

 

Shut-in on 516
th

 day Shut-in on 730
th

 day Shut-in on 1096
th

 day 

Layer  As hD m As hD m As hD m 

1 139 1.04 4.0E-04 84 0.91 -2.0E-04 59 0.57 -2.0E-04 

2 47 1.05 9.0E-04 29 0.84 1.9E-03 16 0.83 4.4E-03 

3 429 0.96 -9.0E-04 218 0.98 -8.0E-04 137 0.57 -9.9E-04 

4 40 1.05 1.4E-03 23 0.89 2.6E-03 14 0.87 6.0E-03 

5 97 1.04 7.0E-05 58 0.87 6.0E-04 39 0.62 1.4E-03 

6 113 1.03 -1.0E-04 67 0.92 2.0E-04 47 0.57 2.0E-04 

7 156 1.03 -4.0E-04 95 0.95 -3.0E-04 67 0.48 -1.0E-04 

8 212 1.02 -5.0E-04 126 0.96 -5.0E-04 86 0.55 -5.0E-04 

9 177 1.02 -5.0E-04 108 0.95 -4.0E-04 75 0.58 -5.0E-04 

10 96 1.03 1.0E-04 56 0.91 5.0E-04 38 0.62 1.3E-03 

11 186 1.01 -5.0E-04 114 0.96 -3.0E-04 78 0.60 -6.0E-04 

12 78 1.02 4.0E-04 47 0.85 9.0E-04 30 0.60 2.7E-03 

13 114 1.04 -1.0E-04 68 0.91 1.0E-04 48 0.56 3.0E-04 

14 364 1.02 -6.0E-04 193 0.98 -6.0E-04 124 0.58 -9.9E-04 

15 166 1.01 -5.0E-04 102 0.94 -3.0E-04 70 0.58 -3.0E-04 

16 204 1.03 -4.0E-04 125 0.96 -4.0E-04 86 0.56 -6.0E-04 

17 177 1.01 -5.0E-04 114 0.97 -3.0E-04 80 0.56 -6.0E-04 

18 72 1.03 4.0E-04 45 0.86 8.0E-04 30 0.63 2.2E-03 

19 65 1.01 5.0E-04 41 0.89 9.0E-04 27 0.64 2.3E-03 

20 234 1.01 -3.0E-04 141 0.95 -6.0E-04 95 0.58 -8.0E-04 

21 165 1.01 -5.0E-04 109 0.97 -3.0E-04 77 0.59 4.0E-05 

22 107 1.01 -1.0E-04 69 0.93 -6.0E-05 48 0.63 9.0E-04 

23 132 0.99 -3.0E-04 88 0.94 -3.0E-04 63 0.58 -5.0E-05 

24 167 1.02 -4.0E-04 112 0.97 -3.0E-04 78 0.58 1.0E-04 

25 250 1.00 -2.0E-04 151 0.97 -4.0E-04 100 0.61 2.0E-04 
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hD is the dimensionless observing distance, defined as the distance from the 

producer to the lower edge of the steam chamber divided by the well-pair separation D. 

Because the injector is inside the steam chamber, the pressure in the injector is close to 

the steam chamber pressure. Thus, the pressure difference between the steam chamber 

and the producer P  is close to the pressure difference between the injector and the 

producer. Since the pressure in the producer and the injector can be easily obtained, the 

distance h between the chamber edge and the producer can be calculated as follows and 

transformed to dimensionless term hD. 

o prd inj prd inj

D

prd chamber prd inj o o

P gh P P P P
h h

P P P P P g gD



 

   
   

    
           (6-2)

 

Theoretically, the temperature falls off faster if the chamber is smaller and the 

distance from the producer to the chamber lower edge is shorter. Based on this 

consideration and the statistics shown in Table 6.3, the correlation between m, As, and hD 

was achieved through regression. First, all the data samples from the shut-in of 516
th

 day, 

730
th

 day, and 1096
th

 day were regressed. However, only a correlation coefficient of 

0.8021 was achieved, as shown in Figure 6.9(a), indicating a not satisfactory correlation 

between these parameters for the all three shut-in cases together. If the regression was 

done to the data samples for each different shut-in date respectively, better correlation 

coefficients of 0.9161, 0.9536, and 0.8364 could be achieved for each case, as shown in 

Figure 6.9 (b), (c), and (d). The correlations in terms of As, m, and hD can be expressed as 

follows: 

For the case of shut-in at the 516
th

 day, 
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1.06630.10704 ( 0.002)s DA h m                                                                          (6-3) 

For the case of shut-in at the 730
th

 day, 

1.60523.9502E 3 ( 0.002)s DA h m                                                                      (6-4) 

For the case of shut-in at the 1096
th

 day 

2.06792.9760e 4 ( 0.002)s DA h m                                                                     (6-5) 

The reason why not hD but Dh was used is better regression can be obtained by 

using Dh . This also indicates that the steam chamber size has larger influence over the 

temperature falloff than the liquid column height.  
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(a)                                                                    (b) 

 
(c)                                                                   (d)  

Figure 6.9 The correlation between m, hD, and As for shut-in on (a) the 516
th

 day, 730
th

 

day, and 1096
th

 day together and (b) the 516
th

 day, (c) the 730
th

 day, and (d) the 1096
th

 

day. 
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The data points with slower temperature falloff and larger steam chamber fell out of 

the trend lines in each figure. This is because only the temperature falloff/rise-up data of 

a very short shut-in time were analyzed in this study. The only region that could have 

impacts on the temperature response was the heated area right above the producer. 

Therefore, in the case of shut-in on the 1096
th

 day, in which the steam chamber has 

reached the top and spread laterally, the chamber area that was right above the producer 

would not necessarily be larger than that in the layer where the chamber had not reached 

the top. This also explains why the same chamber size might render different temperature 

falloff speeds, or the same temperature falloff speed could be observed for different 

steam chamber sizes and shapes. 

Therefore, it is recommended that for the cases in which some part of the steam 

chamber has reached the top, the correlations between As, Dh  and m should be considered 

separately, because no obvious pattern or trend could be found for those data. More work 

needs to be done to find the connection between those data and more parameters, e.g., the 

shape of the steam chamber in the near-producer region might be involved. This study 

will focus on cases before steam chamber reaches the top. With this correlation, one can 

easily estimate the steam chamber size if the temperature falloff data is available. For the 

cases of shut-in on the 516
th

 day and 730
th

 day, the error of this estimation is shown in 

Table 6.4. The absolute error was found in the range of (2%, 42%) with an average of 

14%. 
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Table 6.4 Comparison between the estimated As and that from simulation for the cases 

without heat loss 

  Shut-in on the 516
th

 day   Shut-in on the 730
th

 day 

Layer 

As/sqrt(hD) Relative Error  

(%) 

As/sqrt(hD) Relative Error  

(%) simulation predicted simulation predicted 

1 78 90 -16 88 101 -14 

2 18 23 -32 31 29 7 

3 181 189 -5 220 193 12 

4 15 18 -26 24 22 6 

5 49 46 7 62 56 10 

6 62 73 -18 70 73 -4 

7 97 85 12 98 110 -13 

8 115 110 5 129 135 -4 

9 98 110 -12 111 121 -10 

10 49 47 3 59 59 0 

11 101 118 -17 116 110 5 

12 39 32 17 50 47 7 

13 65 70 -8 72 79 -10 

14 164 189 -15 196 151 23 

15 92 96 -5 105 110 -5 

16 115 118 -3 127 121 5 

17 106 118 -11 116 110 5 

18 38 37 4 49 49 -1 

19 34 36 -4 43 47 -8 

20 124 139 -12 145 151 -4 

21 100 79 21 111 110 1 

22 61 54 11 71 89 -25 

23 83 83 0 91 110 -22 

24 102 77 25 113 110 3 

25 128 73 43 153 121 20 
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6.5 Empirical Correlation of Steam Chamber Size and 

Temperature Falloff at the Producer when Considering 

Heat Loss to the Over-/under-burden 

In this section, heat loss to the over-/under-burden was considered in the simulation. 

Similarly to the case without heat loss, the temperature falloff derivative curves observed 

in simulation tended to fall into straight lines in the early shut-in period. Table 6.5 

illustrates the statistics of As, hD and m , which have the same definition as in the previous 

section. Using the statistics, the correlation(s) between As, hD and m were achieved 

through regression. First, all the data samples from the shut-in cases of the 516
th

 day, 

730
th

 day, and 1096
th

 day were regressed. The overall trend of the data was captured as 

shown in Figure 6.10 (a). However, only a correlation coefficient of 0.8015 was 

achieved, with some data falling outside the trend line. If the regression was done to the 

data samples for different shut-in dates, respectively, much better correlation coefficients 

of 0.9399, 0.9277, and 0.9659 could be achieved for each case, as shown in Figure 6.10 

(b), (c), and (d). Still, the points with slower temperature falloff and larger steam chamber 

fell out of the trend lines in each figure. The reason is the same as the previous case and 

is not discussed here again. 
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Table 6.5 The statistics of the As, hD, and m for cases for different shut-in time on 516
th

 

day, 730
th

 day, and 1096
th

 day for the cases with heat loss  

 

Shut-in on 516
th

 day Shut-in on 730
th

 day Shut-in on 1096
th

 day 

Layer  As hD m As hD m As hD m 

1 51 0.42 2.5E-03 77 0.85 1.4E-03 105 1.10 8.0E-04 

2 5 0.64 6.4E-03 13 0.83 4.3E-03 21 0.95 2.7E-03 

3 139 0.43 1.2E-03 221 0.89 4.0E-04 335 1.19 8.0E-05 

4 3 0.54 7.3E-03 8 0.86 4.7E-03 14 0.93 3.1E-03 

5 20 0.65 4.6E-03 40 0.86 2.5E-03 59 1.03 1.5E-03 

6 30 0.59 3.7E-03 54 0.84 2.0E-03 79 1.04 1.2E-03 

7 65 0.42 1.9E-03 94 0.83 1.1E-03 131 1.11 6.0E-04 

8 88 0.42 1.2E-03 129 0.85 6.0E-04 173 1.15 3.0E-04 

9 75 0.42 1.6E-03 110 0.84 8.0E-04 148 1.13 4.0E-04 

10 22 0.64 4.4E-03 43 0.83 2.4E-03 66 1.03 1.5E-03 

11 81 0.42 1.4E-03 117 0.85 7.0E-04 157 1.11 4.0E-04 

12 14 0.66 5.1E-03 31 0.84 3.1E-03 48 0.99 1.9E-03 

13 35 0.56 3.4E-03 59 0.83 1.9E-03 87 1.03 1.2E-03 

14 127 0.43 1.2E-03 200 0.90 6.0E-04 287 1.09 1.0E-04 

15 70 0.41 1.9E-03 102 0.84 1.0E-03 142 1.07 6.0E-04 

16 83 0.42 1.6E-03 124 0.85 9.0E-04 165 1.09 4.0E-04 

17 75 0.41 2.0E-03 112 0.85 1.1E-03 143 1.07 5.0E-04 

18 15 0.66 5.2E-03 31 0.84 3.1E-03 47 0.97 1.9E-03 

19 13 0.66 5.2E-03 28 0.82 3.2E-03 43 0.97 2.0E-03 

20 98 0.43 1.7E-03 146 0.87 9.0E-04 187 1.08 4.0E-04 

21 75 0.43 2.2E-03 110 0.85 1.2E-03 141 1.04 6.0E-04 

22 41 0.41 3.0E-03 64 0.81 1.9E-03 87 1.00 1.2E-03 

23 58 0.43 2.8E-03 85 0.84 1.6E-03 116 1.01 9.0E-04 

24 81 0.44 2.2E-03 117 0.85 1.3E-03 149 1.04 6.0E-04 

25 105 0.43 2.1E-03 159 0.87 1.4E-03 192 1.03 5.0E-04 
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(a)                                                                    (b) 

 
(c)                                                                    (d) 

Figure 6.10 The correlation between As, hD, and m in cases with heat loss for (a) all shut-

in cases and (b) shut-in on the 516
th

 day, (c) shut-in on the 730
th

 day, and (d) shut-in on 

the 1096
th

 day.  
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Based on the above considerations, it is recommended that for every shut-in case, 

the correlation between As, hD, and m should be considered separately. In this case, for 

this specific shut-in time, As can be expressed in terms of m and hD as follows: 

For shut-in at the 516
th

 day, 

3.20042.2686e 6 ( 0.002)s DA h m                                                                      (6-7) 

For shut-in at the 730
th

 day, 

2.77951.2588e 5 ( 0.002)s DA h m                                                                      (6-8) 

For shut-in at the 1096
th

 day, 

2.92003.9050e 6 ( 0.002)s DA h m                                                                      (6-9) 

The steam chamber size distribution along the horizontal wellbore estimated using 

the above correlation for each shut-in case is compared with the simulation, as shown in 

Table 6.6. The absolute error was found in the range of (1%, 57%), with an absolute 

average of 19%. More work needs to be done, e.g., to find out how steam chamber shape 

affects the temperature falloff response. 
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Table 6.6 Comparison between the estimated and simulated As/sqrt(hD) 

Layer 

Shut-in on 516
th

 day Shut-in on 730
th

 day Shut-in on 1096
th

 day 

simulated predicted 

Relative 

Error 

(%) simulated predicted 

Relative 

Error 

(%) simulated predicted 

Relative 

Error 

(%) 

1 79 65 18 83 91 -10 101 111 -10 

2 6 9 -48 14 16 -20 21 24 -14 

3 212 193 9 234 241 -3 307 265 14 

4 5 6 -35 9 14 -58 15 19 -31 

5 25 19 25 44 42 4 58 58 0 

6 39 30 21 58 58 0 77 75 3 

7 100 102 -3 103 118 -14 124 138 -11 

8 136 193 -42 140 193 -37 162 197 -22 

9 116 132 -13 119 157 -32 139 174 -25 

10 28 21 24 48 45 6 64 58 10 

11 124 159 -28 127 174 -36 149 174 -17 

12 18 15 15 34 30 12 49 42 13 

13 47 36 23 64 62 3 86 75 12 

14 194 193 1 211 193 9 275 257 6 

15 110 102 7 112 130 -16 137 138 -1 

16 128 132 -3 135 142 -6 158 174 -10 

17 117 94 19 122 118 3 139 155 -12 

18 19 14 23 34 30 13 47 42 11 

19 17 14 13 31 28 11 43 39 9 

20 151 121 20 156 142 9 180 174 3 

21 113 81 29 120 108 10 138 138 0 

22 64 46 28 71 62 12 87 75 14 

23 89 53 41 93 78 16 115 100 13 

24 122 81 34 128 99 22 146 138 5 

25 161 87 46 171 91 47 189 155 18 
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6.6 The Practical Procedure of Applying the Correlation in 

Estimating the Steam Chamber Size in a SAGD Process 

The correlations found for the reservoir described in this simulation case indicate 

that it is possible to estimate the steam chamber size using a series of simple correlations 

for other reservoirs. It is desirable to set up a practical procedure to guide the potential 

user to find out the correlation for each specific reservoir and then to apply it to the steam 

chamber evaluation. The procedure consists of the following steps: 

1. Shut-in the well-pair for 1-2 days. Gather the temperature and pressure data in both 

the producer and injector along the well length. 

2. Plot the temperature falloff derivative curve 
ln( )

DdT

d t  

of each point along the producer 

against time in normal scale. Obtain the slope of each temperature falloff derivative 

curves through regression.  

3. Calculate the distance hD from the pressure difference between injector and producer 

using 
prd inj

D

o

P P
h

gD


 . 

4. Determine the two coefficients to establish the correlation. 

Simulation statistics have shown that, for a specific shut-in case, if the reservoir 

is divided into multiple adjacent sections along the horizontal wellbore, then 

correlation exists between the total steam chamber area, the distance between the 
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chamber edge and the producer, and the temperature falloff derivative curve slope for 

all the sections, and it takes the following form: 

2

, 1 ,( 0.002)
a

s i i D iA a m h  
                                                                          (6-10)

 

In order to establish the correlation, the coefficients 1a  and 2a  have to be 

determined for a specific shut-in case first.  

According to the definition of 
sA  adding all sections along the well length yields: 

2

, 1 ,

1 1

( ) ( 0.002)
n n

a

steam i s i i D i i

i i

V L A a m h L 
 

      
                                  (6-11) 

According to mass conservation, at the moment of shut-in, the cumulative 

volume of oil produced from the reservoir PN  should equal to the steam injected into 

the reservoir: 

2

1 ,

1

( 0.002)
n

a

p steam i D i i

i

N V a m h L


                                                          (6-12) 

On the other hand, at the heel, if the temperature inside the vertical wellbore is 

measured, then the chamber height at the heel 
,chamber heelh  can be obtained through 

identifying the height where the temperature suddenly drops below the steam 

chamber temperature. If this chamber height at the heel is hard to measure, we can 

use the vertical temperature log from the observer to help infer this value. Since at the 

start-up or the ramp-up stage, the steam chamber has not reached the top and thus has 

a close-to-circle shape, and the steam saturation can be measured using well logging, 

the volume of the steam at the heel section can be calculated as follows: 
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chamber heel g heel D heelh S a m h


                                             (6-13) 

Eq. (6-11) and Eq. (6-12) are equations regarding 1a  and 2a . Through iterative 

method, 1a  and 2a  can be solved. 

5.  With the correlation available, one can easily estimate the steam chamber size 

through a simple calculation. 

6.7 Chapter Summary 

In this chapter, the author investigated the effects of reservoir heterogeneity on the 

steam conformance and its impacts on the temperature falloff/rise-up behaviour along the 

horizontal wellbore through simulation studies over a 3D heterogeneous reservoir model 

for SAGD processes. Based on the statistics gathered from the simulation results, an 

empirical correlation between steam chamber size and the temperature falloff data and 

the producer distance from the chamber for a specific reservoir was derived through 

regression. Then, a tentative conclusion was drawn that a certain correlation, which might 

take the same form but having different coefficients, might exist for each individual 

reservoir that is undergoing SAGD. This finding can be of great importance because 

using this correlation, the steam chamber size at a certain location along the producer can 

be empirically estimated through a simple analytical function with only a very short shut-

in period. Subsequently, a guideline for the industry utilizing this proposed empirical 

correlation was summarized to guide the potential user to estimate the steam chamber 

size distribution along the well length.  
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CHAPTER 7: CONCUSIONS AND FUTURE WORK 

7.1 Conclusions 

1. First, this study proposes Transient Temperature Analysis to evaluate the early-stage 

SAGD (start-up and ramp-up) steam conformance through analyzing the temperature 

falloff data after shut-in.  

2. The Transient Temperature Analysis conducted in this study consisted of two types of 

work: the mathematical modeling of the temperature behaviour to estimate steam 

chamber size through analyzing temperature falloff data and the empirical correlation 

development to obtain a simple form of correlation between steam chamber size and 

temperature falloff data. 

3. In the mathematical modeling part, both forward models and an inverse model were 

developed. For the forward modeling, four types of 2D forward mathematic models, 

including three non-condensation models and one condensation model, were 

developed to characterize the temperature response after the heat source is shut-in. 

The inverse model helps to automatically analyze the temperature falloff data and to 

interpret the hot-zone size. 

4. Based on the assumptions of conduction-dominance and radial temperature 

distribution, the three non-condensation models of two-system, three-system, and 

superposition model of multiple two-systems for irregular temperature distribution 

were established. Sensitivity analysis over the non-condensation model indicates that 
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the hot-zone size and shape, the transition-zone size, and the observing distance 

strongly impact the temperature response. Synthetic case studies over the non-

condensation model suggest that both the superposition model and three-system 

models can be used to interpret the temperature distribution for a SAGD start-up 

process: the superposition model is for before steam breakthrough; and the three-

system model is for after steam-breakthrough. 

5. The unsatisfactory matching results of the ramp-up stage using non- condensation 

model give rise to the development of the condensation model. Besides the 

assumptions employed in the non-condensation model, the effect of steam 

condensation is incorporated in the condensation model. Sensitivity analysis shows 

that the steam-chamber size, the distance from the producer to the chamber, and the 

thermal diffusivity in the vicinity of the producer greatly affect the temperature 

response. Synthetic case studies also show that the condensation model can 

reasonably interpret the steam chamber size and match the temperature falloff for the 

ramp-up stage. 

6. Finally, this study investigated the effects of reservoir heterogeneity over the steam 

chamber development and temperature response after shut-in through 3D 

heterogeneous reservoir simulation studies. Based on the statistics gathered from the 

simulations, an empirical correlation between steam chamber size and the 

temperature falloff data and the producer distance from the chamber for a specific 

reservoir was derived through regression. Subsequently, a guideline for the industry 
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utilizing this proposed empirical correlation to evaluate steam conformance was 

summarized.  

7.2 Recommendations 

 For the correlation development part: 

1. The shape and size of steam chamber in the near-well region which actually affect the 

short-term shut-in temperature falloff behavior should be incorporated in the 

correlations. 

For the mathematical modeling part, in order to increase the coverage of the 

mathematical models: 

1. The irregular chamber shape should be accounted for. 

The current mathematical model should be extended to model the irregular chamber 

shape rather than circular, because the after ramp-up, the steam chamber will no longer 

has a circular or near-circular shape. Therefore, a Cartesian-based coordinate system 

model should be developed. 

2. The effect of convection should be considered.  

Actually, simulations and literatures reveal that heat convection does exist both 

inside and on the edge of the steam chamber after shut-in. Therefore, the significance of 

heat convection after shut-in should be investigated and a new model which accounts for 

both conduction and convection might needs to be developed. 

3. The shut-in time for the TTA technology should be shortened. 

It is a common sense that the longer the shut-in time, the better the matching result 

can be achieved. Also, a short shut-in time might lead to only 1-2ºC temperature falloff 
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depending on how large the steam chamber is. On the other hand, in industry practice, the 

shut-in time for SAGD during work-over is usually no more than 2 days. Thus, how to 

obtain a reliable estimation of the steam chamber in a reasonably short shut-in time is a 

difficult problem to solve and requires more attention. 

4. The effects of some other factors need to be examined, including, 

1) The vertical permeability heterogeneity such as shale, faults, and fractures; 

2) The dip angle of the formation;  

3) The presence of solution gas inside the bitumen; 

5. The possibility of 3D model should be studied. 

When applying our 2D models to estimate the temperature distribution along the 

well length, interactions between adjacent layers are ignored. However, these interactions 

do exist and will affect the local temperature falloff. Therefore, 3D or a pseudo-3D 

temperature model should be considered. 

For both the correlation development and the mathematical modeling, the field case 

validation hasn’t been done yet. Therefore, any input from the industry will be very 

welcome. 
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