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Abstract.  Geological CO, sequestration relies on a competent sealing
layer, or caprock, that bounds the formation top and prevents vertical mi-
gration of COy and brine. Modeling studies have shown that caprock topog-
raphy, or roughness, can significantly decrease updip migration speed of COq
and increase structural trapping. Caprock roughness can be characterized
at different spatial scales. For instance, regional-scale features such as domes,
traps, and spill points can be detected in seismic surveys and have been shown
to affect large-scale migration patterns. However, structural and topograph-
ical variability, known as rugosity, exists below seismic detection limits but
can be measured at the scale of centimeters and meters using LiDAR scan-
ning of formation outcrops. Little is known about the actual impact of struc-
tural rugosity on COs plume migration.
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Practically speaking, given the large scales required to model commercial
scale CO4 storage projects and the limitations on computational power, only
seismic-scale caprock topography can be resolved using standard discretiza-
tion techniques. Therefore, caprock variability that exists below the model
resolution scale is defined as subscale and must be handled by upscaling. In
this paper, we derive effective equations for COy migration that include the
impact of fine-scale variability in caprock topography using static equilib-
rium upscaling, an approach that is adapted for the vertical equilibrium mod-
eling framework. The effective equations give estimates of the impact of ru-

gosity on COs plume migration and trapping in large-scale systems.
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1. Introduction

Geological carbon storage involves injection of large quantities of CO, into the deep
subsurface and relies upon various trapping mechanisms to stabilize the injected CO, and
prevent unwanted migration over long timescales. Because COs is less dense and much
less viscous than the resident brine under typical storage conditions, it rises to the top of
the injection formation and forms a thin layer of mobile, high-saturation CO, underneath
a low-permeability sealing unit, or caprock. Structural and topographical variability of
this upper boundary can affect migration and long-term trapping of CO5 in the subsurface
[Ambrose et al., 2008]. This impact is clearly evident in seismic surveys of the COy plume
migration in the Utsira Sand, Norway [Hermanrud et al., 2009] and has been examined
for realistic geological models [Nilsen et al., 2012] and idealized surface structures [Gray
et al., 2012]. Structural heterogeneity affects COy plume migration direction and speed
[Gray et al., 2012], thus influencing the evolution of the COy footprint over time.

The caprock boundary is most often not a smooth flat surface, but has natural vari-
ability that spans several length scales. For instance, at the basin scale of hundreds of
kilometers, geological structure is controlled by regional uplift and other paleogeological
mechanisms and can be characterized by a dip angle that may be approximately constant
for a given basin [Ambrose et al., 2008]. The dip angle can be estimated from geological
basin maps and databases [Alberta Geological Survey, 2011]. At the reservoir scale of
tens of kilometers, the topography is more varied; and structures such as domes, anti-
clines and traps can be identified in the caprock surface. These features, which we refer

to collectively as roughness, can be observed from seismic surveys with a resolution of
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approximately 10 m [Jackson et al., 2010]. Below this scale, the variability in surface
topography is referred to as rugosity and is characterized as sub-meter fluctuations of
the interface between the permeable formation and the relatively impermeable caprock.
This variability is impossible to detect from seismic measurements but may be inferred
from observations of outcrops (LIDAR scanning) and geostatistical earth models [Pringle
et al., 2010; Jones et al., 2009]. For instance, recent LiDAR scans of outcrops in North
America have detected rugosity at the scale of tens of centimeters for scans that span tens
of kilometers [Bellian et al., 2005]. These high-resolution datasets have unprecedented
potential to increase our understanding of CO, migration in real systems.

Due to the potential importance of topography, reliable numerical models are needed
that can capture the impact of large- and small-scale roughness on CO, migration. In
practice, because CO, storage sites may be on the order of tens to hundreds of kilome-
ters in extent [Celia and Nordbotten, 2009; Nordbotten and Celia, 2012], resolution of
fine-scale caprock roughness using standard grid resolution techniques is computationally
prohibitive. One alternative approach is to assume vertical equilibrium (VE) of pressure,
which allows for partial integration of the multiphase flow equations and leads to the
well-known VE model [Dietz, 1953; Coats et al., 1971; Gasda et al., 2009; Gray et al.,
2012]. As demonstrated in [Gray et al., 2012] and [Nilsen et al., 2010}, the VE model
captures COy migration along variable caprock topography more reliably and efficiently
compared to a standard full-dimensional simulator for systems in which the assumptions
of vertical equilibrium and gravity segregation are valid. The VE model is ultimately
more accurate because the model formulation (vertical integration combined with gravity

segregation) essentially leads to infinite vertical resolution of the COy plume, eliminat-
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ing the vertical discretization issues inherent in a full-dimensional model [Nilsen et al.,
2010]. The efficiency is improved for the VE model by solving two-dimensional, instead
of three-dimensional, equations thereby immensely reducing the size of the computational
problem. In addition, the VE model eliminates the timestep restrictions introduced by the
vertical resolution and makes the pressure-transport coupling weaker, further increasing
computational efficiency [Ingeborg and Nilsen, 2010].

Despite the efficiency of VE models, it is not possible to resolve all relevant structural
features in large domains that may cover hundreds to thousands of square kilometers. In
these situations, VE models can resolve regional scale topography at the scale of hun-
dreds of meters, however, caprock rugosity requires some form of upscaling. To this
end, we develop an effective model to capture the impact of subscale caprock roughness
on COy migration by horizontally upscaling the depth-integrated variables that appear
in the VE modeling framework. Specifically, we derive effective permeability and relative
permeability functions for fine-scale caprock roughness using analytical and numerical ho-
mogenization techniques. Depth-integrated permeability (or transmissibility) is upscaled
based on the homogeneous-equation approaches used for a periodic medium [Renard and
de Marsily, 1997]. The depth-integrated relative permeability functions are upscaled using
a quasi-steady state approach assuming a fixed fine-scale saturation, which is analogous
to employing the capillary equilibrium assumption for a heterogeneous medium [Pickup
and Stephen, 2000; Neuweiler and Vogel, 2007].

Subsequently, we demonstrate the model concept for cross-sectional systems that are
simple enough to be upscaled analytically. We then apply the upscaling approach to

caprock surfaces with complex variation in topography. Finally, we discuss how the effec-
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tive model can be applied to real geological systems, which will be the subject of future

work.

2. System Description

Our objective is to derive an effective model for the system depicted in Figure 1 that
consists of a reservoir with top and bottom boundaries whose vertical locations are de-
scribed by functions (r(x,y) and (g(x,y), respectively. Within this aquifer, two mobile
fluid phases exist, CO2 (¢) and brine (b), along with associated residual phases. A certain
number of simplifying assumptions are made for this system. For instance, the rock and
fluid phases are modeled as incompressible. We also assume that the fluid phases are com-
pletely segregated by gravity and vertical fluid pressure is at equilibrium. This implies
that at any given horizontal location, the fluid phases are vertically distributed according
to density; and the vertical flow component for each phase is negligible. In addition, we
assume that capillary forces are negligible such that a sharp-interface assumption can be
applied to this system. This assumption implies uniform saturations in each fluid phase
rather than a resolved capillary fringe, a condition which is still compatible with the up-
scaling approach used later that invokes the capillary equilibrium assumption. Within the
context of VE models, the equilibrium assumption is applied to the location of the sharp
interface rather than the fine-scale capillary pressure. More details on this approach are
provided later.

The assumptions described above provide three macroscopic regions, created by COq
displacing the brine by a drainage process and re-imbibition of brine where the CO, front
has receded, which are ordered in a well-defined way. The bottommost region contains

mobile brine at 100% saturation. The residual CO, region, containing mobile brine with
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X-8 GASDA ET AL.: EFFECTIVE CO2 MODELS WITH VARYING TOPOGRAPHY

residual CO4 following imbibition, is bounded below by (g(z,y,t). The topmost region
consists of mobile CO, phase with residual brine that was trapped during the drainage
process. The bottom boundary of of this region is represented by (ps(x,y,t).

The interfaces are ordered such that (g < (g < (3 < (7. The vertical dimension of
each region is described by the thickness h;, i = ¢, r, b, where h. = (7 — (s, hyr = Cr — (g,
hy = Cp — (g, and ), h; = H(x,y) . Due to the sharp-interface assumption, the local

COs saturation s is uniform within each region and defined as follows,

0, if (g<2z<(r
Se = % Ser, if (r<z<(ly (1)
L —spr, if Qu <2 < (pe

where, s,, are the residual saturations of phase a = ¢, b.

Next, we will describe our approach to upscaling rugosity effects within the VE modeling
framework. We derive effective permeability and relative permeability functions that
upscale both the migration retardation and enhanced trapping of COy due to subscale
topographical features. First, we describe a simple conceptualization of the effective model
using permeability arguments, which we call the accretion layer model. This model is
useful for gaining insight into CO, migration and trapping in a rough caprock system. It
also provides the foundation for a set of consistent effective functions derived using steady-
state homogenization techniques. The latter approach is based on the assumption of static
capillary equilibrium applied to a system of interest when upscaling the flow equations
and deriving the effective functional forms for permeability and relative permeability in

two-dimensional and three-dimensional systems.

3. VE Model
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A VE model is used in combination with horizontal upscaling to derive effective equa-
tions for subscale caprock roughness. The VE model is therefore defined as the “fine-scale”
model used for comparison with the horizontally averaged, i.e. “coarse-scale”, models.
Here, the fine-scale is the depth-integrated scale consisting of vertically integrated vari-
ables and equations. The VE model derivation from three-dimensional, REV-scale equa-
tions is described in this section. However in previous work, the VE model has been
derived from the micro-scale directly to the depth-integrated scale [Gray et al., 2012].

The VE model formulation is based upon vertical integration of the three-dimensional
flow equations (REV scale) under the assumption that the fluids are in vertical equilibrium
(i.e. vertical flow can be neglected) and the fluids are completely segregated due to gravity
[Lake, 1989]. The VE assumption is reasonable for CO, sequestration systems because of
large aspect ratios of typical storage systems (many kilometers in lateral extent compared
with tens to hundreds of meters in reservoir thickness) [Yortsos, 1995]. In addition,
strong buoyancy forces (density contrast Ap on the order of 200 to 400 kg/m?) lead to
rapid gravity segregation. These dominant physical characteristics result in equilibrium
of the vertical pressure profile over relatively short timescales. The VE model has been
employed historically for strongly segregated flows in petroleum reservoirs [Dietz, 1953;
Coats et al., 1971; Lake, 1989; Huppert and Woods, 1995] and more recently for CO,
sequestration in saline aquifers [Nordbotten and Celia, 2006; Neufeld and Huppert, 2009;
Hesse et al., 2008; Gasda et al., 2011; Nordbotten and Celia, 2012].

The VE model can include several processes relevant for COq storage, such as a local
capillary transition zone [Nordbotten and Dahle, 2011] or convection-driven dissolution

[Gasda et al., 2011], that are implemented as subgrid components within the overall
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X-10 GASDA ET AL.: EFFECTIVE CO2 MODELS WITH VARYING TOPOGRAPHY

framework. However, the objective of this study is to investigate the effect of the caprock
structure. Therefore, we neglect mass transfer and capillarity and assume a sharp inter-
face between the two fluid phases. This further simplifies the integrated equations and
subsequent analysis.

To begin, we consider the three-dimensional mass conservation equations for CO, and

brine phases in an incompressible system,

0
a(gbsa)JrV-ua:qa, a=c¢b. (2)

In the above equation, ¢ is porosity, s, is the phase saturation, u, is the volumetric phase
flux, and ¢, is the volumetric source/sink term per unit volume. Here, u, is given by

Darcy’s law [Bear, 1972],

k. k
U, = _M— : (Vpoc - pag) (3)

where k is the permeability tensor, k, is the phase relative permeability, u, is the phase
viscosity, p, is the phase pressure, p, is the phase density, and g is the gravitational
vector.

The integration is performed between the bottom and top boundaries of the storage
aquifer or reservoir, assuming impermeable shale layers bound the system above and
below. The vertical direction (z) is defined as perpendicular to the local dipping plane
of the reservoir, such that flow is predominantly in the lateral direction (z and y). The
resulting two-dimensional equations consist of integrated variables such as thickness of
mobile and residual COs regions and depth-integrated horizontal phase fluxes. The details
of the integration can be found in previous work, see [Gasda et al., 2009, 2011; Nordbotten
and Celia, 2012], and will not be repeated in detail here. A brief overview of the integrated

2D equations is given.
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After integration of Equation (2), we obtain the lateral 2D conservation of mass equation
for components CO, and brine with upscaled variables (capital letters indicate vertically
upscaled),

0

a (H(I)Sa) + V” . F”a = Qa, a=c, b. (4)

In the integrated equation, ® is depth-averaged porosity, S, is the depth-integrated satura-
tion, H (z,y) is spatially varying aquifer thickness, defined as H (z,y) = (r(z,y)—(s(z,v),
Q. is the depth-integrated source/sink term, (-)|| represent lateral operators and quanti-

ties. Depth-integrated saturation is defined as

¢r
H®S, = psadz, a=c,b. (5)
¢B

The mass fluxes F, are obtained by vertically integrating the lateral component of phase

fluxes and gives the resulting upscaled flux expression,

¢r
FHa = / Ujo dZ, a = C, b. (6)
¢B

After integration, assuming the lateral gradients in pressure are constant in the vertical
dimension, the resulting depth-integrated flux expression is,

HK,, K
Fo = _# (Vipa — pag)), a=cb. (7)

where K is the depth-integrated permeability tensor given by

¢r
HK” = /C k” dZ, (8)
B

and K|, is the depth-integrated relative permeability tensor of phase a given by,
Cr
HK”a : K” = / k”ka dZ, a = C, b. (9)
CB

For convenience, we will omit the (), notation from this point forward.
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Since pressure is in vertical equilibrium based on the Dupuit approximation [Lake, 1989;
Gasda et al., 2011; Nordbotten and Celia, 2012], the phase pressure p,, in Equation (7) can
be determined from a reference phase pressure P, calculated at some datum level, z = (p.
For the expressions that follow (p = (5. The reference phase pressures can be related by
the location of the (5, interface and local capillary pressure. Since we have neglected local
capillary pressure, then P, — P, = e, - gAp({y — (g), where Ap = p, — p.. Using P = P,
as the primary pressure variable we obtain the following local pressure distribution for

each phase,

p=P+e, go(z—(p), for (g <z <y, (10)

and
pe=PHe.-glp(Cu— () +pe(z—Cu)], for (ur <z < (r. (11)

We see that the pressure is not obtained for a phase where it is immobile. By substitution

of Equations (10) and (11) into Equation (7) we have,

HK, K
r= K op 9 gt -, (12)
and
HK, K
Fos—— [VP +V (e.-gApCu) — V (e: - gplp) — peg] - (13)

Note that the z terms in expression Equations (10) and (11) disappear when taking the
lateral gradient of p,,.

Together, Equations (4)—(13) represent the fine-scale system of equations consisting
of depth-integrated variables. The VE model, which can be solved analytically under
certain simplifying assumptions, must be solved numerically for heterogeneous systems

(see [Gray et al., 2012; Gasda et al., 2012]). The fine-scale VE model must also resolve
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the topographical heterogeneity of the caprock to correctly capture fluid flow in a rough
caprock system.

For the purpose of later analysis, it is useful to have a fractional flow formulation
of the VE model. By combining Equations (12) and (13) and defining the total flux
as F; = F, + F., we can obtain a fractional flow expression for CO, flux. Then, by

substitution into Equation (4), we have,

OH®S,
ot

+V-{A AT F - HA - Ay - AT K- [V (e - gApCw) + Apgl} = Q., (14)

where A, = K,/ are the upscaled mobility tensors for a = ¢,b, and Ay = Ay + A..
This equation can be solved numerically, however analytical solutions can also be obtained
under additional simplifying conditions, i.e. zero total and diffusive fluxes. This will be

discussed further in the next section.

4. 1-D Effective Model

We derive coarse-scale equations for the system depicted in Figure 1 in one horizontal
dimension, where the fine scale system is a 2-D vertical cross-section (x-z) with spatially
varying top and bottom boundaries. First, we devise a simple effective model called
the accretion-layer model (AM). This approach has the advantage that it can be solved
analytically under simplifying conditions to gain insight into the behavior of CO, in rough
caprock systems. This discussion is followed by more rigorous upscaling based on steady-
state techniques to obtain a homogeneous-equation model (HM) for the cross-sectional
system.

In both upscaling approaches, we define an averaging volume (inset in Figure 1) that

has a length scale L much smaller than the overall length scale of the storage aquifer. This
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allows us to resolve the large-scale topographical variation, while upscaling the subscale
topography that may be too small to resolve in flow simulations. In the upscaling, we
replace the varying topography with flat top and bottom boundaries. The result is an
effective aquifer height, H, which is defined as the horizontal average of the fine-scale

thickness. In one dimension, this becomes

_ 1 L
=1 [ o) = Gota) d

We also define a horizontally averaged brine thickness as,

hy = %/0 [Cu(z) — Cp(w)] da.

and therefore h, = H — hy by definition. In regard to notation, we indicate horizontally
upscaled coarse variables with an over-bar (e.g. Su,ha,...).

For the sake of brevity, we limit our presentation of the effective equations to drainage
conditions (h, = 0). This is appropriate because the most significant effect of topogra-
phy on CO, migration occurs at the plume leading edge as brine is displaced by CO,.
However, the inclusion of imbibition is relatively straightforward and is incorporated into
the final upscaled equations. We also assume spatially homogeneous fluid properties and
a flat aquifer bottom, located at z = (g(x) = 0, for simplicity in both the AM and HM
derivations. A flat aquifer bottom is reasonable given that variation in the bottom surface
is less important for CO5 migration than the top surface. Because we limit our derivation

to one dimension, the two-dimensional tensorial quantities in the previous section become

scalars.

4.1. Accretion-layer model
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We assume that undulations in caprock topography create a volume within which CO4
collects but otherwise cannot flow. At the average scale, we represent this trapped volume
as an accretion layer, which is a constant thickness layer that has the equivalent volume
as the trapped volume created by the variable topography. The thickness of this layer is
determined from the specific topography being considered that varies in space at a length
scale smaller than the averaged scale.

The right panel in Figure 2 depicts the effective system after horizontal upscaling. The
dark-shaded accretion layer has a constant thickness A over the averaging length, such
that the area of the accretion layer equals the area of the dark-shaded region of trapped
CO, in the fine-scale system to the left. For convenience we define a = A/H and an
effective aquifer thickness, H, = (1 — a) H, which is the height of the aquifer through
which CO, and brine can flow horizontally.

The key component of the AM conceptualization is the assumption that the accretion
layer has zero horizontal permeability. This implies that while CO5 and brine may flow in
the lower regions, once CO, displaces brine from the accretion layer it remains structurally
trapped regardless of additional accumulation of COy below. The accretion layer can be
interpreted as an instantaneous COs sink.

The vertical distribution of horizontal permeability within this effective system is given
as,

(15)

k(2) = k, for 0 <z < H,
2= 0, otherwise.

We obtain the definition of coarse scale variables, such as permeability, relative per-
meability and saturation, by vertical integration over the effective aquifer thickness H

according to the definitions in Section 3. For instance, applying Equations (1) and (5) to

DRAFT May 27, 2013, 4:09pm DRAFT



286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

X -16 GASDA ET AL.: EFFECTIVE CO2 MODELS WITH VARYING TOPOGRAPHY

this system gives the following average saturations,

H(I)Sb = (b (;—lchr -+ }_Lb) s H(I)Sc = (bhc (1 — Sbr) . (16)

The aquifer permeability given in Equation (15) can be integrated according to Equation

(8),

HK = H.k. (17)

while depth-integrated relative permeability functions (Equation (9)) become,

o hokdk Ry < _ —hy) KTk hy <
HKbK:{hbkbk hy < H,, HKCK:{(He ho) ki hy < HL, 18)

H.Kk H,<h, < H, 0 H.<h,<H,
where k) is the endpoint relative permeability of formation water, and & is the endpoint
relative permeability of COy during drainage. In pure saline aquifers kY = 1, while & < 1
for reservoirs with residual hydrocarbons. In this derivation, the only mobile phases are
CO, and brine.

At this point, we can combine the one-dimensional form of Equation (14) with Equa-~
tions (16)—(18) and the definition of upscaled mobilities A, = K, /o to obtain the one-

dimensional fractional flow equation for CO, in terms of brine thickness,

8i_zb 0 /_\c — H/_\C/_\bk’Ap 8hb .
|2ty el -2 = 0. 1
T + oz | & ¢+ A <gC0898x —|—gsm«9)] 0 (19)

—¢ (1= su)
where 6 is the tilt of the aquifer relative to the horizontal datum. Equation (19) describes
three characteristic COy fluxes for this system [Huppert and Woods, 1995; Juanes et al.,
2010; Hesse et al., 2008]. The first term in the bracket expression contains a total flux F,
and describes CO4 flux due to background fluid flow. The first part of the second term is
dependent on the slope of the COy-brine interface, dh,/dx, and describes the parabolic
or diffusive spreading of the CO4 plume over time. The second part of this term gives the

COs flux along a sloping surface due to the buoyancy, which is a hyperbolic flux.
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The relative importance of each characteristic flux has been examined previously using
time scale arguments for limiting cases without background flow [Hesse et al., 2008] and
with background fluid flow [Juanes et al., 2010; MacMinn et al., 2010]. For instance, while
the parabolic flux is more important at early time, this component dissipates quickly and
for long-term migration we can assume that Oh;/0z is small compared to other terms.
Also, in the neglecting background flux (i.e. F, =~ 0), we can omit the first term in the
bracketed expression of Equation (19) in the following analysis. So, keeping only the

hyperbolic component, we obtain

ohy O [HAMEAp

ASIEO b vl 9

For analysis, it is convenient to define the following,

AAAKAp

X, gsinf = kJFy,

which can also be rearranged to the form

_ A A _
0 . ciib
(H)\b MFEApg sin 9) 7715)\2 = kFp,

where the mobility ratio is M = A./A). In this form, it is easy to identify part of the
group on the left as x, which is the characteristic depth-integrated flux due to buoyancy
along a sloped caprock surface. The other grouping is then 73, which is the dimensionless
flux function. Now, Equation (20) can be written more compactly as a classic hyperbolic
equation,

Ohy O (kF)

—O(1 = sr) 5+ —5— =0, (21)

which can be treated analytically for insight into the behavior of CO, migration along a

sloping rough caprock surface.
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The first step is to obtain the the expression for F; by substitution of Equation (18)

above into definitions of A, resulting in,

_ L I (He M) 0< hy < H,
Fo=1% H.(1—M)hy+MH, — "=
0 H, < h, < H.

(22)

This flux function has the same functional form in the effective layer (0 < hy, < H,) as
the forms analyzed in Hesse et al. [2008] and elsewhere, leading to rarefaction waves at
the plume tip. However because of the accretion layer, (H, — H) < h, < H, the flux
function defined by Equation (22) is non-convex, as seen in Figure 3a, and the tip of the
plume will now develop a discontinuity (shock) according to hyperbolic analysis. We can
analyze the shock using a line drawn tangent to the flux function curve from hy/H = 1.
By definition, the slope of the tangent line is equal to the derivative of the flux function

(F]) at the tangent point (h}). The tangent-line concept is shown graphically in Figure

3a, and mathematically can be written as,

Fo(h})
1—h;

= —F3(h}). (23)

The solution to Equation (23) can be found analytically in this simple case (see [Leveque,

1990]). In brief, the analytical solution gives a dimensionless brine thickness at the shock

tip,

. MH, H—-H,
hb = [ 1- [ ’ (24)
H.—(1-M)H MH
from which we can calculate the dimensionless COs height at the shock tip A} = (1 — h;)

and convert to units of length by multiplication with H. The analytical solution also gives

the constant speed at which the CO, tip migrates upslope,

= G (ffhf’if ) | >
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which is simply a rescaling of the characteristic speed k/¢(1 — sp.) by the slope of the
tangent line. We note that this analysis is correct when other waves of the full solution
do not interact with the hyperbolic wave at the tip. However, we gain important insight
into the impact of caprock roughness from analysis of this special case.

There are several interesting observations obtained from this analysis. First, we note
that in the limit as a — 0, the thickness of CO, at the shock tip approaches zero. Thus,
as hi — 1 the slope of the tangent line, —F;(h;), approaches unity. This implies that for
flat sloping caprocks, the plume tip will have a reference speed equal to vy = k/P(1 — sy,.),
which is an expected result [Hesse et al., 2008].

We also observe in Figure 3a that the tangent slope decreases with increasing a and
M, resulting in slower tip velocities for caprock with higher amplitude roughness or more
unfavorable mobility ratios. Figure 3b shows that the impact of a on tip speed compared
with the reference velocity vy can be significant. In the case of a favorable displacement
M =1, the shock speed is 48% lower than vy for a = 0.1, while the impact is greater for
larger mobility ratios. This implies that the presence of an accretion layer has a greater
impact when the CO4 plume is very thin at the leading edge, which occurs for increasingly

unfavorable displacements.

4.2. Steady-state homogenization

In this section, we derive the effective medium functions for a rough caprock system by
averaging the VE equations horizontally, which results in the HM approach. In doing so,
we follow traditional homogenization techniques that have been developed for upscaling
permeability and relative permeability of heterogeneous media, where the heterogeneity

is in local permeability. We adapt this steady-state homogeneous equation approach to
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a vertically integrated system in which the heterogeneity is aquifer thickness. The end
result is a set of effective permeability and relative permeability functions that capture
the geometric heterogeneity of a rough caprock system.

We derive the HM functions analytically for the simple cross-sectional system depicted
in the inset of Figure 1 with varying top surface and flat bottom. However, in general,
numerical homogenization will be necessary for realistic caprock surfaces. As with the
AM approach, the objective of the homogenization is to replace the rough caprock with
a flat top surface over the averaging scale of interest, resulting in an average aquifer
height H. This allows us to formulate the equations with only large-scale variability in
the caprock surface and employ a coarser discretization. However in the HM approach,
no prior assumptions are made about the permeability in the accretion layer and rock
properties are homogeneous within in the averaging volume. For convenience, gravity is
neglected over the averaging length scale L in the HM derivation.

Let us start with permeability upscaling. The basic approach is to posit a homogeneous
equation for steady-state single-phase flow at the average scale composed of average quan-
tities [Renard and de Marsily, 1997]. When the coarse scale equation is compared with
the horizontal average of the fine-scale (VE) equation, the effective permeability can be
inferred. This upscaling approach assumes that the heterogeneity is periodic in space and
has a characteristic length scale much smaller than the total length of the domain.

To demonstrate this for our simple one-dimensional system, we have the x-component

of the depth-integrated fine-scale flux F from Equation (7),

HK dP
F,=-——" = 26
o (26)
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which is equal to a constant C' for all z-values within L under steady-state conditions.

Equation (26) can be integrated over L, and after rearrangement, results in,

AP pC [t
e R 2
L L J, HE " (27)

which can be compared with the homogeneous single-phase flow equation given a pressure
drop of AP/L across the averaging volume,
HEAP

Combining Equations (27) and (28), we obtain the expression for horizontally upscaled
permeability K,
L
% = % i ﬁ dx. (29)
Equation (29) indicates that the effective transmissibility (HK) for an aquifer of varying
thickness is simply the harmonic average of fine-scale transmissibility over the length scale
of interest.

For relative permeability, additional assumptions are required regarding the fine-scale
saturation. Our approach for this step is based on the capillary equilibrium assumption
[Pickup and Stephen, 2000; Neuweiler and Vogel, 2007] that is adapted to the VE rough
caprock system. In the typical application of the capillary equilibrium assumption, the
fine-scale capillary pressure is assumed to be at equilibrium, and therefore the coarse-
scale and fine-scale capillary pressures are equivalent. This is a reasonable assumption
if the applied pressure gradient is small. In this case, the saturation can be fixed at the

fine-scale according to the local capillary-saturation relationship, which will be spatially

varying due to heterogeneity.
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In the context of a rough caprock, the fine-scale capillary pressure assumption becomes
an assumption on the fine-scale CO,-brine interface. For small pressure gradients and a
horizontal averaging length much smaller than the domain, it is reasonable to assume that
the (yy is essentially flat and V{y; = 0 in Equation (13). For a given value of (,;, we can
fix fine-scale depth-averaged saturation S,, equivalently we can fix h,, which is spatially
varying due to the rough caprock.

Then, following the permeability upscaling approach from above, the coarse-scale rel-
ative permeability can be determined from a series of steady-state solutions obtained at
different values of (3;. This means that for a given value of (3; and the corresponding set
of local saturation values S,, the fine-scale steady-state flow equations can be integrated
and set equal to a homogeneous two-phase flow equation consisting of average quantities.
By repeating this process for different values of (,;, the coarse-scale relative permeability
(K,) can be calculated as a function of volume-averaged saturation (.S,).

For the cross-sectional system of interest, the steady state phase flux in the x-direction

from Equations (7) and (9),

HKK,dP
fo dr

Fax:

which for a sharp-interface system becomes,

hwKk) dP h.Kk. dP
Fb$:_b b—:Cb,chz— C_:

pp  dx fe dx

C., (30)

which are equal to constants in x at steady-state. The fine-scale phase fluxes in Equation

(30) can be averaged over L,

AP wCy [* 1 AP 1C, /L 1
L L /0 mik " L L J, hkkr " (31)
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and compared with the corresponding homogeneous equations for each a-phase,

HKE,AP
po L

Co. (32)

Then by combining Equation (31) and Equation (32) we find the following expression for

coarse-scale relative permeability functions,

121/{;de 1:l/L]dx (33)
HKK, LJ, WmKkK =~ HKK. LJ, hKE.
As with the upscaled permeability from Equation (29), we see that the effective relative
permeability is a harmonic mean of fine-scale relative permeability values weighted by the
corresponding transmissibility. This implies that if h.(z) = 0 at any point = in averaging
window then K, = 0, and therefore, CO, has zero mobility for locations of the interface
equal to or higher than the local minimum of the topography. Clearly, the HM gives the
same effective residual saturation for COs during drainage as was found with the AM
(from Equation (18)). However, an important aspect of the HM is that the shape of the
COy relative permeability curve will depend on the specific topography function being
integrated. This is not the case for the AM which results the same relative permeability
curve for different topography functions with the same trapped volume. The impact of
this difference between the two effective models will be demonstrated below, where we
provide a comparison for a specific caprock topography.

It should be noted that Equations (29) and (33) involve integral expressions that can be
solved analytically for certain idealized systems. Alternatively, the integral can be solved

numerically if necessary.

4.3. 1D application
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The utility of the AM and HMs is demonstrated using a simple cross-section of an
aquifer with idealized topography (Figure 4). The homogeneous aquifer has a top surface

(r(x) is described by a sinusoidal function
(r(z) = H (1 + asinw),

with scaled amplitude a = 0.1, wavelength w = 0.017, average aquifer thickness H = 100
m and a bottom boundary (g = 0 m. The aquifer has a 1% tilt and the coordinate system
is aligned such that the vertical direction is perpendicular to the bottom boundary. The
top and bottom boundaries are closed, and the side boundaries are open and fixed at
hydrostatic pressure. The fluid and rock properties are given in Table 1 [Gray et al.,
2012].

A reference simulation was performed on the fine-scale system, such that the variation
in the top surface was resolved with a relatively fine grid (number of gridblocks per wave-
length 27/(wAz) = 10). The fine-scale simulation was performed using the VE model
described in Section 3 that solves the sharp-interface flow equations with a standard nu-
merical method [Gasda et al., 2011]. Migration of COs after 1,000 yrs results in enhanced
trapping and slower tip migration when compared with a flat caprock [Gray et al., 2012].

The effective simulations employed either the AM or HM. The AM uses the effective
permeability and relative permeability functions given in Equations (17) and (18), respec-
tively, setting H, = 90 m.

The HM upscales the horizontal permeability and relative permeability using the effec-
tive equations derived earlier, which can be solved analytically for a sinusoidal function.

From Equation (29), we obtain effective permeability,

K=K/1-a). (34)
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and also relative permeabilities from Equation (33),

Ky = K022, (35)

We observe in Equation (34) that K rescales the fine-scale permeability by a factor that
decreases with increasing amplitude of the caprock. The square-root functional form
implies that for values of a < 1, the scaling factor is close to unity, and K ~ K. For large
values of a, the vertical flow components cannot be ignored and the Dupuit assumption
(vertical equilibrium) is no longer valid. When a = 1, then no flow occurs.

Similarly, Equation (35) reflects a reduction in COs relative permeability with increasing
amplitude, while the brine function is unchanged from the fine-scale function. The shape
of the CO, relative permeability curve, shown in Figure 5, captures both the trapped
volume and structure of the caprock surface.

The specific structure of the caprock topography and upscaling approach is reflected in
the shape of the curve as CO, thickness increases beyond the trapped volume thickness.
Once CO4 becomes mobile, both curves approach the flat caprock curve (a = 0), but the
HM relative permeability increases more rapidly because flow through the structural traps
is explicitly captured in the HM upscaling approach. The non-linear shape of the HM
curve also implies that the effect of topography is most important when CO, migrates as
a relatively thin layer, i.e. at the leading edge of the plume. On the other hand, where
COg thickness is large relative to the height of undulations in the caprock topography,
the effect of the topography on the upscaled relative permeability becomes smaller. The
latter case is a reasonable result, since we expect that as CO, approaches fully saturated
conditions, the single-phase flow equations should be recovered, which means that K,

should approach k as h. approaches H.
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As shown in Figure 6, the effective simulations result in upslope plume extent and
structural trapping that resemble the resolved fine-scale simulation at 1,000 yrs. In both
the AM and HMs, the structurally trapped CO, forms a long thin layer behind the front
that has a thickness equal to the amplitude of the sinusoidal function. At the leading
edge of the plume, we observe a self-sharpening of the plume tip in both cases, which is
caused by the effective residual saturation or zero CO5 mobility during drainage for plume
thicknesses less than the trapped volume thickness. The differences in plume location and
shape of the interface between the two effective models is therefore due to differences in the
relative permeability curves when COs begins to flow underneath the caprock undulations.

Comparing the interface location between the AM, HM and reference simulations in
Figure 7, we see that the HM result is closer overall to the reference solution than the
AM. The reference simulation has an extent to 10 km, and the CO; is trapped almost
completely up to around 8.5 km. The HM captures the tip location very well, but un-
derestimates the volume of CO, in the mobile region by a small amount. This is partly
because the volume of CO, trapped is overestimated in the effective model due to the tilt
of the aquifer and can be adjusted easily to match. On the other hand, the AM signifi-
cantly underestimates the plume tip location, while the center of the mobile CO, region
lags significantly behind the reference solution.

When comparing the plume tip location across time in Figure 8, we see that initially
the plume migration speed increases as determined by the curvature of the interface (the
diffusive terms arising from derivatives of the (-terms in Equations (10) and (11)). Once
the interface becomes more flat, the hyperbolic component of the equations becomes

dominant and the tip speed becomes constant as predicted by Equation (25). The AM
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simulation results in the slowest COy migration, significantly less than the flat caprock
simulation, which is expected from the analysis of shock speed in Section 4.1. The resolved
simulations also results in a slower tip speed than the flat caprock case, but still migrates
more quickly than the AM plume once the diffusive terms have dissipated. The HM
results match quite well with the fine-grid simulations, with a slight discrepancy due to
an overestimation of trapped volume as discussed above.

The reliability of both the AM and HM is clearly linked to the way in which the
COs relative permeability function was upscaled. We observe that both effective models
capture the trapping of CO,y in the topography behind the mobile plume quite well,
which is to be expected since both models have zero relative permeability for values of
COs thickness less than the equivalent trapped volume thickness. However, only the HM
correctly captures the migration speed of the mobile plume, which is due to averaging the
fine-scale topography explicitly rather than making implicit assumptions regarding the
flow behavior of CO, along the topography.

Given the sensitivity of CO, migration to fine-scale structure, we explore other func-
tional forms of caprock roughness to gain further understanding of this effect. Two other
structures were tested, triangle and square waves, and the results are summarized in Ta-
ble 2. The triangle wave function is characterized by having a constant absolute value of
caprock slope that changes sign periodically, while the square wave function is represented
by a flat caprock with step-function changes in elevation at periodic intervals. We note
that the triangle, sine and square wave functions all have the same equivalent trapped

volume.
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There are several interesting observations from examination of Table 2 and the accom-
panying Figure 9. First, despite having the same trapped volume, the triangle, sine and
square wave result in different functional forms of K and K.. (The form of K is little
effected by the top topography and brine is not trapped because the bottom boundary
is flat. Therefore, we assumed the same function in all cases for simplicity.) This means
that structure is important in determining the effective permeability and relative perme-
ability functions as well as the tip speed. Thus, we can associate different structures with
different degrees of caprock roughness. For instance, greater roughness leads to greater
reduction in K for a given a (Figure 9a) and less curvature of K, as a function of
(Figure 9b). We also note that the relative permeability curves are bounded at the top
by the smooth flat surface, while the AM curve acts as a lower bound. The roughness
factor will also control the theoretical late-time tip speed derived for a hyperbolic system
(Equation (25)) relative to the smooth flat surface. Our results show that different de-
grees of roughness leads to late-time tip speeds that are between 47% and 57% times the
reference speed for a smooth flat caprock (for @ = 0.1), with square structures having a
greater roughness factor than both the sinusoidal and triangular traps. We note that for
this case the accretion layer model predicts a late-time tip speed that is 70% slower than
reference speed. And finally, as we previously observed, the impact of structure on K, is

only significant in the region of thin CO, plumes (h. ~ a).

5. 2D Effective Model
The impact of heterogeneous topography 3D flow regimes is characterized by CO, that
can flow in two lateral directions. Therefore, resistance to flow due to rugosity and rough-

ness will lead to more complex flow behavior. For instance, if CO, becomes easily trapped
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along the dip direction, the plume upslope speed will slow, causing more transverse spread-
ing in the perpendicular direction. Conversely, if roughness increases in the transverse
direction, then it may lead to flow focusing of the COs plume and preferential upslope
flow. Complexity in caprock surfaces can therefore lead to highly asymmetric footprints
and more heterogeneous plume distribution.

Caprock surfaces can be upscaled by extending the one-dimensional AM and HM meth-
ods described in Section 4 to two horizontal dimensions. Although the approach is sim-
ilar, the increased dimensionality introduces additional complications to the resulting
effective models. First, the use of numerical homogenization is necessary to obtain a two-
dimensional HM except for a few special cases. Secondly, asymmetric caprock surfaces
at the fine-scale will result in anisotropic effective functions at the average scale. We de-
termine the effective model for both symmetric and asymmetric two-dimensional caprock

surfaces with the AM and HM approaches in this section.

5.1. 2D Accretion-Layer Model
In general, the AM approach in 2D involves effective permeability and relative perme-
ability functions consisting of tensorial quantities to account for horizontal anisotropy. To

start, we consider the vertical distribution of horizontal permeability,

k(z):{k’ if 0§2<He’ (36)

k., otherwise.

where the effective aquifer height, H, = H (1 — a), is based on the maximum accretion
layer thickness, a quantity that is independent of flow direction. We introduce the per-
meability quantity k,, which is the permeability tensor local to the maximum accretion

layer. The 2D accretion layer permeability k, will be equal to zero for a symmetric to-
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pographical structure, but one or more components of the tensor may be non-zero for
asymmetric topography. In the general case, a sub-model is required to determine the
non-zero elements of k, that will be specific to the caprock topography of interest.

Applying Equation (8) to Equation (36) leads to an expression for effective permeability,
_ H

K — =k + ak,, 37

Fk+a (37)

while applying Equation (9) results in,

L hykOk < h, < H,

AK, K =1{"""% 0= = (38)
H )k + (hy, — H.) kYk, otherwise,

o H, — "k + aHEk k < hy, < H

HKC K= ( Te hb) kc +a kc a 0 ~ hb = e (39)
(H — hb) klk, otherwise.

For symmetric surfaces where k, = 0, the effective equations can be simplified from the

general form above.

5.2. 2D Steady-State Homogenization

Similar to the 1D homogenization in Section 4.2, effective permeability and relative
permeability functions can be derived analytically for some simple function forms. For
example, the effective permeability for a two-dimensional checkerboard surface, which is
an extension of the square wave to two dimensions, with periodic permeability, k; and ks,
has been derived previously [Obnosov, 1996] and is equal to the geometric mean of the two
permeability values. Translating this result to a rough caprock surface with alternating
elevation values H(1+a) and H(1—a) results in the following isotropic tensorial expression
for effective permeability

K=K\(1-a) (40)

which is interestingly a similar expression that of the 1D sine wave function derived

previously. The HM effective relative permeability functions for the checkerboard surface
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are also the two-dimensional form of the expressions derived for the sine wave function
(Equation (35)).

For a caprock surface consisting of geometrical inclusions (cubic, spherical and elliptical)
with a horizontal dimension much smaller than the spacing between the structures, the
effective permeability and relative permeability functions can also be found analytically.
However, since we are ultimately interested in realistic caprock surfaces, we refer the
reader to the literature for more details on these analytical solutions [Andrianov et al.,
1999; Renard and de Marsily, 1997].

For more complex topographical surfaces, numerical homogenization is necessary for the
HM approach. To do this, steady-state upscaling simulations are performed on different
3D systems, resolving the fine-scale structure with the VE model described in Section 3.
Periodic pressure boundary conditions are applied with a small pressure gradient in the
horizontal direction. For asymmetric surfaces, the simulation must be performed in both
horizontal directions.

Effective permeability is calculated by substitution of the resulting horizontal flux into
the upscaled equation (Equation (28)) and solving for K. For relative permeability cal-
culations, a capillary equilibrium assumption is applied, which means a stationary COq
interface is fixed while the flow simulations are performed. The resulting horizontal CO4
flux, along with other known quantities, is then used to determine the upscaled relative

permeability using Equation (32).

5.3. 2D Application

The first caprock structure is a symmetric sinusoidal surface described by,

Cr(m,y) = H[1+ ay (sinwr + sinwyy)],
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and the second is an asymmetrical system of staggered elliptical structures, with the top

surface given by
Cr(z,y) =H (1+ ae™?),

where

v = sin® wy(z — ) + sin® wy(z + y) + 2sin? 2w,

In the above equations a; = 0.1, s = 0.25, and w; and wy are set to obtain an even
number of periods in the domain. The sinusoidal surface is symmetric in  and y, while
the elliptical structure is asymmetric (Figure 10).

To derive the AM equations, the maximum trapped volume is a = 0.04 in both cases.
The submodel for the accretion layer permeability k, can be obtained from the geometry.
For the sinusoidal surface, symmetry results in k, = 0. The elliptical surface is anisotropic,
therefore k, has diagonal components k, ,, = 0 and k,,, = 0.375K. Here, the y-direction
is parallel to the long dimension of the elliptical structures and perpendicular to the dip
direction. There are no off-diagonal components because the coordinate system is aligned
with the principal flow direction. For the HM method, we apply numerical homogenization
to the caprock surfaces, which become piece-wise linear functions in the VE model. For
both systems the bottom is flat at (g = 0 and the coordinate system is aligned with the
principal direction of flow.

We observe the CO, relative permeability functions are a function of the upscaling
approach and the fine-scale structure of the surface (Figure 11). For the HM-derived
functions, the symmetrical sinusoidal surface leads to an isotropic relative permeability,
while the orientation of the elliptical structures leads to anisotropy in the x and y diagonal

components of the upscaled tensor. This anisotropy implies that CO, flow at a given
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relative permeability requires a greater thickness in the z-direction than the y-direction,
which is clear from the anisotropic trapped volume tensor a for this caprock surface. We
also observe that the sinusoidal caprock results in a nearly linear relative permeability
function, whereas the curves for the elliptical structures are less linear and reach the flat
caprock (zero roughness) curve more quickly. As in the cross-sectional case, the AM acts
as a lower bound on COs relative permeability. We note that the difference between the
AM and HM curves for the sinusoidal surface is negligible until the CO5 plume thickness
becomes larger than 20% of the average formation thickness.

Resolved and effective simulations were performed for systems with the caprock sur-
faces (either sinusoidal or elliptical) as the top boundary of aquifers extending 10 km in
both lateral directions and average thickness of 100 m. In each simulation, all lateral
boundaries are closed except for the upper boundary at x = 10 km which is assigned
a fixed pressure condition. The fluid and rock properties are the same as for the one-
dimensional simulations presented above. The initial condition is a 2-km length square of
fully saturated CO, centered at (z,y) = (2,5) km.

The resolved simulations for these 2D systems (Figure 12), results in a spatial distribu-
tion of mobile COy that reveals the fine-scale structure of the topography. The sinusoidal
surface is slightly elongated in the dip direction, while the elliptical surface is wider in the
cross-dip direction than along the dip axis. In each case, we observe structurally trapped
COy downslope in local maxima where CO, has become disconnected from the rest of
the mobile plume. Residual CO,, when added to the mobile COy thickness, gives the

maximum thickness of CO,y at any given location in the domain. Besides the location
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around the initial condition, the residual thickness is quite small, which implies that CO4
is migrating as a very thin layer, filling up structural traps as it travels updip.

The HM and AM effective simulations, which use the upscaled relative permeability
curves from Figure 11, produce average CO, thickness in each grid cell which is then
downscaled to obtain the fine-scale variation in thickness due to subscale topography.
This allows for a more direct comparison with the resolved simulations in Figure 12.
The downscaled HM and AM results for the sinusoidal give a good comparison with the
resolved simulations for mobile and residual CO, after 300 years. The outer edge of the
plume corresponds well with the resolved simulations in both cases. For the elliptical
surface, the HM model compares well with the resolved simulation in both the shape of
the plume footprint and updip migration. There is some slight underestimation of lateral
(cross-dip) plume spreading. The AM results show a large discrepancy with the resolved
case, greatly underestimating the updip plume migration after 300 years.

The comparison of maximum upslope extent (Figure 13) shows that both HM and AM
effective simulations agree reasonably well with the resolved sinusoidal simulation, while
only the HM simulation compares closely with the resolved elliptical simulation. For the
resolved simulations, the impact of fine-scale structure leads to a slower COy migration
for the sinusoidal surface than the elliptical surface (as indicated in the upscaled COq
relative permeability function). The HM simulations reproduce this difference quite well,
with some discrepancy in the exact plume location over time. For instance, the HM
slightly underpredicts the sinusoidal plume location while overpredicting for the elliptical
surface. Some of the difference may be attributed to insufficient resolution of the fine-

scale topography in the resolved simulations. There also may be some influence of the

DRAFT May 27, 2013, 4:09pm DRAFT



702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

GASDA ET AL.: EFFECTIVE CO2 MODELS WITH VARYING TOPOGRAPHY X -35

boundary condition as the plume approaches the upper boundary. Despite these minor
issues, the HM simulations give a good approximation of the plume migration due to
caprock roughness. The AM simulation gives essentially the same plume migration for
both sinusoidal and elliptical surface because the CO, relative permeability along the
dominant direction of flow (Knxx) is the same for both cases. The AM replicates the
sinusoidal case quite well because the HM and AM curves are the same in the region of

small CO4 thickness.

6. Discussion and Conclusions

Caprock topography may be an important factor affecting long-term COg migration in
subsurface storage formations. Small-scale geometric heterogeneity and surface roughness
can reduce the plume footprint and maximum extent as well as trap CO, in subscale
structural feature. Many modeling studies assume a smooth caprock, potentially overesti-
mating upslope migration speeds for systems where caprock roughness provides additional
storage of COs in the dip direction. However, in some special cases, rugosity may lead to
preferential flow and faster upslope migration speed than predicted by a smooth caprock.
Therefore, it is important to be able to model the migration of COy plumes over large
distances in structurally heterogeneous systems.

Vertical equilibrium methods are an attractive option because of their reliability and
efficiency when applied to storage formations with caprock topography that can be re-
solved by seismic observations. However, some horizontal upscaling of the flow equations
is required to capture caprock roughness below seismic resolution. In this paper, we de-

rived effective equations using two approaches, AM and HM, and compared the reliability
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of the upscaled equations with a fine-scale model. Our results show the effective modeling
approach has potential to simplify geological models for CO, sequestration.

The effective model consists of horizontally upscaled permeability and relative perme-
ability VE functions that capture the impact of a spatially varying top boundary (i.e. a
rough caprock). These upscaled functions are used in place of the usual depth-averaged
functions that appear in the VE model whenever subscale topography is present. We ex-
amined two approaches to upscaling, where both employ the VE assumptions of gravity
segregation and vertical equilibrium. The first (AM) assumes the existence of an accretion
layer with a volume equivalent to the trapped volume created by the topography. This
layer is assumed to have zero horizontal permeability before the equations are vertically
integrated. The second approach (HM) uses steady-state homogenization to upscale the
VE equations directly across a chosen horizontal length scale. For upscaling two-phase
flow with this approach, a static capillary equilibrium assumption is applied, which re-
quires a stationary interface between CO, and brine across the averaging scale. This is the
VE version of the capillary limit of traditional flow-based relative permeability upscaling.

We applied the AM and HM approach to several 2D and 3D systems with different
functional forms of caprock roughness. The AM equations can be derived analytically
by piecewise integration. For the HM approach, the VE equations can be homogenized
analytically for cross-sectional (2D) systems, resulting in upscaled constitutive equations
that are simply the harmonic average of the fine-scale function (permeability or relative
permeability) weighted by formation height. The caprock surfaces of the 3D systems
must be homogenized numerically except for a few special cases. We observed several

important features of the resulting AM and HM effective functions. First, in all cases
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caprock roughness leads to a reduction in effective permeability in proportion to the
trapped volume, while COs relative permeability is reduced significantly especially for thin
COs3 plumes. Additionally, upscaling the fine-scale process of COs spilling into subscale
structural traps as it migrates updip results in an effective residual CO4 saturation during
the drainage process. And finally, the HM functions vary in curvature according to the
roughness of each topography, while the AM function is the same for all structures since it
is based only on the equivalent trapped volume and does not consider fine-scale structure
explicitly. As a result, the AM effective relative permeability functions are always linear
with respect to CO5 plume thickness and represent the lower bound on the reduction in
permeability and relative permeability due to caprock roughness in all cases examined
here.

The AM and HM effective equations were implemented into the VE framework and
compared with fine-scale VE simulations of the 2D and 3D systems. We found that in
all cases the HM model correctly captured the impact of topography on plume footprint
and upslope migration speed in 2D and 3D systems. On the other hand, the AM could
only reproduce the fine-scale solution for very rough caprocks, which are cases where the
linear AM effective functions closely match the upscaled functions derived from the HM
approach. It should be noted that although the AM method was not as effective as the
HM in the computational experiments, the accretion-layer concept allows for analytical
solutions that give good insight into the behavior of the equations for rough caprock
systems.

Because the HM approach leads to a more reliable upscaled model, the implication of

this work is that horizontal upscaling requires some detailed knowledge of the fine-scale
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structure beyond just a measure of trapped volume. The HM effective equations can
be used to identify the important parameters of geologic model required for developing a
reliable effective model. These parameters may include several features of structural traps,
such as change of surface slope within a structural trap, the distance between traps, or
the orientation of the structures relative to the large-scale dipping plane of the storage
formation. An evaluation of the geologic model parameter space will be the subject of
future work.

This papers demonstrates the ability of an effective model to capture CO, migration in
the presence of fine-scale variation in caprock topography. With this modeling approach,
the geology can be simplified in computational studies of COy migration in structurally
heterogeneous systems. This reduces the need for expensive grid refinement, a distinct
advantage given the large spatial and temporal domains of COs sequestration. More
efficient simulation of CO, migration and trapping gives greater flexibility in exploring
the geological parameter space of CO, storage formations. In addition, the effective model
allows for coupling with more complex geomechanical or geochemical models without the
need to resolve detailed geological features. Thus, the resulting combined knowledge from
upscaled and fine-scale models can aid in our understanding of COy migration in complex
systems. Ultimately, the development of simplified modeling tools such as this one will be

required for evaluating and mitigating risk of long-term geological CO, storage operations.
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Table 1. Parameters used in all simulations.

Parameter Symbol  Value Unit
COy density Pe 696 kg/m?
Brine density b 1000 kg/m?
CO, viscosity fle 5-107° Pa-s
Brine viscosity I 3-100%*  Pa-s
CO, residual saturation Ser 0.0947 -
Brine residual saturation Shr 0.1970 -
Porosity 0] 0.2 -
Permeability (homogeneous & isotropic) K 100 mD
Aquifer slope 0 0.57 (=1.0) o (%)

Table 2. Summary of effective permeability and relative permeability functions (HM) and tip

speed for different functional forms of caprock topography, where hy = Ty, /H and hy < a).

Topography K K, K. vk /v (a=0.1)
flat K kOhy k(1= ) 1.0
-1 . B
wiangle 20K [m <1 + a)} K0 K 1nA((1 +a)/(1 Aa)) 0.57
l-a 1n<(1—hb+a)/(1—hb—a)>

; K+/(1—a? E°h 0.53
sine ( ) b \/m
2
R (1 — hb> — a2
square K(1—a Koy kr 0.47
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Residual CO,

CR(m’ Y, t)

Figure 1.

Schematic of COy migration and residual trapping in an aquifer with varying

caprock topography. Inset shows the rough caprock topography below the scale of resolution
that is upscaled over an averaging length L.

Trapped CO,

Accretion Layer

\‘ Brine ‘\‘
L L
0
(a) Fine-scale (b) Coarse-scale
Figure 2.

Schematic of fine-scale varying caprock topography system (a) that is upscaled with
the AM approach to (b) using an accretion layer of zero horizontal permeability.

DRAFT May 27, 2013, 4:09pm

DRAFT



X - 46 GASDA ET AL.: EFFECTIVE CO2 MODELS WITH VARYING TOPOGRAPHY

05

04

03

02

01 L . L . L . . L L
0 002 004 006 008 0.1 012 014 016 018 02

Figure 3. Example of the AM flux function, F, (left), needed to determine the shock speed

*

v* (right) as a function of scaled amplitude of caprock topography, a = A/H, and the mobility

Cc

ratio M.
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Figure 4. Reference model results for COy phase thickness (dark) and CO, residual trapping
(light) in an aquifer cross-section with the top surface given by a sinusoidal surface, (r(z) =

H(1+ asinwz), where H = 100 m, L = 20 km, a = A/H = 0.1, and the wavelength w = 0.017.
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for comparison (dashed lines).

H (14 asinzx) for the HM (solid lines).

Upscaled relative permeability for a system the caprock surface (r(z) =

Effective functions obtained from the AM are shown
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Figure 6. Effective model results for non-wetting phase thickness (dark) and residual trapping

(light) in an aquifer cross-section with a flat top and horizontally upscaled relative permeability.
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Figure 7. Comparison of reference (red-outline) and effective model results (AM-dash-dotted

green; HM—dashed blue) for COsy interface location at 1000 yrs, a = 0.1.
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resolved
1H==" homogenlzed
1= = gccretion
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years

Figure 8. Maximum upslope extent of CO5 over time in an aquifer with caprock described by
(r(z) = H(1+asin(wz)), with a = 0.1. Shown are results from the reference (solid) and effective

simulations using the AM (dash-dotted) and HM (dashed). Also shown is CO, migration in a

system with a flat caprock, or a = 0 (dotted).
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Figure 9. Effective model functions for different caprock topographies listed in Table 2:
triangle, sine, and square wave. The effective permeability scaling factor (left) is plotted as
a function of a = A/H. Effective CO, relative permeability functions (right) from the HM
formulation are compared with the AM function for the same equivalent trapped volume and a

flat caprock with no roughness. Note the plot scale focuses on larger values of hy.
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10000

(a) sinusoidal

depth (m)

10000

(b) elliptical

Figure 10. Fine-scale model of caprock surfaces, (a) sinusoidal and (b) elliptical, which are

upscaled in the AM and HM effective model application.

DRAFT May 27, 2013, 4:09pm DRAFT



GASDA ET AL.: EFFECTIVE CO2 MODELS WITH VARYING TOPOGRAPHY X -51

02 ‘ ‘ 02 :
o HMK K, e HMK,
.18} REYPard 018} oMK ]
XX Yy vy
0.16} o flat 1 0164 |
014} 014
o012} 012}
ne 01f ne 0Af
0.08} 0.08}
0.06} 0.06}
0.04} 0.04}
0.02} 0.02}
O L L L L N - 0 L L L L L .
0.7 075 0.8 085 09 095 1 0.7 075 0.8 085 09 0.95 1
hy/ H hy ) H

Figure 11. Effective CO; relative permeability for caprock surfaces having either a sinusoidal
(left) or elliptical (right) structure derived using both the AM and HM effective equations. Note

the plot scale focuses on larger values of hy,.
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Figure 12. Spatial distribution at 300 yrs of mobile and residual COs (thickness in meters) for
resolved and effective simulations of caprock surfaces having a structure that is flat (a), sinusoidal

(b) or elliptical (¢). The HM and AM effective CO5 thicknesses have been downscaled to the

resolution of fine-scale topography. The formation dip is in the z-direction.
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Figure 13. Maximum upslope extent of COs for resolved and effective simulations of caprock

surfaces having either a sinusoidal or elliptical structure.
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