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Summary 

 

Improved hydrocarbon recovery, and carbon capture and storage (CCS) into the deep saline aquifers and other potential  

target  reservoirs  require  monitoring  strategies. Seismic represents one of the few technologies with enough spatial  

coverage. CCS relies on monitoring, verification and accounting of stored volumes. Similarly, improved oil and  gas  

recovery  requires  monitoring  of  displacement fronts as well as spatial mapping of saturation. This can only be satisfied if 

a quantitative relationship between the seismic response and saturation can be established. Multiphase flow reservoir 

simulation offers a potential way of connecting properties distribution, namely static, porosity and permeability, as well as 

dynamic, saturation and pressure, properties with elastic responses. The key to this is an adequate description of the 

reservoir at multiple scales accompanied by physically-sound representations of multiphase flow mechanisms and upscaling 

strategies that enable large-scale multiphase flow modeling. In this paper, we  describe  results  of  multiphase  flow  

simulation  in random and deterministic models and their corresponding effective seismic responses. We finalize this paper 

with the direction upscaling technologies should follow to capture small-scale effects that impact monitoring strategies. 

 

 

Introduction 

 

Carbon  dioxide  capture  and  storage  (CCS)  represents  a 

viable mitigating approach to reduce CO2  emissions from 

large stationary sources such as refineries and coal-fired 

power plants. Monitoring, verification and accounting 

(MVA) of CO2 are three required components in CCS. The 

objectives of MVA are to identify and quantify CO2 

migration in geological media as well as possible leakage 

of the stored CO2. Multiphase flow properties, i.e. relative 

permeability  and  capillary  pressure,  govern  phase 

migration  in  subsurface  reservoirs  and  therefore  rock 

elastic responses. In this sense, hysteresis of capillary 

pressure and relative permeability impacts significantly 

CCS. In addition, hysteresis can enhance CO2 trapping, 

provided CO2  is injected low in the formation, which will 

induce CO2 to spontaneously migrate upward. This process 

leads to  consecutive drainage and  imbibition  events. As 

CO2  moves up, it dissolves in water, which provides an 

additional storage mechanism. These two mechanisms are 

characterized by taking typically years, instead of tens or 

hundreds of years. 

Monitoring is an essential to design and fine tune improved 

oil recovery and to optimize CO2  storage. Monitoring is 

necessary to map saturation and pressure over the life of a 

field in both time and space. Time-lapse seismic can be 

used  for  these  purposes,  but  it acts  as  soft-data  source, 

rather than a quantitative tool for monitoring saturation and 

pressure. An adequate, low-uncertainty velocity-saturation 

relationship is needed to overcome this limitation. At 

present, two velocity-saturation (Vp-Sw) models are 

typically used:  uniform and  patchy.  In  Gassmann-Wood 

model (uniform), the size of patches is smaller than the 

fluid diffusion length. In contrast, if the size of patches is 

larger than the fluid diffusion length, so that there is no 

pressure communication between gas pockets during one 

wave cycle. In this case, the elastic wet rock properties can 

be estimated using Gassmann-Hill equation. These two 

bounds are also named low and high frequency limits. 

However, in reality, the velocity-saturation relationship is 

in the intermediate frequency domain. 

 

The geological model to be used in simulations depends on 

what  mechanisms  need  to  be  captured.  At  facies  scale, 
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rock-fluid properties, i.e. relative permeability and capillary 

pressure, must be appropriately assigned, while the 

background porosity and permeability can be distributed 

according to geostatiscal recipes. Here we present the case 

of randomly uncorrelated permeability distribution to show 

how  elastic  responses  are  affected.  The  saturation  and 

elastic rock properties are simulated for fine scale and then 

upscaled to a coarser one using Backus’s method (Backus, 

1962) to derive velocity-saturation relationships. At larger 

scale, deterministic features of the depositional 

environment  can  lead  to  patchy  saturation  distributions 

resulting  from  internal  barriers  to  multiphase  flow.  We 

show the case of eolian sands to illustrate the impact of 

bounding surfaces on saturation distributions. Finally, 

comments on upscaling are provided. This is necessary to 

enable large-scale simulations of hydrocarbon recovery and 

CCS that take into account small-scale effects at the larger 

scale   at   a   computational   cost   that   is   practical   for 

applications. 

 

Random Model 

 
Structural, hysteresis, dissolution and mineral trapping are 

the four main CO2  storage mechanisms. Heterogeneity at 

smaller scale can locally produce significant contrast in 

petrophysical and multiphase flow properties. These 

contrasts cause preferential flow paths resulting from local 

barriers to flow. This has been named local capillary 

trapping (Saadatpour et al. 2010). The 2D model, 90m in 

thickness, contains a source of CO2  at the bottom of the 

aquifer, with  lateral and top  closed  boundaries. The top 

formation depth is 894m.  This model is intended as a fine- 

resolution  numerical  model.  Gridblocks  are  1m  x  0.3m 

along the horizontal and vertical directions, respectively, 

with a sink at the top where CO2 migrates. 

 

Absolute permeability is distributed according to an 

uncorrelated lognormal distribution with a mean value of 

200  md.  Vertical  permeability  is  a  10th    of  the  local 

horizontal permeability. Capillary pressure is parameterized 

as a function of permeability. Porosity and relative 

permeability are independent of position. The log-normal 

distribution is tuned by assigning the Dykstra-Parson (DP) 

coefficient (0.7). Leveret J-function is utilized to 

parameterize capillary pressure as a function of 

permeability. Hysteresis is limited to relative permeability 

model similar to Killough (1976). A maximum gas residual 

saturation of 0.286 is assumed. 

Compressional or longitudinal wave or P-wave, Vp, can be 

estimated in partially saturated rock through Gassmann’s 

equation (1951), where Ksat, μ (8.4 GPa) and ρsat denote the 

saturated-bulk, shear moduli and density of saturated bulk. 

Gassmann equation relates saturated bulk modulus to fluid- 

bulk, dry bulk, matrix and porosity donated by Kf , Kd (8.3 

GPa), Km  (38 GPa), and φ. Phase density is calculated 

using an equation of state. Vp is calculated as follows:
 

 

 

In the numerical simulation, elastic rock properties are 

homogenous at grid scale. Therefore, Gassmann-Wood 

equation can be used to compute velocity as function of 

saturation, bulk and shear moduli. Backus (1962) method is 

utilized here to upscale to the seismic scale. To minimize 

upscaling error, a Backus number less than a third is used 

(Liner and Fei, 2007): 

 
where  f, L′ and min(Vs) are frequency, averaging length 

and minimum shear velocity after uspcaling. 

 

Results 

 

Figure 1 shows CO2  saturation distribution. Figure 1b and 

1d show that local capillary trapping cannot trap CO2  at 

high  saturation  for  a  long  period  of  time.  The  CO2 

saturation is essentially stationary after 40 years. 

 

Trapping Saturation 

Saturation  map  changes  from  realization  to  realization 

(Figure 2), but the total hydraulic trapping are essentially 

the same. To explore this further, simulations for DP= 0.3, 

0.5 and 0.9 were completed. 
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Figure 1:  Buoyant  CO2  migration  snapshot  for a  medium size 

system with DP = 0.7 at initial (a) initial time, (b) 7 years, (c) 40 years 

and (d) 140 years. 

 

 
Figure  2:  Gas  saturation  propagation  after  26  years  at  three 

different realizations, DP = 0.7. 

 

Vp-Sw Relationship 

In this study, saturation is dictated by geology, rock-fluid 

interaction and time. Elastic rock properties at each fine 

scale cell is computed based on Wood model and then 

upscaled using Backus method. Vp and Sw are plotted for 

each individual   coarse   grid.   Figure   3   reveals   Vp-Sw   

trend   for realizations  1,  2  and  3  after  5  years  (DP  =  

0.7).  Distinctive saturation distribution maps for these 

realizations can be seen in Figure  2.  However,  the  

constitutive  Vp-Sw  relationships  are similar. This 

relationship becomes more Gassmann-Wood as time 

progresses, since the saturation distribution becomes more 

uniform (Figure 4). Velocity vs. saturation is plotted for 

2013, 2015, 2020, 2040, 2060 and 2150 (simulations start at 

2010). The 2013, 2015 and 2020 relationships can be 

grouped, while the 2060 and 2150’s are in a different group. 

It can be noticed, as expected, that Vp-Sw relationship for 

DP = 0.3 is very close to Gassmann-Wood model. The 

results for DP = 0.9 is between the two bounds (Figure 5). 

Brie’s model (Brie et al., 1995) is fitted to all four DP 

datasets (Figure 6). It is apparent that the Brie’ model does 

not predict well between upper and lower boundary 

frequency. Muller also recommended employing Biot’s 

equation of dynamic poroelasticity rather than Brie’s 

experimental model (Muller et al., 2008) 

 

 
Figure 3: Vp-Sw relation for DP = 0.1 in realizations of 1, 2 and 3 

after 5 years. 

 
Figure 4: Vp-Sw relation change through the time for DP = 0.7 

realization 1. 
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Figure 5: Effect of DP on Vp-Sw relationship. 

 

 
Figure 6: Fitted Brie’s model to different Vp-Sw relation data sets. 

 

 

Deterministic model: Eolian sands 

 

Many gas reservoirs and CO2  targets are eolian systems. 

Eolian systems are considered likely target for CO2 

sequestration because they are ubiquitous and are often 

associated   with   high   porosity   and   permeability.   An 

attractive feature of these systems is their relatively high 

homogeneity in grain-size distribution. This 

homogeneity results in a small suite of sedimentary 

structures that can be defined in terms of bounding 

surfaces. The scale of bounding surfaces prohibits  

identification  by  seismic  or well logs. These surfaces can 

be detected in cores, yet can be laterally discontinuous 

over a few tens of meters. Therefore, the contribution of 

bounding surfaces is overlooked in most modeling efforts.  

 

Ciftci   et   al.   modeled   the   structure   of   the   Tensleep 

Formation,  WY,  USA  (Grammer  et  al.,  2004).  In  their 

study,  the  effect  of  first-  and  second-order  bounding 

surfaces  on  sweep  efficiency  was  modeled  using 

volumetric calculations. They assumed that bounding 

surfaces were no-flow boundaries. Ciftci et al. (Grammer et 

al., 2004) showed that second order bounding surfaces 

substantial influenced recovery and consequently well 

planning.  Fisher  et  al.  (2007)  reconstructed  the  special 

configuration of bounding surfaces within the Upper 

Rotliegend succession, northern Germany. Fisher 

incorporated different scales of cross bedding and bounding 

surfaces as well as lithofacies in a 3D model. Their study 

did   not   include   fluid   flow   modeling,   although   they 

suggested that bounding surfaces and low-angle cross beds 

could act as flow baffles. An outcrop study of the Permain 

Cedar Mesa Sandstone published by Mountney (2006) is 

utilized  to  build  our  model. Fine  architectural  elements, 

dimensions, and their orientations are incorporated. 

Subsequently,   fluid-flow   and   trapping   behavior   are 

modeled upon assigning reservoir properties and rock-fluid 

functions, i.e. relative permeability and capillary pressure. 

We focus on (1) impact of bounding surfaces on multiphase 

flow, trapping and accessibility ratio as they pertain to 

transmissibility effects at bounding surfaces, (2) the 

contribution of high capillary pressure associated with low 

transmissible surfaces, (3) the strike direction of bounding 

surfaces, and (4) the effect of multi-scale dune foresets 

(typical of variant paleowind systems). 

 

Our 2D models use a source of one CO2 pore volume at the 

bottom part of the reservoir rather than injectors. These 

models have three main sections: (1) source at the bottom 

where CO2 is initially located, (2) the body (middle), with a 

very fine resolution of 40 cm-X × 10 cm-Z, and (3) the sink 

(one pore volume) at the top where CO2  will migrate. In 

addition, the system boundaries are closed, which enhances 

countercurrent flow. Bounding surfaces encase discrete 

architectural elements, compartmentalizing a body of rock. 

 

We assigned the genetic unit a permeability of 200 md in 

the X-direction and 10 times smaller across bounding 

surfaces, based on work by Grammer et al. (2004). The 

measured permeability data for the Permian Upper 

Rotliegend succession, Germany, shows that permeability 

across bounding surfaces can be up to 500 times smaller 

(Fischer et al., 2007). A Leveret J-function is utilized 

in this work to parameterize capillary pressure as a function 

of permeability. J-Leverett is a function of interfacial 

tension (IFT) and contact angle. Assumptions similar to the 

random case for capillary pressure and relative 

permeability were followed in this case. 
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A stylized 3D eolian deposit is sketched in Figure 7. Figure 

8 shows vertically exaggerated and stylized 2D front and 

side views of the G Mesa sandstone sequence. CO2 

propagation in both the front and side view are presented in 

Fig. 4 with and without considering capillary pressure and 

small-scale  dune  sets.  The  results  indicate  that  CO2   is 

baffled  noticeably  when  it  encounters  bounding  surface. 

CO2  slowly migrates to the highest part of compartments 

created by intersecting bounding surfaces. CO2  may pass 

through a lower compartment towards an upper 

compartment mainly at the peak of a compartment (the 

top of the compartment where CO2 is stored) (Figure 9), 

which results in significant heterogeneity in phase 

distribution and low accessibility ratio (CO2  accessed area 

divided by total area which is equivalent to sweep 

efficiency in an oil recovery context). It should be noted 

that the saturation map becomes more heterogeneous when 

small-scale dune sets are considered, which only comprise 

7% of the total volume.  

 
Figure 7: Eolian system 3D sketch. 

 

 
Figure 8: Permeability distribution for 2D side and front view with 

dimension of 405m and 511m in X direction respectively and 22m 

in Z direction; red = 200md and blue =20md; aspect ratio 15. 

 

 
Figure 9: CO2  saturation distribution of side and front view when 

capillary pressure heterogeneity is/not considered. 

 

Upscaling comments 

 
Behzadi  et  al.  (2011)  and  Saadatpoor  et  al.(2010)  

have shown that micro- and meso-scale static and dynamic 

heterogeneity can substantially affect CO2 trapping and 

saturation distribution. Gas propagation for the fine-scale 

model and upscaled models are depicted in Figure 10. 

Single-phase flow upscaling overestimates mobility 

excessively and as result, gas saturation rapidly builds up 

beneath caprock (Figure 11). 

 

 
Figure 10: Gas saturation at fine scale (a), single phase flow upscaled 

model (b), multiphase flow upscaled models without percolation (c) 

and with percolation (d) after 30 years, correlation length equals 4 

meter. 
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Figure 11: Gas saturation beneath caprock; MPF: multiphase flow 

SPF: single phase flow. Both phases mobilities and trapping 

saturation are improved, correlation length equals 4 meter. 

 

Conclusions 

 

The following conclusions are drawn: 

 The   hydraulic   trapping   for   the   same   level   of 

heterogeneity is the same for different realizations. 

 Velocity-saturation  relation  varies  for  different 

realizations,  although,  it  is  the  same  for  different 

 realizations. 

 The distribution of heterogeneity is not important as 

much as the level of heterogeneity in terms of total 

trapping and Velocity-saturation relation. 

 Our results show that implementation of permeability 

heterogeneity of bounding surfaces alone is 

insufficient   to   express   the   impact   of   bounding 

surfaces.   In   other   words,   inclusion   of   capillary 

pressure  heterogeneity  across  bounding  surfaces  is 

necessary. 

 Small-scale  dunes  can  have  a  significant  effect  on 

phase saturation,  although  they may have a limited 

effect on accessibility ratio and gas accumulation 

beneath the caprock. 

 We found that when percolation is not considered, 

multiphase flow upscaling leads to unrealistic high gas 

saturation while its associated relative permeability is 

zero. Therefore, gas mobility is lower and 

consequently gas travel time to reach beneath caprock 

is higher. 
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