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ABSTRACT

In this paper, pore-scale phenomena in SAGD such as steam propagation and
fingering as well as entrapment of oil behind the swept zone are visualized and evaluated.
Using saturation, temperature, velocity and pressure profiles at the steam chamber edge
and throughout the media, the interconnectivity of each parameter is discussed.

For this goal, a 2-D glass micromodel was reconstructed, binarized and meshed in
COMSOL. Then the digital 2-D micromodel was fed into OpenFOAM, which is the open
source CFD package of choice in this work. The mass and momentum conservation
equations are used to model the fluid dynamic. For tackling the phase change, i.e. steam
condensation and evaporation on the interface, within the simulation, the Lee phase change
model was added to the pre-defined Volume of Fluid (VOF) based solver,
compressibleMultiphaselnterFoam. The Lee model assumes that mass is transferred at a
constant pressure due to temperature difference. For each phase in the multi-region model,
sets of mass conservation, Navier-Stokes momentum and energy equations under non-
isothermal conditions are solved simultaneously.

The results show connection between temperature, pressure, velocity and flow
(saturation) profile. Sharp temperature gradient between steam and oil phase was observed,
pressure profile throughout the medium shows pressure buildup behind the steam-oil
interface, downward flowing of condensate and heated oil as well as upward and sideways
propagation of steam was observed through flow streams and velocity profile component.
Heat propagation within the media and viscosity reduction was investigated. Oil
entrapment behind the swept zone as well as steam chamber growth is demonstrated and
finally effect of steam additives on sweep efficiency and recovery factor was reported.

INTRODUCTION

The increasing universal demand for energy and the decreasing conventional oil
resources are the motivation for the study of heavy oil recovery. Total discovered bitumen
in place is 4512 billion barrels worldwide which goes up to 5505 billion barrels with an
additional 993 billion prospective barrels of natural bitumen recourses (Meyer et al., 2007).
This source of energy has high viscosity and density and because of that primary recovery
methods are not sufficient for production. The enhanced oil recovery methods can be
classified into thermal and/or solvent displacements, chemical, polymer flooding, micellar
flooding and microbial methods (Hart, 2014). In thermal methods, oil viscosity will
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decrease several orders of magnitude by increasing the formation temperature (Butler et
al., 1981). Typical thermal recovery methods can be classified into steam flooding, cyclic
steam stimulation (CSS) and steam-assisted gravity drainage (SAGD) (Butler, 1997; Butler
etal., 1981). SAGD, has a high recovery factor and relatively low environmental footprint
and is widely used. However, pore-scale phenomena have to be investigated deeply as they
lead to a better understanding of macroscopic observations in the field, (Al-Bahlani and
Babadagli, 2009)

In SAGD, Figure 1, steam is injected into upper horizontal well, propagates
vertically at the beginning and then flows toward the perimeter of the created steam
chamber. This process can be described in the following stages: Continuous steam injection
into the chamber, chamber growth upward and sideways, condensation of the steam on the
interface between oil and steam and downward flow of the heated oil and condensate to
the production well.

There are many uncertainties such as steam condensation on the interface, oil
recovery, pressure distribution, fluid flow on the chamber and transition zone between oil
and steam phases. Better understanding of the temperature, pressure, velocity and flow
profiles is necessary for SAGD improvement. The SAGD process has been visually
investigated both experimentally and through numerical simulation. Because of
experimental complexities such as setting the boundary and initial conditions and
continuous measurements throughout the medium, there is more attention toward
numerical simulations to model SAGD at the grain level (Al-Bahlani and Babadagli, 2009)
Simulation of SAGD in OpenFoam (Andersen, 2011) adding the phase change model to
it, enables us to keep track of the velocity, pressure and temperature profile continually
throughout the medium, steam chamber geometry.

In this work, SAGD is evaluated in a micromodel through numerical simulation
and by visualizing flow, temperature, pressure and velocity profile. For this propose, a 2D
micromodel with 390390 wum dimensions and square shaped grains was reconstructed
and fed into the OpenFoam. Full T, P, V and optical mapping of the SAGD recovery
experiment is performed. .
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Figure 1: SAGD, Field scale (Yang and Gates, 2009) (a), Pore Scale (b)
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Lagrangian and Eulerian methods are two popular methods for fluid flow
simulation. The limitation for Lagrangian methods is the restriction to simple cases (Lee et
al., 2015). Therefore, for simulating complex geometries of the pore, methods based on
Eulerian viewpoints will be used, Figure 2. For tackling two phase flow and capture the
interface between phases, VVolume of Fluid Method (VOF) and Level-Set (LS) methods are
used. They are based on Eulerian point of view (Hirt and Nichols, 1981) (Osher and
Sethian, 1988) (Peng et al., 1999). The LS method can capture complex interfaces but the
drawback is the mass loss when solving the advection equation (Kartuzova and Kassemi,
2011) (Wang et al., 2008). In the VOF method, energy, momentum and mass equation is
solved for each and every phase simultaneously (Hirt and Nichols, 1981). Sum of the
volume fractions for all phases in a cell is equal to one, Figure 3. VOF is an interface
tracking method and which is widely used in phase change problems. It is mass
conservative (Hirt and Nichols, 1981) (Sussman and Puckett, 2000). As we can see from
Figure 3, a (volume fraction), of each phase has a value between 0 and 1.
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Figure 2: Pore level Modeling VOF method

“compressibleMultiphaselnterphasechangeFoam” is the solver we used for SAGD
simulation in this work and is based on VOF method to compute the conservation equations
for oil, condensate and vapor (Gueyffier et al., 1999). A single momentum equation is
solved for three phases and the properties of the mixture are calculated based on the VOF
method. Governing equations to model fluid flow and heat transfer in
condensation/evaporation phenomena are mass, momentum and energy conservation. The
governing equations are as follows:
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Figure 3: Schematic of alpha value in the cells close to the interface (VOF) (Martinez et al., 2006)

Zi=oil,water,steam a; =1 (1)
o _ oil volume a __ steam volume o __water volume ( )
oil ™ ‘otal cell volume steam ™ ¢,¢a] cell volume  WaeT T total cell volume

The continuity equation for each phase (Kartuzova and Kassemi, 2011):

a(oafitpi) + V. [a;pii] =Sq, 1= oil, water, steam (3)

N——— —_——
flux of fluid

Where p, u and t are density, velocity and time, respectively. S; is interfacial mass
transfer:

Sal = Ti'll' . Ai (4)
Sav = Ti’li . Ai (5)
And

Where 4; is the interfacial area density vector and m; is mass flux vector which can
be determined based on the proper phase change model, and a volume fraction of the
primary phase (Schmidt and Grigull, 1989). In order to tackle phase change, we use LEE
phase change model (Lee et al., 2015).

We use averaging for measuring properties of the mixture fluid in order to solve
momentum and energy equation at the same time for mixture (Piro and Maki, 2013):

p = Zi:oil,water,steam pi; (7)

u= Zi:oil,water,steam Hi&x; (8)

Momentum equation:
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Inertia per volume .
p Divergenve of stress

a(pu —— — — =
o) 4y, (puu) = —VP + V.[u(Vu+ vuh)] + pg +
6t _,_/ N——— - - !
Variation Convection Internal force Dif fusion External force
F ©)
Volume force

F is defined as follows:

F = [mcn + Z—; (oT — n(n. VT))] |Va| plzfpz (10)

Where k = —V.n and o are the curvature and surface tension terms, respectively.

Energy equation:

d(pCy,T —
(p—p)+V.<v(pE+P) >=V. oy VT +
at N —p—r ~ —
Flux of energy Energy transfer due to conduction

Q (11)

“J
volumetric heat sources

Where Q is the volumetric heat sources, k. is the thermal conductivity term given
by:
keff = Zi=oil,water,steam keffiai (12)

Using these equations, a new solver is developed in OpenFOAM solver in order to
address the phase change problem.

The Lee phase change model (Lee et al., 2015) was implemented into the solver
“multiphasecmpressibleinterFoam” which is a VOF-based solver of the OpenFOAM
package to take phase change into account in presence of steam, oil and condensate. This
model assumes that phase change happens in constant pressure because of temperature
gradient.

T—T. .
—Sq, = 1Py TS::” T > Ty, e€vaporation process (13)

Sa,
Toqr—T :
Sa, = —Sa, = TwQuPy S;fgtat T < Ty condensation process (14)

where S, and S, are the interfacial mass transfer rates for vaporization and

condensation respectively. r denotes the mass transfer intensity factor with unit s~1. The
r value is recommended to be as such to keep interfacial temperature close to saturation
temperature, i.e. consistency between temperature and saturation profile. Researchers have
used a very wide range of values for r, flow regime, geometry, mesh size and time steps.
(Alizadehdakhel et al., 2010; De Schepper et al., 2009; Wu et al., 2007) (Goodson et al.,
2010; Yang et al., 2008). We sat r,, = r; = 1000 to get T; (interface temperature) close
t0 Ty
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RESULTS

In this section, we will demonstrate saturation, temperature, velocity and pressure
mapping throughout the geometry and in different time-steps. Analysis of the results and
discussion of the correlation among all parameters, P, V, T and a will follow.

Figure 4 shows snapshots for the simulation. Saturation, Temperature, Velocity and
Pressure profiles in 9 different time steps (early stage to steam chamber development) are
demonstrated in figure 4(a), 4(b), 4(c) and 4(d) respectively.
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Figure 4: Saturation (a), Temperature (b), Velocity (c) and Pressure(d) profiles
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The geometry was used in this work is a 2D reconstructed micromodel with square
shaped grains which is based on the lab experiment, (Mohammadzadeh et al., 2010).

In this set of simulations, the system is initially saturated with steam at 385 K and

oil in 280 K. The micromodel is supplied with steam from the left-hand side of the
geometry and oil, condensate and steam production is from the bottom face. The system
is at atmospheric pressure and T, = 373 K.
Figure 4(a) is the saturation profile during the simulation in 9 different time-steps. As we
can see, steam drains the oil out with a piston like trend at the beginning, from the
beginning of the simulation until 190 min, later fingering of steam toward the right end of
the geometry will be dominant, sideways propagation of the steam. Condensate with blue
colour is generated on the interface between oil and steam. Oil is trapped locally in the
swept zone. A blocking effect of the condensate on sweep efficiency of steam is observed.
As we can see from the last three time-steps, steam is bypassing the lower part of the
geometry because the condensate is blocking the steam from further propagation. We also
observe local revaporization of the generated condensate. An example will be vaporizing
the condensate phase partially from minute 420 to 560. In the real field, we have
overburden heat loss because of the grains cooling down the steam, in these sets of
simulations, the grains are not meshed and we do not have heat diffusion from the steam
into the grains. Infinite amount of cold bitumen in the surrounding area in filed scale will
results in more condensate generation while we have insulated boundaries for temperature
here. We also have not included heat loss into the system. In the real experiment or field
scale, the sealed faces are not fully insulated and lead to more condensation of steam.

Regarding steam chamber growth and steam phase fingering into the bitumen
phase, upwards and sideways propagation of steam in real field data were observed (Ito
and Ipek, 2005). In a sand pack experiments, steam fingering rather than a piston like
propagation was observed as steam chamber grows (Butler and Dargie, 1994). Others
(Sasaki et al., 2001) showed steam fingering in their 2D experimental model. The results
of our simulation are consistent with these experiments as steam is propagating from the
top of the micromodel and fingers towards the right end.

In terms of residual oil in the steam chamber behind the swept zone,
Mohammadzadeh et al. (Mohammadzadeh et al., 2010) showed oil phase trapped behind
the steam front in their 2D SAGD experiment on micromodel. Residual oil saturation inside
the steam chamber is too low to be moved by steam phase, (Butler and Dargie, 1994). The
results of our simulations show oil entrapment behind in the steam chamber which is
immobile because of low saturation which agrees with the experimental data.

In Figure 4(b), the snapshots of temperature profile correspond to the previous 9
saturations have been demonstrated. High temperature steam with red color in the picture
is cooling down on the interface, (white colour) and will be condensed. The reason will be
the direct contact of steam with the oil phase which is in 280 K temperature. We see sharp
temperature reduction on the interface. There is consistency between temperature and
saturation profile as we compare the results from Figure 4(a) and 4(b). The
interconnectivity will be having temperature close to the saturation temperature at the
interface. As the simulation continues, high temperature is propagating from the top which
is the steam fingering region. Condensate is generated on the interface which is the
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transition zone where the temperature lays in between the steam and oil temperature, white
colour on the temperature map.

Gates et al. showed temperature and saturation profiles of steam chamber from a
simulation (Gates et al., 2005). Syed et al. mapped temperature profiles continuously
through their micromodel using infrared camera in an experimental work (Syed et al.,
2016). Mohammadzadeh et al. installed several thermocouples throughout their geometry
and monitored temperature distribution (Mohammadzadeh et al., 2010). The conclusion
was that the temperature profiles match the saturation profiles where temperature at the
interface is close to saturation temperature. As we observe in the results section,
temperature profile in our simulation is consistent with the saturation profile which agrees
with the experimental observations above.

We also showed the results for velocity profile throughout the media in Figure 4(c).

Initial steam injection velocity is 10~* % Based on the velocity profile, the high velocity

regions will be on the interface where droplets of condensate are generated and there is
high convection velocity because of temperature difference, red colour on the velocity
profile. Arrows show the directions of flow. Condensate and oil have downward flow and
steam is propagating sideways, upward and downwards. The magnitude of the arrows
represents the magnitude of the velocity. Due to higher viscosity for oil, the arrows are
smaller in this region meaning the mobility toward production is lower in comparison to
condensate and steam phases. As we go further from the steam, high temp region, the
velocity vector will be smaller as the effect of temperature will be smaller. This will lead
to smaller viscosity reduction and less mobility. When steam starts fingering from the top,
the velocity vectors in this region will go higher in number and magnitude meaning that
velocity toward the right end goes higher. Figure 5 shows a closer look of the velocity
vectors in vicinity of the interface where the convection velocity between the phases with
different temperatures is noticeable. In the steam phase on left side, there is propagation of
steam in all directions and oil is getting mobilized only in vicinity of the steam phase and
toward the production, bottom face. Figure 6 is a zoom-out view of the velocity vectors
overlapping the saturation profile. Propagation of steam as well as convection velocity at
the interface is noticeable.

Velocity profiles in our simulations show the flow of heated oil in the vicinity of
the steam-oil interface. Away from the steam chamber, velocity vectors disappear, which
means that oil will stay immobile. This is consistent with Butler’s hypothesis that due to
water condensation on the interface between steam and oil, major oil flow happens on the
steam chamber because of interfacial tension support between oil and condensate as well
as imbibition phenomena, (Butler and Dargie, 1994).
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Finally, Figure 4(d) shows the pressure profile during the simulation and is
corresponds to the 9 time steps in saturation, temperature and velocity profiles. Pressure
builds up behind the interface between oil and steam, 1.01 bar. The reason is the oil with
higher viscosity which is blocking the steam from further proceeding until the pressure
goes up and it has enough energy to pushes the oil toward the production site. System is
initially sat to atmospheric pressure. During simulation, there is 200 Pa pressure difference
between the oil and steam phases in maximum which is because of pressure buildup in the
steam phase. Pressure profile is matched to the saturation and temperature profiles meaning
that high pressure region is the steam region which is propagating from the top and has
higher temperature respectively.

CONCLUSION

SAGD simulation was conducted and saturation, temperature, pressure and velocity
profiles were analyzed. It was concluded that steam is fingering from the top, condensate
is generated on the interface, pressure builds up behind the swept zone and velocity is
higher on the interface and lower in the oil region. Velocity, pressure, temperature and
saturation profiles match with each other meaning that there is a sharp temperature,
pressure and velocity gradient between oil and steam phases. Blocking effect of generated
condensate as well as the re-vaporization of the condensate was observed. The velocity
magnitude reported to be higher on the interface because of convection velocity due to high
temperature gradient and condensation with higher density and lower viscosity in
comparison to the oil.

Finally, it is critical to investigate effect of different parameters on SAGD
performance and find and optimum state for the procedure. Effects of different mineralogy,
injection rate, steam temperature and the understanding of SAGD thermodynamics to
reduce heat losses in the process are priorities for future work. Running Solvent-SAGD
simulation to reduce oil-water IFT for higher sweep efficiency as well as for improving
heat efficiency will be another important task in the future.
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