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ABSTRACT 

We are using TOUGH2/ECO2M to simulate 
CO2 and brine flow in high-pressure long-
column pressure vessels (LCPVs) that could 
someday be housed in an underground labora-
tory. The simulations are aimed at designing 
experiments to understand upward leakage of 
CO2 from deep geologic storage, including the 
transition of CO2 from super-critical to gaseous 
and liquid conditions. The LCPV would consist 
of a vertical steel pipe a few hundred meters in 
length and one meter in diameter with a central-
ized vertical pipe analogous to a well for insert-
ing monitoring equipment. The annular region 
between the inner pipe and the outer wall will be 
filled with porous materials saturated with brine. 
The LCPVs would be suspended in a long verti-
cal shaft with thermal control on the outer wall 
boundary. With TOUGH2/ECO2M, we are able 
to model all possible phase combinations of 
CO2, NaCl, and water. Results for radial 2-D 
simulations of upward flow in the 500 m high by 
1 m in diameter column are very sensitive to the 
choice of outer thermal boundary conditions. For 
the case of constant geothermal-gradient 
temperature on the outer wall, representing flow 
up a narrow flow channel such as a well, there is 
very little liquid CO2 formed, as heat from the 
sidewall counteracts expansion cooling and the 
CO2 generally remains either supercritical or 
gaseous. For the case of an insulated-sidewall, 
by which the column represents the center of a 
large upwelling plume, upward migration of 
CO2 and related expansion cooling leads to 
three-phase conditions through the formation of 
liquid CO2 in equilibrium with gaseous CO2 and 

brine. The lack of knowledge regarding three-
phase relative permeability behavior underlines 
the need for large-scale flow experiments to 
understand multiphase CO2 leakage.  

INTRODUCTION 

Concern about CO2 leakage and associated envi-
ronmental impacts from Geologic Carbon 
Sequestration (GCS) sites motivates research to 
elucidate and quantify processes governing 
upward flow and transport of CO2. With only a 
handful of demonstration and industrial projects 
available, a large amount of research into the 
performance of GCS is carried out by numerical 
simulation. Beyond the well-accepted process 
models such as Darcy’s Law for fluid flow, 
Fick’s Law for molecular diffusion, and 
Fourier’s Law for conductive heat transfer, there 
are numerous multiphase, multicomponent, and 
process couplings that are not as well understood 
and whose prediction depends to a large degree 
on empiricism. Progress in the understanding of 
hypothetical GCS processes therefore requires 
encoding into simulators defensible physical and 
chemical process models, which are often devel-
oped through laboratory experimentation.  
 
One limitation of laboratory experiments is the 
length scale, which is generally restricted to 
bench scale with a maximum length on the order 
of one meter. This limitation restricts the aspects 
of GCS that can be tested in the laboratory. For 
example, large-scale upward CO2 migration and 
associated depressurization would be accompa-
nied by a large expansion as CO2 transitions 
from the supercritical or liquid conditions of the 
storage formation to gaseous conditions at shal-
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lower depths. In order to study and understand 
such processes and related changes in flow 
velocity, temperature (e.g., by expansion cool-
ing), and trapping in the porous medium, 
experiments need to be conducted over long 
vertical length scales. 
  
At least one CO2-related experiment has been 
carried out in a long tube suspended in the stair-
well of a tall building (de la Reguera et al., 
2010). Slim-tube approaches used in the oil and 
gas industry (e.g., Maloney and Briceno, 2008) 
provide another method of representing a long 
flow path, but because slim tubes are normally 
deployed as tight coils, e.g., for convenience in 
placing them within ovens for temperature 
control, they do not provide a hydrostatic pres-
sure gradient. Underground laboratories provide 
another opportunity for developing pressure-
controlled long vertical flow columns, an 
approach our team has conceptualized for the 
“Laboratory for Underground CO2 Investiga-
tions” (LUCI) (Peters et al., 2010).  
 
The experiments being considered for LUCI will 
focus on questions such as:  
 
• What is the extent of cooling due to 

decompression expansion?  

• In addition to the supercritical to gas transi-
tion, can liquid CO2 form?  

• How much CO2 becomes trapped by residual 
phase trapping during upward flow of CO2? 

 

The long-column pressure vessels (LCPVs) 
filled with sand and brine conceived for LUCI 
will be designed to represent 500 m vertical 
sections of the subsurface over a depth range 
controllable by specification of bottom and top 
pressure and temperature conditions. As an 
effectively one-dimensional system, the LCPV 
would formally represent either an actual one-
dimensional flow path such as a leaky well (e.g., 
Gasda et al., 2004), or a small region in the 
middle of a vast upward-rising plume as 
sketched in Figure 1. We can control which of 
these scenarios we want to test through the 
application of different thermal boundary condi-
tions on the outer wall of the LCPV—constant 
geothermal gradient temperature for the one-
dimensional flow path, and insulated for the 
middle of a vast plume. 
 
With an understanding developed from numeri-
cal simulations of how flow might occur in the 
LCPV system, precise specifications of the 
system can be made and used to design and 
build the LUCI facility. The purpose of this 
paper is to present simulations of experiments 
that could be carried out in a specific LCPV and 
to demonstrate the sensitivity of the formation of 
liquid CO2 as supercritical CO2 flows upwards 
to the choice of boundary conditions. We 
emphasize that this paper is not about modeling 
upward CO2 and brine flow in natural systems, 
but rather about simulating flow and transport in 
a potential future LCPV. As such, the parame-
ters and properties of the system are chosen to 
be those of the engineered LCPV system, not 
those of any natural system.      
 

 

 
 
Figure 1.  Conceptual models of fault and abandoned-well leakage pathways for CO2. The one-dimensional nature 

of the leakage pathway is implicit in the abandoned well; for the CO2 plume, the one-dimensional flow 
conceptualization is shown by the light gray bar which represents upward flow in the center of a large 
upwelling region. 
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METHODS 

We carried out numerical simulations of CO2 
and brine flow in the LCPVs using 
TOUGH2/ECO2M (Pruess et al., 1999; Pruess, 
2011). ECO2M is an equation of state module 
that describes the pure-component and mixture 
properties of water, NaCl, and CO2. ECO2M can 
model the full range of phase conditions in the 
system H2O-NaCl-CO2, including P-T condi-
tions on the liquid-gas phase boundary (satura-
tion line) with the potential for three-phase 
conditions (aqueous, liquid CO2, and gaseous 
CO2). Because of its complete description of 
possible phase conditions, ECO2M is capable of 
simulating any scenario of upward CO2 and 
brine flow, including the formation of liquid 
CO2.  

Some authors have pointed out the importance 
of considering the change in gravitational 
potential in the calculation of the enthalpy of 
rising fluids (e.g., Stauffer et al., 2003), a term 
not included in standard TOUGH2. Comparing 
the enthalpy change caused by pressure change 
from top to bottom to the gravitational potential 
change in the system studied here reveals that 
the change in gravitational potential over 500 m 
is insignificant relative to the pressure-volume 
term for the CO2 rise scenario considered. 
Therefore, we can neglect the gravitational 
potential in the energy-balance equations. 

A sketch of the long-column pressure vessel 
with large horizontal exaggeration is shown in 
Figure 2, along with the radially symmetric 
domain used for the simulations. The left-hand 
side (LHS) boundary is placed at the wall of the 
inner access well, which will be used for moni-
toring the annular flow region using various 
down-hole geophysical monitoring tools. This 
access well is currently specified to be made out 
of fiberglass and filled with brine under hydro-
static conditions to avoid large pressure gradi-
ents that could burst the inner wall. We assume a 
closed boundary (no-flow and insulated) for the 
inner-wall (LHS) for all of the simulations. The 
bottom of the LCPV is also closed and insulated, 
but includes flow ports such that CO2 can be 
injected at a controlled rate. The top of the 
column is held at constant P-T conditions of 
3.43 MPa and 23.75°C. These conditions corre-
spond roughly to a depth of about 350 m in a 

typical sedimentary basin. Under these condi-
tions and with NaCl brine of 100,000 ppm 
concentration, the P-T at the bottom of the 500 
m long LCPV are 8.67 MPa and 36.25°C. We 
note finally that the critical pressure and temper-
ature for CO2 are located at approximately -380 
m and -295 m as measured downward within the 
LCPV, respectively.  
 
The fixed geothermal gradient boundary condi-
tion is implemented by setting the thermal heat 
energy contained in the gridblocks at the bound-
ary to an effectively infinite value (by setting 
either gridblock volume, rock heat capacity, or 
rock density to a very large value)  

 
Figure 2. Sketch of annular flow region in long-

column flow vessel, which includes an 
inner column for deployment of monitoring 
equipment. On the right-hand side is the 
two-dimensional radial numerical simula-
tion domain with named boundaries (LHS 
= left-hand side (inner wall), RHS = right-
hand side (outer wall)). 

so that, regardless of how much heat flows into 
or out of the gridblock, its temperature remains 
the same. These fixed-temperature gridblocks 
are made closed to flow by setting their permea-
bility to zero and using harmonic weighting of 
permeability at interfaces between gridblocks. 
The open boundary conditions are implemented 
by giving the boundary gridblocks non-zero 
permeability and effectively infinite volume, 
such that their pressures and temperatures 
remain constant regardless of how much fluid 
and heat flows in or out. The closed-to-flow and 
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thermally insulated boundary conditions are 
implemented simply by using finite-volume 
gridblocks with normal flow and thermal prop-
erties at the boundaries of the domain.  
 
The model LCPV flow domain is assumed to be 
filled with unconsolidated sand such as one 
would emplace by slurry or tremie methods in 
the actual LCPV. The homogeneous coarse sand 
was chosen to allow fluid flow in the column 
over practical experimental time scales rather 
than to represent any particular sedimentary 
basin or reservoir system. Specific properties of 
the unconsolidated sand were estimated using 
the Rosetta Database (Schaap, 2000) which 
resulted in porosity, permeability, and capillary 
and relative permeability parameters shown in 
Table 1. For cases in which liquid- and gas-
phase CO2 co-exist along with aqueous-phase 
brine, the three-phase capillary pressure and 
relative permeability formulations of Parker et 
al. (1987) are used. The values of capillary 
pressure for supercritical, gaseous, and liquid 
CO2 for a given aqueous-phase saturation are 
assumed to be the same (i.e., we assume no 
interfacial tension between the various phases of 
CO2). The porous sand is assumed to be unreac-
tive and immobile during all flow processes, i.e., 
reactive geochemistry and geomechanical 
stresses and deformation are neglected. We also 
neglect molecular diffusion because we have 
observed in test simulations (not presented here) 
its negligible effect in this high-permeability 
system.  
 
Hysteretic capillary pressure and relative perme-
ability functions are generally needed when 
drainage (drying) and imbibition (wetting) occur 
simultaneously in different parts of the flow 
domain. Hysteretic functions were not specified 
for the constant-injection case shown here 
because the system was expected to always 
remain on the drainage branch, i.e., CO2 is 
injected constantly, resulting in monotonic 
drying processes. The fact that the constant-
injection case is essentially monotonically 
drying is convenient, because we are not aware 
of the existence of a three-phase hysteretic 
model for CO2-water systems.  
 
For injection into the domain at the bottom, we 
assume a constant injection rate distributed in 

the radial direction to produce a uniform mass 
flux over the bottom boundary. The total mass 
injection rate at the bottom of the LCPV is 
1.58!10-2 kg/s (1.36 tonnes/d). This flow rate 
was derived from preliminary simulations that 
implemented a constant hydrostatic pressure 
bottom boundary, with CO2 saturation at the 
boundary equal to one, so that only pure CO2 
phase would enter the brine-saturated column. 
We augmented this  
 
Table 1. Properties of the of the LUCI system. 

Property Value 
Porosity (!) 0.40 
Permeability (k) 1.7 x 10-11 m2 
Capillary Pressure (Pcap) 
and Relative Permeabil-
ity (kr) 
Terminology: 
! = m = 1-1/n = power in 

expressions for Pcap 
and kr 

Sar = Sm = aqueous-phase 
residual saturation   

Slr = CO2 liquid-phase 
residual saturation 

Sgr= CO2 gas-phase 
residual saturation 

Pc0 = ""1 = capillary 
pressure between 
aqueous and non-
aqueous phases  

Pcmax = maximum possi-
ble value of Pcap 

 

van Genuchten1 two-
phase and Parker2 
three-phase  

# = 0.774 
Sar = 0.127 for Pcap, 

0.130 for kr 
Slr = 0 
Sgr = 0.01 
Pc0 = 2875 Pa 
Pcmax = 1x106 Pa 
Pcap between CO2 gas, 

liquid, and super-
critical phases is 
assumed to be 
zero. 

Thermal conductivity of 
sand and brine mixture4 

2.5 W/(m K) 

Thermal conductivity of 
5 cm-thick stainless steel 
(304) on RHS boundary 

14.6 W/(m K) 

Density of stainless steel 7920 kg/m3 
Heat capacity (CP) of 
stainless steel 

502.1 J/(kg K) 

1van Genuchten (1980), as in Doughty (2007) 
2Parker et al. (1987) as in Pruess (2011), simplifies to 
van Genuchten when only two phases present 
 
injection rate by a factor of two above the pure 
buoyant rate to make a flow system that would 
evolve on a relatively short time scale conven-
ient for the experimentalists who would be oper-
ating LUCI. The CO2 injected at the bottom is 
into a row of gridblocks with infinite heat 
capacity, which implements a constant-temper-
ature injection.  
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RESULTS 

Fixed geothermal gradient boundary  
In this scenario, CO2 is injected at a constant rate 
and temperature into the bottom of the LCPV, 
which is initially filled with a brine with 
100,000 ppm NaCl at hydrostatic pressure and 
temperature equal to the selected geothermal 
gradient. Temperature at the outer wall or RHS 
boundary is held fixed at this geothermal gradi-
ent profile. Figure 3 shows results at t = 5 d 
following the start of injection. As shown, the 
CO2 front has moved upwards approximately 
260 m, creating a region of two-phase gaseous 
and super-critical CO2 (scCO2)-brine mixture. 
The pressure in the system increases due to this 
injection process. Isotherms are generally lifted 
upwards as the brine is displaced upwards and 
the injected CO2 is at the relatively warmer 
temperature of the bottom boundary. The 
injected CO2 decompresses as it rises upward 
through the hydrostatic pressure of the brine 
column and may exchange heat with the outer 
wall of the column. Overall, the simulation 
shows some minor two-dimensional effects 
arising from the fixed geothermal gradient 
boundary condition.  
 
The nearly one-dimensional nature of the flow 
problem allows us to plot results as vertical 
profiles through the system. Figure 4 shows 
values of P, T, SCO2, and $CO2 for vertical profiles 
along the LHS of the LCPV at four times to 
explicitly show the vertical variations in temper-
ature and phase conditions in the system—for 
example, the clear indication of the phase front. 
Note also that we include the liquid-gas phase 
boundary in the temperature plot. This curve 
represents the locus of points along which gas 
and liquid CO2 are in equilibrium at the given 
pressure of the system. At t = 5 d, the CO2 is 
supercritical below approximately -320 m and 
gaseous above. The effects of expansion cooling 
at t = 5 d can be seen clearly on the vertical 
profile plots of Figure 4 by the deflection toward 
lower temperatures at around z = -350 m and 
near-intersection with the liquid-gas phase 
boundary. The increased T relative to initial 
condition between z = -250 m and -350 m is 
likely due to advection of warmer fluid upward. 

 
Figure 3. Results at t = 5 d showing P, T, SCO2, and 

$CO2 for the case of the fixed geothermal 
gradient boundary condition on the RHS. 
The critical pressure (Pc) and temperature 
(Tc) are indicated by the light solid curves 
on the P and T plots. 

Insulated boundary  
To understand the effect of the outer wall (RHS) 
thermal boundary condition, we consider next a 
case identical to the above except the RHS 
(outer wall) is perfectly insulated. Results at t = 
5 d are shown in Figure 5 for comparison to 
Figure 3. The first observation is that the system 
behaves essentially like a one-dimensional 
system in terms of fluid (P) and heat (T) flow 
with no lateral variation whatsoever. Second, 
with no heat entering or leaving through the 
RHS boundary, the intrinsic thermal effects are 
more obvious, because they are controlled solely 
by advection, conduction, expansion, and phase 
change effects.  
 
Vertical profiles of results for t = 5 d, 10 d, 20 d, 
and 30 d are shown in Figure 6. As shown, 
interesting oscillations in temperature occur at 
various times, resulting in liquid CO2 conditions 
alternating with scCO2 and gaseous CO2. The 
occurrence of liquid CO2 causes phase interfer-
ence that impedes upward flow and introduces a 
negative feedback to the expected expansion 
cooling, resulting in oscillations in density and 
temperature. 
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Figure 4.  Vertical profiles along the inner radius of the domain at (a) t = 5 d, (b) t = 10 d, (c) t = 20 d, and (d) t = 

30 d for the fixed geothermal gradient boundary condition on the RHS. The color of the lines represents 
the value of the variable being plotted against depth, for visual emphasis. Initial conditions for P and T 
are shown by the dashed lines. The liquid-gas phase boundary is shown in the temperature frame by the 
line labeled Tsat.  

 

 
Figure 5. Results for the case with an insulated 

boundary condition on the RHS.  Note 
that there is no variation in the lateral (r) 
direction (i.e., the fields are one-dimen-
sional) 

 

At t = 30 d, liquid CO2 is present from z = -200 
m to -370 m. The large region of liquid CO2 
points to the importance of expansion cooling in 
large-scale buoyant CO2 rise, at least for systems 
with high porosity and permeability. At the 
liquid-gas phase boundary, there are two CO2 
phases (liquid and gas) in equilibrium with an 
aqueous phase. In this situation, three-phase 
relative permeability and capillary pressure 
functions are needed. The migration of the 
system to the liquid-gas phase boundary seems 
to be a fundamental behavior of the system 
observed for all reasonable combinations of 
relative permeability tested so far. To see alter-
native graphical and animated representations of 
these simulation results, please see animated 
time plots in the Supplementary Material of our 
Greenhouse Gases: Science and Technology 
paper (Oldenburg et al., 2011).  
 



 

 - 7 - 

 
Figure 6. Vertical profiles along the inner radius of the domain at (a) t = 5 d, (b) t = 10 d, (c) t = 20 d, and (d) t = 

30 d for the case with insulated boundary condition on the RHS. 
 
CONCLUSIONS 

Numerical simulations using TOUGH2/ECO2M 
for the preliminary design of long-column flow 
experiments such as those proposed for LUCI 
have been carried out. The fixed geothermal 
gradient boundary condition is representative of 
the case of CO2 flow up a narrow conduit such 
as the annulus of an abandoned well or a fault 
zone. The insulated boundary condition is repre-
sentative of the upward flow of CO2 in the 
middle of a much larger CO2 plume. Simulation 
results for scenarios involving constant injection 
of CO2 in an initially brine-filled sand column 
are sensitive to the outer wall thermal boundary 
condition. Radial gradients in temperature occur 
for the fixed geothermal gradient case, showing 
that the outer wall temperature controls the 
temperature in the system, whereas in the insu-
lated case, heat transfer and temperature are 
controlled by vertical advection and conduction, 
expansion, and phase-change processes.  
 
Liquid CO2 forms in flow simulations using 
either boundary condition, but much more liquid 
forms in the insulated outer wall case, because 

expansion cooling is stronger when the outer 
wall boundary does not supply heat to the 
system. When two-phase liquid-gas conditions 
occur, the system becomes locked onto the 
liquid-gas phase boundary. The prevalence of 
liquid CO2 in these upward-leakage simulations 
and the lack of knowledge about modeling three-
phase relative permeability motivate the devel-
opment of a large-scale experimental facility 
with LCPVs, in which controlled flow experi-
ments can be carried out. An experimental facil-
ity would provide the opportunity for research-
ers to investigate outstanding research questions, 
such as the role of phase interference in multi-
phase CO2 systems along with much more 
realistic and complex systems—for example, by 
layering different materials into the column, and 
including reactive transport and other physical 
and chemical processes. In all likelihood, a 
large-scale experiment would reveal additional 
unpredicted behaviors, the study of which could 
allow increased understanding of large-scale 
flow and phase change phenomena in CO2 
systems.  
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