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Objectives 
 

Ø  Simulation of multiphase flow of CO2-brine and perfluorocarbon 
(PFC) tracer for Cranfield detailed area of study (DAS) 

Ø  Evaluating breakthrough curves (BTCs) and breakthrough times 
(BTs) for PFCs (PMCP, PMCH, PTCH, and PECH/PDCH) and 
SF6 tracers co-injected with CO2  

Ø  Study how combination of PFC pulses & simulation results help 
in constraining heterogeneity & flow paths development over time  

  

Reservoir Simulator 
 

Ø  Multi-phase compositional compressible flow 
 
Ø  Thermodynamic equilibrium: equality of fugacities of 

components in each phase  

Ø  Cubic-plus-association (CPA) EOS 

Ø  Darcy & pressure equations by Mixed Hybrid FE (MHFE) 

Ø  2nd order discontinuous Galerkin (DG) for transport equation 
 
 
 

Conclusions 

Numerical Set-up 
 
Ø  DAS within Cranfield (Figure 1 & 2) 

Ø  Petrophysical properties from The University of Texas at Austin, 
Bureau of Economic Geology (see Figure 3) 

Ø  Aquifer temperature: 128°C 

Ø  Initial pressure at bottom: 32 MPa 

Ø  CPA-EOS parameters tuned to match Cranfield data 

Ø  Brooks-Corey relative permeabilities  
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works have been performed to quantify pressure anomalies result-
ing from focused leakage (e.g., from faults and abandoned wells)
and diffusive leakage (e.g., from leaky caprocks) (e.g., Nordbotten
et al., 2005; Cihan et al., 2011; Sun and Nicot, 2012; Sun et al.,
2013b; Kang et al., 2014; Dempsey et al., 2014; Heath et al., 2014;
Birkholzer et al., 2015). Major advantages of pressure sensing over
other deep subsurface detection technologies include its (i) early
detection potential; (ii) cost effectiveness; (iii) suitability for con-
tinuous, automated, long-term deployment; and (iv) suitability for
optimal sensing or targeted monitoring (Jung et al., 2013; Sun et al.,
2013a; Jenkins et al., 2015; Hu et al., 2015). Concerns over pressure
sensing include its lack of sensitivity to “small” leaks and its prone-
ness to noise interference, especially when deployed for monitoring
CO2 enhanced oil recovery (CO2-EOR) reservoirs. Notwithstand-
ing the large number of theoretical studies, relatively few field
experiments have been conducted to date to demonstrate the
effectiveness and limitations associated with the pressure-based
leakage detection for carbon storage reservoirs. Here, a distinction
is made between field experiments that are designed to quantify
the effect of pressure responses to leakage and those that merely
collect pressure data as side products. We refer the former category
as active monitoring, while the latter as passive monitoring.

This paper presents results from a series of deep subsurface tests
conducted recently at a CO2-EOR field near Cranfield, Mississippi,
USA. These tests were exclusively designed to investigate the fea-
sibility of deploying pulse testing as a simple and cost-effective
leakage detection technique. Pulse testing can be considered a
special type of pressure transient testing. During pulse testing,
the injection rate is varied periodically while reservoir pressure
responses are continuously monitored in observation wells. The
pressure data are then analyzed to characterize hydraulic commu-
nication between wells and to infer reservoir parameters. Although
pulse testing has long been used in reservoir characterization, its
use for monitoring the integrity of carbon storage formations is
new and, as far as we know, has never been tested in the field. In
the following sections, we present the background of our field study
site, the experimental design and methodologies, field data inter-
pretation, and discussion. Finally, lessons learned from the field
experiment are summarized.

2. Background of study site

The Cranfield site has been used as a demonstration site for
geologic carbon storage during the last seven years, under col-
laboration between the Southeast Regional Carbon Sequestration

Partnership (SECARB) and Denbury Onshore LLC (Denbury). Oil and
gas production originally started at the site in 1944. Gas recycling
was used to maintain reservoir pressure until 1959, when the gas
cap was depleted. By 1966, most of the wells had been plugged and
abandoned. The reservoir remained idle until Denbury began CO2
flooding for EOR in July 2008. The source of CO2 was produced from
a nearby natural source in Jackson Dome, Mississippi. The Cran-
field site was  originally selected by SECARB to develop the practice
of “stacked storage,” which would use the EOR operations to sup-
port infrastructure setup, characterization, and public acceptance
for longer-term saline storage of CO2 (Hovorka et al., 2013).

The Cranfield reservoir is a four-way structural closure (with a
northwest-trending crestal graben) located about 3,010 m below
ground surface. The reservoir formation comprises fluvial sand-
stones and conglomerates of the Cretaceous lower Tuscaloosa
Formation, which is underlain by a regional unconformity on top of
shales and sandstones of the Dantzler Formation. The regional con-
fining zone overlying the reservoir is 60 m of the middle Tuscaloosa
marine mudstone. The CO2 injection interval at the Cranfield site is
locally referred to as the D and E units, which range from 14 to 24 m
in thickness and were deposited as part of a laterally continuous but
internally complex fluvial formation comprised of fining-upward
sandstones and conglomerates. Chlorite coatings appear to have
preserved porosity and inhibited quartz cementation, but occluded
permeability. The stacking facies pattern of point-bar and channel
sand bodies as found in the D–E units can have a significant impact
on flow and transport paths, as many previous studies have shown
(Knudby and Carrera, 2005; Sun et al., 2008). The reservoir tem-
perature is about 129 ◦C, and reservoir pressure before CO2-EOR
started is around 32 MPa, which is close to the original hydrostatic
pressure in place. The dip of the reservoir interval ranges from 1
to 3 degrees. More detailed descriptions of the regional and site
geology related to Cranfield can be found in Lu et al. (2012).

Many of the past research and development activities at the
Cranfield site had been conducted at its Detailed Area of Study
(DAS) site, which consists of three colinear wells, including one
injector (CFU31-F1) and two  monitoring wells (CFU31-F2 and
CFU31-F3) (Fig. 1). These three wells will be referred to as F1, F2, and
F3 in the rest of this paper. The surface separation distance between
F1 and F2 is 69.8 m,  and between F2 and F3 it is 29.9 m.  The bottom-
hole distance between F1 and F2 is 60 m;  between F1 and F3 it is
93 m;  and between F2 and F3 it is 33.5 m.  F2 and F3 were completed
with fiberglass casing to facilitate electrical resistance tomography
(ERT) measurements and other well loggings during site character-
ization. Fig. 2 shows the vertical distributions of permeability and

Fig. 1. Areal view of the detailed area of study at Cranfield site (Lon: −91.141◦ , Lat: 31.564◦), which consists of an injector (F1) and two  monitoring wells (F2 and F3). During
leak  experiments, F3 was  used as a “leaky” well. Locations of the flowback tank and trailer area are also labeled.

Injector Observation 

60 - 68 m 
98 - 112 m 
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      Figure 4 Injection rate 

      Figure 5 Bottom-hole pressure  

Ø  Simulations match the field data remarkably well over 
relatively short time-scales  

Ø  Larger discrepancy at later times due to the growing 
complexity of developing flow paths and tracer transport 

Ø  Perfluorocarbon tracers offers a powerful tool to interrogate the 
subsurface in-situ  

Ø  Tracer BTCs + simulations can constrain reservoir properties 
(e.g., distribution of fluvial depositional features) and physical 
processes (e.g., advection and diffusion) are 

injection well 

observation well  

angle 5°  

angle 12°  

Figure 2 
Numerical grid for DAS. The grid is 
155 × 195 × 24 m3, with 257,856 
hexahedral elements. Grid block size 
of 3 × 3 × 0.3 m3 
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PMCH Simulated F3 at 112 m

PMCH Simulated F2 at 68 m

 
Figure 7 

2009 and 2010 BTCs for PFCs and SF6 for F2 (left 
column) and F3 (right column). Blue circles for times < 
50 days correspond to measured data in the 2009 
campaign. The 2010 measurements are located 
around 150 days 
 
 
 

PMCH CO2 

CO2 mole fraction: PMCH mole fraction: 

PMCH 

CO2 mole fraction: PMCH mole fraction: 

CO2 

Injected mass, injection schedule, observed, and simulated BTs 
 

2009 campaign 
 

  
Injected 

               Breakthrough time (days) 
       Observed      Simulated 

  M a s s 
(kg) 

T i m e 
(days) F2 F3 F2 F3 

PMCP 0.6 3.125 13.7 15.6 11 23.2 
PMCH 1.1 0 11.6 17.2 10 23.2 
  0.6 11.2 - 23.7 - 31 
PECH 0.6 1.3 11.4 15.6 10.2 23.2 
  0.6 3.125 - 17.0 - 31.5 
PTCH 1.1 0.25 11.1 16.5 10.4 23.5 
  0.6 18.5 - 29.6 - 29 
SF6 40.4 2.5 12.0 14.8 10.8 23.2 

2010 campaign 

  
Injected 

               Breakthrough time (days) 
      Observed     Simulated 

  Mass (kg) T i m e 
(days) F2 F3 F2 F3 

PMCP 1.4 132.6 148.8 145.9 139.5 145.5 
PMCH 1.0 161.5 - 168.5 165.5 170.5 
PECH 1.3 132.7 146.3 145.5 139 144.5 
  0.5 134.7 - - 142 165.0 
PTCH 1 161.5 - 168.5 165.5 170 
SF6 31.75 135 153.1 147.0 141 147 

Figure 9 
Contours of CO2 and PMCH mole fraction after 6, 11.5, 
and 23 days of CO2 injection (2009 campaign). PMCH 
injected at time zero and 11.5 days. Vertical cross 
sections in the middle of the computational domain are 
also shown. The dotted lines show the locations of F2 
and F3 at 60 m and 98 m, respectively. BTs of PMCH 
and CO2 in F2 and F3 are nearly the same, confirming 
that the PMCH follows CO2 transport pathways 
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Figure 10 
Contours of CO2 and PMCH mole fraction after 2,4, and 
9 days of CO2 and PMCH injection starting at time 
161.5 days (2010 campaign). The top 3 rows of panels 
only show ‘new’ CO2 and PMCH, whereas the bottom 
row shows cumulative concentrations (2009 and 2010 
combined) 

Figure 1 
DAS with an injector (F1) and 
observation wells F2 and F3 

Residual brine saturation 

Ø  Residual water saturation of 0.6 provides a better results for 
BTCs curves and pressure responses, especially at later times  

Figure 6 
2009 and BTCs for 20 individual grid 
cells throughout the observation wells 
(F2 and F3) perforated intervals. It is 
clear that multiple channels of the 
PMCH tracer reach the observation 
wells at different times and depths  

Figure 8 
2010 BTCs for PFCs and SF6 for 
observation wells F2 (left column) and F3 
(right column). Measured data are shown 
on a different scale (right axis) 

Figure 3 
Formation permeability shows modeled fluvial channels 

  

  


