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Summary of Thesis

Enhanced oil recovery (EOR) through steam-assisted gravity drainage (SAGD) has become an important in-situ technol-
ogy for the recovery of heavy oil (or bitumen and oil). This technology is usually used for oil sands reserves which are buried
far deep into the earth surface and cannot be utilized with conventional surface mining. SAGD technique utilize multiple
pairs of parallel horizontal wells at the distance of approximately 100m. A pair consists of two closely spaced horizontal
well which are drilled deep in ground and place one above the other. The wells are parallel and vertically aligned with each
other. Usually well’s depth from ground is in hundreds of meters and vertical separation between two wells is 5m to 8m.
The so-called well pair is drilled to the desired reservoir depth, where it continues horizontally for as long as 1600m. Several
such well pairs, lying parallel to each other, are drilled into the deposit near the reservoir bottom. The well in above is
called “injection well” which is used to inject steam and the well below is called a “production well” where after heating of
surroundings, low viscous oil gathers. This method of recovery relies on the gravity segregation of steam and thus maximize
the use of gravity forces. SAGD method is not considered as an energy efficient technique as it consumes roughly one-third
of a barrel for the production of one barrel of oil. Replacing the energy required for steam generation by renewables could be
of economic interest while the benefit for the environment due to avoided greenhouse gas emissions is obvious. Based on this
assumption, a feasibility assessment of a solar-thermal driven SAGD process from both, a thermodynamic and economical
point of view, is presented in [1]. This study aims towards better understanding of the physical phenomenons involved in a
typical SAGD process and to observe the differences in growth of steam chamber and production of oil, when steam is injected
in a in reservoir domain as continuous and cyclic fashion. Cyclic injection causes a hysteric effect on relative permeability.
This hysteresis phenomenon should also be adequately represented in any reservoir simulation. In this paper a simple history
dependent non-wetting phase trapping model proposed in [2], is implemented to see the differences in results of simple cyclic
steam injection and cyclic steam injection with hysteresis model. Another part of this study deals with the implementation
of thermo-physical relations of heavy oil fluid. Since heavy Oil is not a Newtonian fluid. One should also expect that the
relative permeability of the oil phase are dependent on temperature conditions since the oil viscosity changes strongly.

A Three phase Two component multiphase flow has be considered to model our problem, where three fluid phases are
α ∈ {water, oil, gas} and each composed of two components κ ∈ {water, oil}.

Then the balance of mass is formulated for each component. This formulation is reliable for non-isothermal multiphase
flow systems. [3]
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The change of a system’s internal energy ∆U equals the change of heat ∆Q across the system boundaries plus the work
∆Wv done by change in volume. Assuming local thermodynamic equilibrium, only one energy balance equation is necessary
to describe the system. [4]

∗A more detailed description of this thesis can be found in the paper titled “Enhanced Oil Recovery through Steam Assisted Gravity.

2014, by Muhammad Adil Javed, Holger Class” submitted for publication to journal “Transport in Porous Media”.
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To estimate the oil production a rather simple well equation is employed. [5]

qα =
2πk∆L

ln(re/rw) + sk

ραkrα
µα

(pbh − pα − ραg(zbh − z)) (0.3)

Estimation of relative permeability is an important aspect while modeling multiphase flows. In our paper we have used
[6] approach to estimate three phase relative permeability. It is a parametric model based on [7] capillary pressure saturation
curves and relative permeability curves by [8]. This model is different form most relative permeability models because it does
not require two-phase relative permeability data. Basically it is based on capillary pressure-saturation relationship. This
approach is based on capillary pressure - saturation curves, whereas in this study of simulations we have ignored the pressure
differences between different phase. More details and reasons can be found in the paper.

In the case of cyclic steam injection to estimate the results accurately, a hysteresis model is necessary to implement in
the numerical model. As explained earlier, a simple history dependent non-wetting phase trapping model [2] is implement.
Basically, this trapping model is incorporated into the relative permeability model. While calculating effective saturation for
[6] relative permeability, the trapping saturation of oil phase has be put in the denominator of the equation.

The trapped saturation Sntis calculated by [9]:

Snt =
SnMax

1 + L(SnMax)
(0.4)

where L is the Land’s parameter and can be found by:
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1
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− 1 (0.5)

Other important parameters in phase equilibrium and physical property calculations are Vapor Pressure, Critical constants
and viscosity temperature relations. Estimating these values for heavy oils, is not possible in the laboratory using conventional
methods. For that reason, a perturbation expansion theory is used to estimate the thermo-physical properties of heavy oil,
which are reasonably accurate. [10] More explanation has been given in the paper.

DuMux is used as a numerical simulator for this problem. A 2D domain is used for simulation with the length of 60m
and height of 40m at the depth of 400m from the ground surface. There is a 5m low permeable overburden layer on the top
of modeled domain. The grid discretization of the model domain is set to 0.5m, resulting in elements of 0.25m2. The domain
is assumed initially 70% saturated with water and 30% with Heavy Oil content. The bottom boundary and upper boundary
of the domain is determined by a no-flow condition. The right boundary of the domain is characterized by the temperature
and pressure of the initial situation. On the left side of the model domain an axis of symmetry was assumed. Simulations
are divided in three separated cases, Case I: Steam is continuously Injected, Case II: Stem is injected in a Cyclic manner,
with 12 hours of injection and 12 hours with no injection in a day. Case III: All the conditions are same as case Case II but
Hysteresis model is implemented. The overall amount of injected steam flux and enthalpy is same in all three cases.

The idea of this study was to analyze the processes that lead to distinctively different behavior between continuous and
cyclic steam injection for the production of heavy oils. We implemented a heavy oil component which has only for high
temperatures a sufficiently low viscosity to produce it. A particular focus was put on the effects of relative permeability
hysteresis and trapping effects in the cyclic injection scenarios. For this purpose, a simple hysteresis model based on Land’s
model was implemented for the oil relative permeability. The study showed some interesting insights which are summarized
in the following:

• The injection scenario has a significant influence on the oil production. Cyclic injection leads to higher production
rates than in the continuous injection case. Relative permeability hysteresis as it was implemented here increased the
production rate at later times even further.

• The main factor of influence for the oil production rate is obviously the mobility of oil, i.e. the ratio between relative
permeability and viscosity. While viscosity is influenced only by temperature, which has more or less the same spatial
pattern for all three scenarios, the relative permeability is strongly influenced by the fluctuations in saturation in the
cyclic scenarios and, of course, strongly dependent on the increased retention due to the trapping in the hysteresis
scenario.
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• The latent heat of vaporization is very big for water/steam. Thus, even during shutdowns of steam injection, the
temperature in the steam chamber does not fall below the boiling temperature, although part of the steam chamber
collapses. It would be interesting to see the effect of more distinct collapsing and reappearing steam chambers during
intervals longer than 12 hours as in this case. In particular the effect of buoyancy becomes more important then. While
oil and steam have a strong density difference, which drives the oil down towards the production well, the density
difference between oil and hot water is negligible. We plan to address this issue in future studies.

• The effect of hysteresis is implemented here in a simplified approach only for the oil phase. One could investigate the
influence of three-phase hysteric effects, including also capillary pressure, although our hypothesis is that oil relative
permeability is the most important process. Therefore, it would be important to have experimental evidence and
measurements for determining values for the applied parametrization of hysteresis.

• The operation of the production well would deserve some particular considerations in engineering practice, since - as
could be seen in this study - the engulfment of the well by the steam chamber should be avoided.
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