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Abstract: At its most basic level, the injection of CO, into deep reservoirs for geologic carbon se-
questration (GCS) involves a system comprising the wellbore and the target reservoir, the wellbore
being the only conduit available to emplace the CO,. Wellbores in general have also been identified
as the most likely conduit for CO, and brine leakage from GCS sites, especially those in sedimentary
basins with historical hydrocarbon production. We have developed a coupled wellbore and reservoir
model for simulating the dynamics of CO, injection and leakage through wellbores, and we have
applied the model to situations relevant to geologic CO, storage involving upward flow (e.g. leakage)
and downward flow (injection). The new simulator integrates a wellbore-reservoir system by assign-
ing the wellbore and reservoir to two different sub-domains in which flow is controlled by appropriate
laws of physics. In the reservoir, we model flow using a standard multiphase Darcy flow approach.

In the wellbores, we use the drift-flux model and related conservation equations for describing
transient two-phase non-isothermal wellbore flow of CO,-water mixtures. Applications to leakage
test problems reveal transient flows that develop into quasi-steady states within a day if the reservoir
can maintain constant conditions at the wellbore. Otherwise, the leakage dynamics could be much
more complicated than the simple quasi-steady-state flow, especially when one of the phases
flowing in from the reservoir is near its residual saturation. A test problem of injection into a depleted
(low-pressure) gas reservoir shows transient behavior out to several hundred days with sub-critical
conditions in the well disappearing after 240 days.
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Introduction because of the access they provide to storage reser-
voirs for site characterization, CO, injection, monitor-
s discrete pathways through geologic formations,  ing, and fluid withdrawal. On the other hand,
Aboreholes and wells are critical to the success of boreholes and wells - in particular, deep abandoned
geologic carbon sequestration (GCS) projects wells from oil or gas exploration and production
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activities — are also potential leakage pathways for
injected CO, and displaced brine. Critical to the
efficient and safe implementation of GCS is a detailed
understanding of flow and transport processes in
boreholes to control CO, injection and to model
potential leakage up the borehole. In order to facili-
tate an understanding of borehole-flow and transport
processes coupled with target reservoirs, and to
improve the design of injection operations, we have
developed a borehole-reservoir flow simulator for CO,
and variable salinity water that models transient
non-isothermal processes in deep boreholes and
reservoirs including multiphase flow with CO,
transitions from supercritical to gaseous conditions.
In this paper, we present two example problems of
wellbore-reservoir coupling for leakage and injection
that show the capabilities of the new simulator along
with demonstrating some of the significant transient
multiphase flow phenomena that can occur in flowing
wells. Although the modeling capability we have
developed could be used to model flow up open
annular regions of the well - for example, outside of
the main well casing - all of the examples shown here
are for flows within the open circular cross-sectional
part of the well.

Background and motivation

Wellbores are the critical element of GCS systems
insofar as leakage and injection are concerned. On
the leakage side, wellbores are widely recognized as
the main possible leakage pathway capable of convey-
ing CO, or brine to groundwater resources leading to
potential groundwater contamination'= as well as
impacting storage effectiveness should leakage
occur.*® In addition to their role in potential leakage,
wellbores are the main injection system element and
there are concerns about controlling CO, phase
conditions in the well. This concern arises because of
the particular sensitivity of phase stability of CO,
around commonly encountered pressures and tem-
peratures in typical GCS wells. In particular, low
pressure reservoirs or very high permeability reser-
voirs may allow two-phase conditions to develop in
the well during injection of CO, in its liquid or
supercritical forms with resulting decrease in mass
flow rate.>” Addressing quantitatively both leakage
and injection aspects of wellbore flow processes in
GCS systems requires the ability to model coupled
wellbore-reservoir processes.
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Prior work in quantitative modeling of CO, leakage
and injection processes includes the model developed
by Lu and Connell® which was a quasi-steady numeri-
cal approach that included two-phase flow of CO, and
used a productivity index approach to couple the
wellbore to the reservoir. More recently, Lindeberg”
included transient effects of two-phase CO, flows in
the well without coupling to the reservoir. Remoroza
et al. ? developed an approach for geothermal applica-
tions that coupled the wellbore flow with the reservoir
but assumed steady-state and single-phase flow in the
well. Although there exist fully coupled wellbore-
reservoir flow simulators for oil/gas industry applica-
tions,!? a transient, multiphase and multicomponent
wellbore simulator with full coupling to the reservoir
applicable to CO,-brine flows for GCS has not been
previously developed to our knowledge. To fill the
need to address important wellbore leakage and
injection problems, we have developed a coupled
wellbore-reservoir modeling capability for the highly
non-isothermal, two-phase and multicomponent flows
that may arise in CO,-brine leakage and CO, injec-
tion processes.

Overview of method

The new wellbore flow model is based on the drift-flux
model (DFM) approach'? and extends TOUGH2/
ECO2N"> ! to be applicable for wellbore flow coupled
to reservoir flow. Unlike the coupling approach used
in earlier efforts, the deliverability option in
TOUGH2" is not used and the flow inside the well-
bore is not assumed to be at steady state. The ‘equiva-
lent Darcy media’ approach for the mixture velocity!®
is not used either Instead, the new model (T2Well/
ECO2N) uses an integrated wellbore-reservoir system
of CO,-brine in which the wellbore and reservoir are
two different sub-domains where flow is controlled by
different physics, specifically viscous flow in the
wellbore governed by the one-dimensional drift-flux
model (DFM), and three-dimensional flow through
porous media in the reservoir is governed by a multi-
phase version of Darcy’s Law. The detailed descrip-
tion, mathematical formulation, and verification of
T2Well/ECO2N are presented in the T2Well/ECO2N
User’s Guide!” and in the proceedings of an earlier
conference.’® For completeness, we briefly summarize
the DFM as implemented in T2Well/ ECO2N.

In the following discussion and thereafter, the term
‘gas’ or ‘gas phase’ refers to the CO,-rich phase

886 © 2011 Society of Chemical Industry and John Wiley & Sons, Ltd | Greenhouse Gas Sci Technol. 1:335-350 (2011); DOI: 10.1002/ghg
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whereas the term ‘liquid’ or ‘liquid phase’ refers to the
water-rich phase (or brine). In other words, CO, in
gas phase (i.e. the CO,-rich phase) could be formally
gaseous, liquid, or, supercritical CO, depending on
the local P-T conditions. However, by this terminol-
ogy CO, in the liquid phase is CO, dissolved in water
or brine. While not ideal, this terminology is compat-
ible with the existing two-phase DFM terminology
which requires a gas and liquid with liquid denser
than gas, and it is acceptable for GCS systems where
formal liquid CO, conditions (i.e. conditions on the
CO, phase diagram where pressures are higher than
those along the liquid-gas phase boundary and

T < 31 °C) are rare due to the geothermal gradient
and relatively great depths of GCS systems.

Directly solving the momentum equations of
two-phase flow is difficult and often not practical
because the wellbore equations need to be coupled to
a reservoir simulator. The DFMs, first developed by
Zuber and Findlay'?> and Wallis,'® among others,
provide a simpler way to tackle the problem. Although
various nomenclatures and forms of equations were
used to describe the DFM in the literature over
decades, the basic idea of the DMFs is to assume that
the gas velocity, ug, can be related to the volumetric
flux of the mixture, j, and the drift velocity of gas, uy,
by the empirical constitutive relationship in Eqn (1):

U, = COJ + u; (1)

where C,, is the profile parameter to account for the
effect of local gas saturation and velocity profiles over
the pipe cross-section. The liquid velocity u; can be
solved by considering the definition of the volumetric
flux of the mixture as

1-5.C . Se

YT TS, T Tosg M

@)

where Sg is the gas phase saturation.

With the DMF (1) - (2), the momentum equations of
two-phase flow in a wellbore can be simplified into a
single equation in terms of the mixture velocity u,,
and the drift velocity u, as follows:
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ug)? is caused by slip between the two phases. p,,,, u,,,
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and p;, are the mixture density, the mixture velocity
(mass center), and the profile-adjusted average density
of the mixture.

Therefore, with the DFM approach, solving the
complicated momentum equations of two-phase flow
becomes an easier task with two steps. First, we
obtain the mixture velocity by solving the momentum
Eqn (3) and the drift velocity from empirical relation-
ships. Second, we calculate the gas velocity and the
liquid velocity as a function of u,, and u,

The empirical relationships for the drift velocity and
the profile parameter used in T2Well/ECO2N are
based on the DFM developed by Shi et al.! They
proposed functional forms for the profile parameter
and drift velocity with a set of optimized parameters
obtained from an extensive set of large-scale pipe flow
experiments performed by Oddie et al.?® for one-,
two-, and three-phase flows at various inclinations,
that can be applied continuously for all flow regimes
from bubble flow to film flow. The following is a
summary of the mathematical formulations related to
the drift velocity proposed by Shi et al.!! that are
implemented in T2Well.

First, the drift velocity is calculated as a function of
gas saturation and other fluid properties:

" = (1= CyS6) u.K (Sg, Ku, Co,) m(8) )

Co Sg \/pc/pL +1-C,Se

where m(0) describes the inclination (of the wellbore)
effect, K, is the Kutateladze number, a function of
Bond number, N (i.e., square of dimensionless
wellbore diameter).?! The ‘characteristic velocity’, u, ,
is a measure of the velocity of bubble rise in a liquid
column, a function of fluid properties including the
surface tension. The function K(e) in (4) is used to
make a smooth transition of drift velocity between the
bubble-rise stage and the film-flooding stage.

Second, the profile parameter C, is calculated using
the same formulas suggested by Shi et al.l! as listed
below (with different symbols) for completeness:

C
CO — max (5)
1 + (Cmax_ 1) 772

where 7 is a parameter reflecting the effects of the
flow status on the profile parameter, a function of gas
saturation and the relative mixture velocity. Cy,,x is
the user specified maximum profile parameter
(usually between 1.0 and 1.5). Detailed discussions
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and justifications about the formulas (4 - 5) can be
found in Shi ef al.!! and the implementation details of
the drift flux model can be found in Pan et al.'” A
verification against an analytical solution of two-
phase flow is presented in Appendix A.

In addition to the process modeling capabilities
inherited from TOUGH2%? and TOUGH2/ECO2N,!*
T2Well/ECO2N also describes the following flow
processes: (i) upward or downward wellbore flow of
CO, and variably saline water with transition from
supercritical to gaseous CO, including Joule-Thom-
son cooling, (i) exsolution of CO, from the aqueous
phase as pressure drops, (iii) cross flow into or
interaction with layers of surrounding rock (forma-
tions), and (iv) two-phase, non-isothermal wellbore
flow including countercurrent flow (e.g. gas up and
liquid down). Note that, similar to TOUGH2/
ECO2N, the model can describe single- and two-
phase flows of CO,-water-NaCl mixtures, but cannot
in its current form describe three-phase conditions
such as would arise for CO,-brine mixtures for
T < 31 °C and with pressures along the CO, gas-liq-
uid phase boundary.??

Applications to geologic carbon
sequestration

Case 1. CO, leakage up a wellbore from
an infinite reservoir

This problem is an idealized case of non-isothermal
two-phase flow up an open wellbore initially filled
with water. The scenario envisioned is the tip of a
migrating (supercritical) CO, plume at 10% gas
(CO,-rich phase) saturation encountering an open
well initially filled with water. The focus here is on
flow in the wellbore. The reservoir is assumed to be
able to maintain constant pressure, temperature, and
gas saturation (same as those in reservoir) during the
process appropriate for the case of a very large reser-
voir with high transmissivity. Starting from hydro-
static conditions and a geothermal temperature
gradient in the well, an overpressure of 0.1 MPa

(1 bar) is applied to the reservoir (represented as the
boundary conditions at the well bottom) to mimic an
injection-induced overpressure. Wellbore heat
transmission to the formation is calculated with the
analytical solution of Ramey.** A 1D grid of 102 grid
cells was used. The major parameters used in the
simulation are shown in Table 1.

Modeling and Analysis: Transient CO, leakage and injection in wellbore-reservoir systems

Table 1. Parameters for Case 1, two-phase CO,

flow through a wellbore.

Parameter Value Note
Length 1,000 m Vertical wellbore
Diameter 0.1m Circular
Thermal 2.51 W/m °C used in calculation
conductivity of lateral heat
exchange between
the wellbore and the
surrounding
formation
Boundary P = 9.984 MPa Assumed to be
conditions at T=65°C constant
well bottom Gas saturation = 10%
Boundary P = 0.1035 MPa High T to avoid
conditions at T=35° coexisting of
wellhead gaseous and liquid
(T < 31°C) CO,
Gas saturation at
wellhead boundary
is not fixed (leakage
condition)
Initial Hydraulic-static
conditions pressure distribution
in wellbore Linear distribution of
temperature from 35 °C
(wellhead) to 65 °C
(well bottom)
Brine salinity 0.0 (no-salt case) or Unit: mass fraction
(NaCl) 0.012 (kg/kg) of salt in liquid

phase

Results as shown in Fig. 1 reveal that early-time
upward flow of water within the well at all depths is
driven by the 0.1 MPa pressure perturbation at the
bottom. Significant gas (CO,-rich phase) flow begins
at approximately ¢ = 10 s when a free gas phase
evolves at the bottom. By ¢ = 200 s, gas flows at the
middle and top of the well. The sharp peak of water
flow rate through the top at about 200 s is related to
the breakthrough of the gas phase (a sudden loss of
water cap). The passage (breakthrough) of CO,-rich
phase through the upper portion of the wellbore takes
place in a very short time period as evidenced by the
very short time delay between the gas flow rates at top
and middle, a feature of the gas-lift effect, whereby the
presence of lower-density gas in the wellbore allows
the reservoir pressure to accelerate upward flow in the
wellbore. The flow rate of CO, reaches approximately
2.33 kg/s in this open wellbore case. The gas phase

© 2011 Society of Chemical Industry and John Wiley & Sons, Ltd | Greenhouse Gas Sci Technol. 1:335-350 (2011); DOI: 10.1002/ghg
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Figure 1. Case 1: Flow rates and velocities of liquid (H,O-rich phase), gas (CO,-rich
phase), and CO, (component) at three levels in the well (bottom, middle, and top).

velocity at the top is much higher than at the middle
and bottom, reflecting the acceleration of the gas
(CO,-rich) phase flow when it transitions from
supercritical to gaseous conditions.

Further insight into the processes modeled can be
obtained from Fig. 2, which shows gas saturation,
gas density, pressure, and temperature throughout
the well as a function of time. As shown in Fig. 2,
the wellbore is initially filled with water and gas
enters progressively from the bottom up. After 10
min (600 s), gas distribution is fairly stable in the
well from 10% at the bottom to nearly all gas at the
top. The reason for this increase in gas saturation is
the exsolution of gas from the aqueous phase as fluid
pressures decline up the wellbore, amplified by the
large expansion that CO, undergoes as it transitions
from supercritical to gaseous conditions. This
transition occurs around the critical pressure (7.4
MPa or 74 bar) at a depth of approximately 755 m.
The gas density plot of Fig. 2 shows the sharper

© 2011 Society of Chemical Industry and John Wiley & Sons, Ltd | Greenhouse Gas Sci Technol. 1:335-350 (2011); DOI: 10.1002/ghg

decrease in gas density in that region than the region
above, although the decrease is less sharp than it
would be if the temperature were below the critical
temperature of 31 °C (i.e. crossing the CO, liquid-
gas phase boundary). Temperature also affects CO,
solubility, but temperature becomes relatively
constant as the steady flow develops, resulting in
decreasing CO, mass fractions being controlled
mostly by pressure. The temperature contours show
the evolution from a conductive profile controlled by
the geothermal gradient to an advective profile
controlled by upward fluid flow. At intermediate
times between the initial highly transient and the
late-time quasi-steady states, there are some local
maxima arising from the expansion of CO, as
warmer fluid rises upwards and transitions to
gaseous conditions.

Figure 3(a) shows the CO, leakage rates at the
wellhead from a fresh-water aquifer and an NaCl-
brine aquifer under the same conditions. The final
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Figure 2. Case 1: Profiles of (a) gas saturation, (b) gas density, (c) pressure, and (d) temperature

in the wellbore as a function of time.

flow rate is reduced from 2.33 kg/s for the no-salt case
to 1.63 kg/s for brine, accompanied by a slight delay
in the breakthrough of CO,. These effects are mainly
caused by the larger density of brine as compared to
fresh water. At steady state, the pressure gradient
used to overcome gravity force increases by 9.3% on
average (over the entire depth) because of heavier
brine (Fig. 3(b)), which directly results in less pres-
sure gradient available for transporting the fluids (i.e.
the friction and acceleration). As a result, the final
total (gas+liquid) flow rate decreases by 4% from 33.1
kg/s (no salt) to 31.7 kg/s (brine). Furthermore, such
decrease in total flow rate (-1.39 kg/s) due to brine
effects is almost evenly distributed between gas
(CO,-rich) phase (—0.68 kg/s, 49% of the total) and
liquid (water-rich) phase (—0.71 kg/s, 51% of the total).
However, given the larger flow rate of liquid phase,
the relative decreases are significantly different
between two phases. While the liquid (water-rich)

phase flow rate only decreases by 2% from 30.8 kg/s
(no salt) to 30.1 kg/s (brine), the gas (CO,-rich) phase
flow rate decreases as much as 29% from 2.33 kg/s (no
salt) to 1.65 kg/s (brine). Including with the effect of
less dissolved CO, transported because of less water
transport in liquid phase (less total liquid flow rate
plus 3.61 kg/s of salt), the final CO, leakage rate
decreases by 30% because of brine effects. The larger
viscosity of brine, associated with larger density, also
plays a role through its influences on the drift velocity
(phase friction) and the friction to wall, though a
smaller one. It is interesting to notice that, in a
system with fixed pressures at top and bottom
boundary, the total pressure drop (gradient) increases
in the lower portion of the wellbore due to heavier
brine but decreases in the upper portion due to
smaller velocity associated with brine when the
friction pressure drop (gradient) overpasses the
gravity pressure drop (Fig. 3(b)).

© 2011 Society of Chemical Industry and John Wiley & Sons, Ltd | Greenhouse Gas Sci Technol. 1:335-350 (2011); DOI: 10.1002/ghg
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Figure 3. Case 1: The effect of brine on CO, (component) leakage rate through
the wellhead (a) and the pressure gradients along the wellbore at 36000 s (b).

Mass fraction of salt in the brine is 0.12.

Case 2. CO, leakage up a wellbore from a
finite reservoir

In Case 1, we focused on the wellbore flow behavior
and assumed that the reservoir is able to maintain
constant pressure, temperature, and gas saturation
throughout the leakage process. In the real world,
the reservoir will not be able to maintain the constant
bottom-hole conditions because of dynamic flow and
depletion processes in the reservoir. The coupling
between wellbore (open conduit) processes and flow
in the reservoir (porous medium) is critical in con-
trolling the leakage dynamics. In this example, we
coupled a 2 km X 2 km (finite) reservoir of 10 m
thickness to the same wellbore as modeled in Case 1.
The wellbore is assumed to fully penetrate the reser-
voir and is perforated across the entire reservoir
thickness. The reservoir is assumed to be radially
symmetric and is represented by 13 grid cells with
varied size (from 0.08 m near the wellbore to a few
hundred meters in the far field). The reservoir is
finite and its top, bottom, and side boundaries are
closed but there is heat exchange through its bottom
boundary. The major properties of the reservoir
formation are presented in Table 2 (wellbore proper-
ties are shown in Table 1). The initial conditions in
the wellbore and the reservoir (i.e. the bottom bound-
ary conditions in Table 1) are the same as those in
Case 1.

The simulated CO, flow rates at three different
locations in the wellbore for Case 2 and associated
pressures and gas saturations in the wellbore and in
the reservoir are depicted in Fig. 4. Comparing the
curves in Figs 4(a) and 1(c), the effects of reservoir

© 2011 Society of Chemical Industry and John Wiley & Sons, Ltd | Greenhouse Gas Sci Technol. 1:335-350 (2011); DOI: 10.1002/ghg

processes on CO, leakage are apparent. In Case 2, the
CO, flow at the wellbore bottom occurs much later
and at a lower rate (Fig. 4(a)) than in Case 1 (Fig. 1(c)).

Table 2. Properties of the finite reservoir coupled
to the wellbore.

Parameter Value Note
Permeability 10712 m? uniform and isotropic
Porosity 0.20 uniform
Thermal 2.51 Wm™' K!

conductivity

Parameters for Liquid relative

relative permeability using van

permeability: Genuchten-Mualem

Residual gas 0.04 model van Genuchten,

saturation 1980) and gas relative
permeability using

Mve L Corey model

Residual liquid 0.27 (Corey, 1954)

saturation

Saturated liquid 1.0

saturation

Parameters for
capillary pressure:

Capillary pressure
using van Genuchten

Residual liquid 0.25 model
saturation

My 0.20

Qg 0.00084 Pa!

Maximum capillary 10° Pa

pressure

Saturated liquid 1.0

saturation

Pore compressibility 10710 Pa~!
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After the first peak associated with commencement of
gas flow out of the wellhead, the CO, leakage rate
quickly decreases to a somewhat ‘stable’ rate about
1.0 kg/s (Fig. 4(a)), which is much smaller than that
(2.33 kg/s) in Case 1. Furthermore, the leakage rate
decreases slowly but steadily over the long term
(Fig. 4(a)). Within 10 days, the stable leakage rate
drops from about 1.5 kg/s to less than 1 kg/s. This is
mainly because of the pressure drop in the nearby
formation (Fig. 4(b)) as a result of depletion due to
leakage. Note that the system is still in the process of
propagation of the pressure drop towards the far field
boundary of the reservoir after 10 days of leakage and
the far field of the reservoir has not yet ‘felt’ such
pressure drop (Fig. 4(b)). In other words, the intrinsic
reservoir properties (e.g. pressure gradient, mobility
of each phase) alone can make a large difference in
leakage given the same wellbore even if the finite
nature of the reservoir is still not felt.

The sudden drop of the pressure at the well bottom
is caused by the breakthrough of the gas bubble at the

Modeling and Analysis: Transient CO, leakage and injection in wellbore-reservoir systems

wellhead when the entire wellbore becomes a gas-
filled column (Fig. 4(c)). As shown in Fig. 4(d), the
time it takes to fill the upper half of the wellbore with
gas phase is much shorter than that for the lower half,
which is evidence of the self-acceleration (gas-lifting)
process taking place. As the gas occupies more and
more space, the pressure gradient needed to overcome
the gravity body force becomes less and less. Rapid
sweep of water from the entire wellbore occurs
around 4800 s (Fig. 4(d)). Simultaneously, the high
pressure gas phase breaks through at the wellhead,
and subsequently pressures in the wellbore drop
quickly. The peak of the leakage rate (Fig. 4(a))
reflects such a burst effect of the high pressure gas
‘bubble’. From this time forward, the wellbore (more
specifically the water in the wellbore) is no longer a
dominant barrier for the CO, leakage because of very
high gas saturation thorough the entire wellbore. The
evolution of CO, leakage will depend on the pressure
gradient, the formation transmissivity, on geometry,
composition, and size of the CO, plume, and on the

Figure 4. CO, (component) flow rates at three different locations for Case 2 (a)
and corresponding pressure (b) and gas saturation (c ) in the wellbore and
reservoir. (d) is the gas saturation during the first 8000 s (linear scale).

842 © 2011 Society of Chemical Industry and John Wiley & Sons, Ltd | Greenhouse Gas Sci Technol. 1:335-350 (2011); DOI: 10.1002/ghg
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leaking wellbore(s) configurations. The leakage
process would likely be transient rather than steady-
state. This is fundamentally different from a scenario
in which bottom-hole conditions are maintained
constant and the mobility of CO, in the reservoir
would not be a limiting factor. We note that analo-
gous flow from an oil well blowout has been observed
and modeled within the last year.?”?

It is interesting to note that gas saturations near the
wellbore (e.g. 1.2 m and 9.5 m away from the well in
Figs 4(c) and 4(d)) increase in response to the pressure
drop during leakage. This effect could increase the
mobility of the gas-phase CO, in the reservoir but it is
overwhelmingly compensated by the decrease of the
pressure gradient in this case, resulting in a decreas-
ing leakage rate through wellbore. The mobility of
CO, in the reservoir is one of the critical factors
controlling the leakage process through an open
wellbore from reservoir. A natural question is
whether a CO, plume with lower gas saturation in the
reservoir would behave differently. To investigate this
scenario, we reduced the initial gas saturation in the

L Pan et al.

reservoir to 0.05 (just above the residual gas satura-
tion 0.04 as shown in Table 2) and kept all other
parameters the same as in Case 2.

The results for this reduced gas saturation scenario
(Case 2-low S,) are depicted in Fig. 5. Instead of
maintaining a continuous leakage rate, reducing the
initial reservoir gas saturation makes the system
behave as a geyser (Fig. 5(a)). There are 39 leakage
events within a 10-day period, with an average
magnitude of about 0.2 kg/s, which is much smaller
than the continuous leakage rate of Case 2 (Fig. 4(a)).

The detailed structure of a typical CO, leakage event
as well as the associated gas and liquid flow rates are
shown in Figs 5(b)-5(d). As shown in Fig. 5(b), the
Case 2-low S, a leakage event begins with a sudden
eruption with strongest intensity and then the flow
rate gradually reduces to near zero. 'The leakage
pattern in terms of gas phase mass flow rate (Fig. 5(d))
nearly mimics the pattern in terms of CO, flow rate
(Fig. 5(b)), except that the gas phase mass flow rate
decreases from bottom to top whereas the CO, flow
rates are almost the same at three depths during the

Figure 5. Simulated CO, flow rate at three different locations in the wellbore for an initial
reservoir gas saturation of 0.05 (a) and the detailed structure of leakage events in terms
of CO, flow rate (b), liquid flow rate (c ), and gas flow rate (d).

© 2011 Society of Chemical Industry and John Wiley & Sons, Ltd | Greenhouse Gas Sci Technol. 1:335-350 (2011); DOI: 10.1002/ghg 848
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period during which flow gradually declines. This
spatial gap in CO, flow rate seems to be matched by
the liquid phase mass flow rate (Fig. 5(c)). It is worth
noting that in this two-phase flow system, the liquid
flow stops at the wellhead (top) first (which causes the
first negative CO, flow rate) and then at middle point
(Fig. 5(c)). Looking closely, the liquid flow rate at the
middle point (the blue dashed line in Fig. 5(c)) shows
oscillations and even gets into negative territory
(downward flow) at those turning points, which are
responsible for the sharp oscillations of CO, flow at
the wellhead. We note that T2Well/ECO2N does not
model an air component, which means that backflow
in the current model sends CO, down the well rather
than air as would happen in reality.

The decrease in liquid phase flow towards the top
(Fig. 5(c)) indicates that the well is gradually refilling
with water (i.e. gas saturation decreases). As a result,
the relative volume of the gas phase in the entire well

Modeling and Analysis: Transient CO, leakage and injection in wellbore-reservoir systems

decreases so that the gravity induced pressure exerted
on the well bottom increases, which in turn reduces
the inflow from the reservoir. In particular, such
pressure increase could reduce the gas saturation in
the vicinity of the well below the residual gas satura-
tion (Fig. 6(b)) which effectively stops the gas phase
flow from the reservoir to the well. Therefore, there
will be no gas phase inflow until the next pressure
reduction in the wellbore. As shown in Fig. 6(c),
except for the first eruption, changes in gas phase flow
always occur from the top downwards. In other
words, the pressure decrease in the well is caused by
the CO, exsolution under lower pressure when CO,
saturated water flows up and reaches the wellhead.
Such a pressure-relief process propagates downward
very rapidly because of positive feedback provided by
the gas exsolution process. The resulting bottom-hole
pressure decline causes significant gas-phase inflow
from the reservoir (Fig. 6(a)). However, the induced

Figure 6. (a) gas phase flow into the well bottom, (b) corresponding pressure and gas
saturations in the vicinity of the well in the reservoir, (c) gas saturations at three different
elevations in the wellbore, and (d) gas saturation profiles in the wellbore.
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gas phase inflow rate is not big enough to support the
gas phase flow rate in the well (Fig. 5(d)). Conse-
quently, the gas phase in the well gradually dimin-
ishes and the pressure in the well increases. Another
self-reinforcing but opposite process operates until the
entire wellbore is occupied by a single-phase CO,-
containing liquid.

Figure 6(d) shows a more complete picture of the
transient changes in terms of the temporal evolution
of gas saturation profiles in the well. At first, because
the initial gas saturation in the reservoir (S, = 0.05) is
slightly higher than the residual gas saturation
(Sgr=0.04), there is some gas phase inflow from the
reservoir so that gas phase evolves at the bottom at
first and then expands upward. However, because of
the slight increase of pressure in the well caused by
the invasion of heavier CO, containing water, the gas
saturation near the well bottom is actually lower than
that at earlier time, indicating that the bottom-hole
pressure has slightly increased. In other words, the
effect of heavier CO, containing water suppresses the
gas lift effect, although not enough to hinder the
inflow from the reservoir under the given conditions.
However, although the earlier development of gas
phase at depth is not strong enough to cause an
eruption, it is responsible for the first eruption being
larger and longer than the other eruption events later
on because it creates a condition in which more CO,
is stored in the well before the eruption. For each
eruption cycle thereafter, the pressure reaches the
maximum value when the last gas bubble of CO,
escapes from the well right before the next eruption.
As the new water (saturated with CO, under higher

Figure 7. Sketch of injection into a depleted gas field
(Case 3).

L Pan et al.

pressure) reaches the surface, gas phase occurs at the
top first and reduces the pressure for the water below
(i.e. creates exsolution conditions there). With the
rapid propagation downward of the exsolution
process, another eruption takes place until it uses up
the CO, that can be released in gas phase in the well.
Here the key point is that the gas phase inflow, as
controlled by reservoir transmissivity, is not enough
to support the continued gas phase flow in the well
(Fig. 6(c)). Consequently, gas phase evolves from the
top downward by exsolution (Fig. 6(d)). This is
fundamentally different from the situation in Case 2
where the gas phase occurs at the bottom first and
finally breaks through the water barrier in the well
(Fig. 4(d)). In Case 2, the exsolution process only
plays the role of accelerating the breakthrough process
of the gas phase. The continued gas inflow from the
reservoir is critical to establishing continued leakage
flow through the wellbore in Case 2.

In short, the initial gas saturation in the reservoir
affects not only the magnitude of the leakage flow
through an open wellbore but also the dynamic
pattern of the leakage in the well-reservoir system
investigated above.

Case 3. Injection of CO, into a depleted
gas field

This problem examines injection of CO, into a
depleted gas field at a depth of 3000 m below the
surface. The focus here is to investigate if the lower
pressure in the reservoir could limit wellbore mass
flow due to potential down-hole transition to sub-
critical (gaseous) conditions. The reservoir is as-
sumed to have a thickness of 100 m and an area of
1 km by 1 km. It is fully perforated by a wellbore of
0.18 m in diameter. The initial pore pressure in the
reservoir is arbitrarily set at approximately 3.4 MPa.
The initial temperature in the reservoir is 90 °C
whereas the temperature in the wellbore gradually
reduces to 35 °C as it approaches the surface. An
impermeable layer with a constant temperature of
90 °C is located below the reservoir formation. The
permeability of the reservoir is 107'* m?. The injec-
tion rate is 100 kg/s at a temperature of 60 °C. A 2D
radially symmetric grid with 416 cells (31 well cells)
is used. Note the emphasis in this example is on the
evolution of pressure and temperature and that
compositional effects involving natural gas (CH,)
are ignored.
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Figure 8. Case 3: Profiles of pressure and temperature in the injection wellbore as a function
of time. (c) and (d) are short time (the first day) plots of (a) and (b), respectively.

As shown in Fig. 8, the lower pressure in the
wellbore quickly disappears with the injection of
CO,. Within one day of injection, most of the
wellbore reaches supercritical conditions (Fig. 8(c))
and the entire wellbore is in supercritical conditions
after about 240 days of injection (Fig. 8(a)). The
temperature profile quickly changes from geothermal
gradient-dominated to convection-dominated within
1 day (Fig. 8(d)) and then becomes relatively uniform
(Fig. 8(b)). The wellhead pressure quickly (within
1 day) rises above 9 MPa and remains there until the
CO, front reaches the lateral boundary of the reser-
voir so that pressures in the entire reservoir rise to
above the critical pressure (Fig. 9). Although the low
pressure of the reservoir does keep the lower portion
of the wellbore under subcritical conditions for a
significant period, it does not cause a persistent
limitation of mass flow rate in the wellbore. This
result suggests that injection into a low-pressure
reservoir is feasible and may not always require use
of downhole chokes or other methods to maintain

uniform CO, phase conditions in the well for a
desired injection rate.

Discussion and conclusions

Numerical simulation of generic and idealized
wellbore CO, leakage and injection problems suggests
that coupled wellbore-reservoir flow problems are
transient at early time but may reach quasi-steady
states relatively quickly when changes in the reservoir
conditions are not a limiting factor. For two-phase
CO,-brine leakage up a wellbore, quasi-steady-state
flows are reached within minutes to hours if the
reservoir can maintain a constant boundary condition
at the wellbore bottom. Simulations of a more
realistic wellbore-reservoir system suggest that the
leakage dynamics could be much more complicated
than the simple quasi-steady-state flow, especially
when the two-phase inflow from the reservoir is near
some threshold point. For example, the oscillation of
the bottom-hole pressure due to rapid changes in
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Figure 9. Case 3: Transient pressure responses to the
injection at wellhead, well bottom, and two locations in the
reservoir.

fluid and phase composition in the wellbore could
effectively open or close off entry of gas phase from
the reservoir into the wellbore. In this case, the
system is not even close to any quasi-steady state. For
the case of injection of CO, into a depleted (low-pres-
sure) gas reservoir, overall conditions are transient for
over 100 days, but the key pressure response needed
to maintain single-phase conditions in the well occurs
within minutes. Flow-rate limitations due to the
formation of gaseous CO, during injection into
low-pressure reservoirs are not predicted by our
model.

These conclusions about the transient flow of CO,
and brine under leakage and injection scenarios were
made possible by our development and application of
a non-isothermal multiphase wellbore-reservoir
simulator (T2Well/ECO2N) for modeling leakage or
injection of CO, and NaCl brine in GCS systems.

The complexities of coupled reservoir-wellbore flow
revealed in these examples are just a very limited
sampling of scenarios that can be simulated by
T2Well/ECO2N.

Appendix A. Verification

Steady-state two-phase flow upward
(comparison against analytical solutions)

To verify the wellbore flow solution approach,
we simulated a case of steady-state, isothermal,

L Pan et al.

Table A1. Parameters of the two-phase wellbore

flow problem.

Parameter Value Note
Length 1,000 m Vertical
wellbore
Diameter 0.1m Circular
Total (upward) mass flux (G) 50 kg/m?/s Gas + Liquid
Gas mass fraction 0.5
Temperature 40 °C Isothermal
Wellhead Pressure 105 Pa

two-phase (CO, as gas and water as liquid) flow
through a vertical wellbore of 1,000 m length. The
details of the problem are described below (Table A1):

The specifications of the one-dimensional numerical
solution (T2Well/ECO2N) are:

1. 1,000 m wellbore with a diameter of 0.1 m

2. Grid resolution 10 m

Injection mass rate at bottom: CO,: 0.19625 kg/s;

water: 0.19625 kg/s (Each = 25 kg/m2/s with a

cross sectional area of 7.8500E-03 m?)

4. Isothermal simulation with a uniform temperature
of 40 °C throughout the wellbore

5. Top boundary (outlet) pressure is 10° Pa

6. Wall roughness 2.4e-5 m

»

The steady state problem is actually solved as a
transient problem with adaptive time steps. The
ending simulation time is 0.456869E+09 seconds
(4100 steps), at which the average pressure loss due
to temporal acceleration is about 3.80E-16 (Pa/m).
Therefore, the steady state is considered to be
reached.

As shown in Figure Al, the numerical solutions are
almost identical to the analytical solutions29, thereby
verifying the numerical wellbore code (T2Well/EOS3)
for this particular problem. Note that the mixing
between the CO, and the water phases is allowed in
the numerical simulation but no mixing is assumed
for the analytical solution. However, the almost
perfect match between analytical solutions and the
numerical solutions implies that the effects of the
mixing between the two phases (<2%) on the two
phase flow are negligible.

In this system, although the mass fraction defined as
the ratio of CO, flow rate to H,O flow rate is constant
(X = 0.5) throughout the wellbore, the gas (CO,-rich
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Figure A1. Distribution of pressure, gas saturation, gas-phase velocity, and drift velocity
under steady-state, isothermal, two-phase (CO,/water) flow conditions in a vertical wellbore
showing excellent agreement between the two approaches.

phase) saturation decreases with depth due to pres-
sure increase because of the low density of gas phase
at the given pressure range (Figure Al). Meanwhile,
the drift velocity (of the gas-phase velocity relative to
the mean volumetric velocity) increases with depth
from about 0.28 m/s to 0.72 m/s. However, the
gas-phase velocity decreases with depth by about 11
times over 1000 meters (Figure Al).
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