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Executive summary  
 

This Deliverable presents the first model interpretations of Heletz, Israel residual trapping experiments, 

the Residual Trapping Experiment I (RTE I)  carried out in September 2016 and the Res idual 

Trapping Experiment II (RTE II)  carried out in August to November 2017.  The actual experiments 

and the experimental results are described in TRUST Deliverables 2.3 -2.4 ï Part I. The residual trapping 

experiments are based on the principle of a combi nation of hydraulic, thermal and/or tracer tests before 

and after creating the residually trapped zone of CO 2 and using the difference in the responses of these 

tests to estimate the in -situ residual trapping. The first experiment, RTE I, is based on hydra ulic 

withdrawal tests before and after the creation of the residually trapped zone. In this experiment, the 

residually trapped zone was also created by fluid withdrawal, by first injecting CO 2, then withdrawing 

fluids until CO 2 was at residual saturation. In the second test, RTE II, the main characterization method 

was injection/withdrawal of water and partitioning tracers, whose recovery with and without residually 

trapped CO 2 in the formation was compared. In this second experiment the residually trapped zone 

was created by first injecting CO 2 and then injecting water saturated with CO 2 to push away the mobile 

CO2 and leaving the residually trapped zone behind.  

Here, t he experimental results of RTE I  have been modelled  first. A simplified analytical model  fwas 

first used f or guidance, followed by ófull-physicsô modeling with the TOUGH2 simulator, where all the 

data (te mperature, pressure, flow rates , two -phase flow behavior etc.) were matched. Comprehensive 

calibration procedure led to a best -estimate of t he test behavior, suggesting an in -situ residual 

saturation of 0.1, including a  hysteretic behavior in the relative permeability functions , similar 

properties in the two reservoir layers and preference of the CO 2 to enter the upper layer .  

The ófull-physic sô model calibrated with RTE I was then used to model the later RTE II . Without any 

further calibration, the results showed a perfect agreement for the early parts of the experiment (prior 

to establishing the res idually trapped zone) and relatively good ag reement even with the later parts ,  

with residually trapped CO 2 in the formation. In particular, the amount of the tracer partitioned into 

CO2 was well captured with  the earlier calibrated model , without any further adjustments , indicating a 

similar estimat e of residually trapped CO 2 than from RTE I .  Due to t ime considerations -  in terms of 

the data from RTE II becoming available for modeling ï the modeling of RTE II is still in progress at 

the time of final reporting of TRUST project and writing of this del iverable. As of the results so far it 

seems, however, that the conclusions from RTE I give a good estimation of the residual trapping at 

Heletz.  
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The second part of the test interpretation (Deliverable 4.6 óModeling and interpretation of the results 

of the injection experiments (Part2) ô) presents additional modeling of these residual trapping 

experiments, especially RTE I. In particular, it will present (i) a detailed modeling of the coupled well -

reservoir behavior during the experiment, thereby giving infor mation concerning the CO 2 lost during 

the self - release period and (ii) an in -depth analysis of the hydraulic response of the characterization 

tests, in terms of what information a hydraulic test can provide about the system being tested.  

Altogether, the m odeling carried out in Deliverables 4.3 and 4.6 will provide a good understanding of 

the system performance during CO 2 injection and the resulting residual trapping. The analysis work 

and summarizing the results will continue beyond the time of final repor ting for TRUST and the resulting 

peer - reviewed publications will be uploaded to the TRUST web -site.    

 

Keywords  CO2 injection, residual trapping, Heletz pilot injection site  
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1.  Introduction 
 

Residual trapping is a critical site -specific parameter for any CO 2 injection project.  However, estimating this 

parameter in scales larger than labora tory scales is challenging . In fact, one of the v ery few experiments 

performed to e stimat e the parameter of residual gas saturation in the field scale , is the CO2CRC project at 

Otway, Australia  (Pater son et al., 2014, Dance & Paterson 2016)  2016) . As a result, finding appropriate 

approaches to quantify this parameter in field scales is important in order to estimate the durability and 

safety of a storage.  At Heletz, Israel, two fundamentally differen t field scale experiments for quantifying 

residual trapping have been carried out, the Residual Trapping Experiment I in the autumn of 2016 and the 

Residual Trapping Experiment II in the autumn of 2017.  

The actual experiments and the experimental results a re  described in TRUST Deliverable 2.3 -2.4 ï Part 1 . 

The residual trapping experiments are based on the principle of a combination of hydraulic, thermal and/or 

tracer tests before and after creating the residually trapped zone of CO 2 and using the differenc e in the 

responses of these tests to estimate the in -situ residual trapping. The first experiment, RTE I, is based on 

hydraulic withdrawal tests before and after the creation of the residually trapped zone. In this experiment, 

the residually trapped zone w as also created by fluid withdrawal, by first injecting CO 2, then withdrawing 

fluids until CO 2 was at residual saturation. In the second test, RTE II, the main characterization method was 

injection/withdrawal of water and partitioning tracers, whose recove ry with and without residually trapped 

CO2 in the formation was compared. In this second experiment the residually trapped zone was created by 

first injecting CO 2 and then injecting water saturated with CO 2 to push away the mobile CO 2 and leaving the 

resid ually trapped zone behind.  

In this report these two experiments are modelled and analyzed in terms of in -situ residual trapping. Due 

to time issues, the results for RTE I can be already considered mature and conclusive, while the results for 

RTE II are sti ll somewhat preliminary and presenting results for work in progress.  

2.  Model for the site 

2.1 Overview  
The conceptual model used for interpreting the test results is based on the extensive site characterization 

studies at the Heletz site (see e.g. Niemi et al. 2016)  as w ell as the large number of predictive modeling 

studies carried out for the purpose of experiment planning (e.g.  Rasmusson et al. 2014) . Due to the 

extensive pre - investigations, a good understanding  exists concerning the location of the rese rvoir and cap -

rock layers and all the ir  key properties, such as permeability, porosity, two -phase flow properties and other 
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relevant site properties. For details concerning these site properties the reader is referred to e.g. Niemi et 

al. (2016).  This perv ious information was used when building up the model s for interpreting the RTE I  and 

RTE II .      

For modeling of the experiments , the conceptual model used includes the two sandstone layers A and W, 

exposed to CO 2 injection. These have thickness es of 2 m and 9m, respectively, and are separated by a 3m 

thick shale layer. A schematic conceptual model is shown in Figure 1. The horizontal length of the model is 

500m and the outer edge boundary , which is far away from the point of injection, is defined as a spec ified 

pressure  condition . No - flow boundary was assumed for the top and the bottom of the model representing 

the impermeable formations that bound the aquifer  from above and below . Different permeability  values 

that were deemed reasonable in the light of va rious core and in-situ  permeability measurements were used 

and varied in the calibration process. Overview of the parameter values used in the modeling is shown in 

Table 1.   

 

 

2.2  Two -phase flow properties  
 

Given that the residual trapping is the key parameter to be identified form the study, the two -phase flow 

characteristic functions deserve s pecial attention . Measurements of relative permeability  (Figure 2.)  and 

capillary pressure functions have been carried out on Heletz cores (Benson et al. 2015; Hingerl et al. 2016) . 

This data was used as basis for modelling the hysteretic and non -hysteretic relative permeabilities and 

capillary pressures.   

 

 

 

Figure 1 . A schematic figure of the applied radial symmetric model  

500m 

2m 
3m 

9m 
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Table 1.  Summary of parameter values used in the simulation , values that were  varies in calibration are 

given in Table 2.   

Symbol  Parameter  Value  

Brooks - Corey  parameters , non - hyster etic  model  

Slr Residual liquid saturation  0.2   

Sgr  Residual gas saturation  0.05, 0.07, 0.1,  0.2  

ǭ Brooks -Corey fitting parameter  0.46  

P0
(*  Entry pressure (Pa)  2850  

Capillary pressure function , h ysteretic  model  

m d m for drainage in equation 8 0. 3 

Slmin  Residual liquid saturation for P c 0.03  

╟▀(*  Capillary strength parameter 

(drainage) (Pa)  

2.68×10 3  

m w m for imbibition in equation 8 0. 3 

╟◌ Capillary strength parameter 

(imbibition) (Pa)  

2.68×10 3  

Relative permeability function , h ysteretic  model  

M Van Genuchten m for k rl  (eq.6)  0.6  

Slr Residual liquid saturation  0.3  

Sgrmax   Maximum residual gas saturation  0. 1, 0.2  

k rgmax  Maximum k rg  0.7  

M Van Genuchten m for k rg  (eq. 3 )  0.8  

 

Formation  properties  

 

P Bottom -hole Pressure (Pa)  1.4 5×10 7   

T Initial t emperature (°C)  64  

 Salinity (mg liter -1)  52502  

ū Porosity  0.25  

Ȉdray  Dry heat conductivity (W m -1 °C -1)  1.8  

Ȉwet  Wet  heat conductivity (W m -1 °C -1)  4.2  

( * calibrated  according to Leverett scaling based on permeability used , Table 2 . 
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Figure  2. Relative permeability of gas and liquid  measured by Benson et al., (2014) and fitted models.  

 

Brooks -Corey model , as implemented in TOUGH simulator was used to model the relative permeability . 

Hysteresis effect on capillary pressure ( Pc), liquid relative pe rmeability ( k rl) and gas relative permeability 

(k rg ) curves were also  investigated by applying the hysteresis model modified by Doughty (Equations 1 -6) 

(Doughty 2013) .  The model defines the correlation between the gas res idual trapping at the end of 

imbibition ( ὛЎ) and gas saturation at the transition point ( ὛЎ), based on Land trapping model (Equation 1). 

The parameters used for the relative permeability functions were obtained by manual matching to the dat a 

presented in Hingerl et al. (201 6). These parame ters are summarized in Table 1.  
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2.3 Modeling approaches  
  

The first estimation of the results of RTE I was made based on simple analytical solution by Theis (Appendix 

A). Then, full -physics TOUGH2 (Pruess et al. 1999)  simulations were carried out to match the entire test 

sequences  for both experiments . The equation -of -state (EOS) module ECO2N (Pruess 2005)  was used to 

mo delling the RTE I . For RTE II that also includes a partitioning tracer test, the EOS module  EOS7C 

(Oldenburg et al. 2004)  was applied.  

The establishment of residual state by withdrawing the injected gas  was simulated using the well 

deliverab ility option provided in TOUGH2. This option relates the  mass production of the phase ȁ to a  

specified bottom -hole pressure  using a productivity index.  

 

3.  Modeling of the Residual Trapping Experiment I (RTE I)  

3.1 Test sequence  and first estimates  
 

The test sequence of RTE I shown in Figure 3. Extensive presenta tion of the data is given in Deliverable   

2.3 ï 2.4 (Part 1) and will not be repeated here. The key data used for model calibration included the down -

hole pressure and temperature measurements, measured fluid flow rates and U - tube fluid samples.  

First estimates of the test behavior were made by using a simple analytical model  for the analysis of the 

hydraulic withdrawal tests prior and after creating the residually trapped zone. These tests wer e carried out 

on September 9 th  and September 29 th  (Figure 3.). This analysis is presented in Appendix A and indicated 

essentially very small quantities of CO 2 being present in the formation at the time of the second experiment. 

This rough preliminary estim ation thereby indicated relatively low residual trapping of CO 2.  
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Figur e 3.  Test sequence of Residual Trapping Experiment I  

 

 

3.2  Modelling the test sequence with full two -phase model (TOUGH2)  

3.2.1  Cases considered  

 

As the basis of pressure calibration the pressure data recorded at the lower sensor, PT76  was used. This 

sensor is located about 1m below the intermediate shale layer. The first hydraulic test (implemented on 9th 

of September) was used for first calibration of  the model , to determine possible combinations the formation 

permeability.  Based on this (and previous knowledge from in -situ hydraulic testing and permeability testing 

on cores), the possible combinations of meaningful permeabilities of the two reservoir layers A and W were 

determined and used in further analyses. The resulting permeability combinations ar e shown in Table 2 , 

forming also the base of the further calibration cases .   In further simulations different combinations of layer 
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permeabilities were used along with the assumed residual gas saturations and formation anisotropy, as well 

as taking into a ccount for hysteresis in the two -phase characteristic functions (Table 2 .)  

Processes that take place in the well during gas injection (12th -14th September) and after well opening 

(21th -24th S eptember) are highly complex and are addressed in more detail in  Deliverable 4.6, with a 

coupled well - reservoir model . Here, t o simulate the pressure fluctuation during the self - release period (21 st  

and 24 th  of September) when the well was first opened, a somewhat simplified approach was used.  The 

period was simulated in a number of steps by periodically assigning the measured bottom -hole pressure in 

the well as a boundary condition (to simulate the fluid flow from the formation towards the well) followed 

by a rest period (to simulate the release from the well).  To mode l the fluid production using well 

deliverability, bottom -hole pressure was chosen based on the pressure data recorded in the sensor and 

corresponding flow rates were calculated by the model for both phases.  

 

 Table 2.  Scenarios used in the calibration  

Scenario  Permeability 
sand A (9m)  

Permeability 
sand W (2m)  

Sgr  sand A  Sgr  
sand W  

Anisotro
py ratio*  

Equal permeability in the layers  

1 400  400  0.2  0.2  3   

2 400  400  0.1  0.1  3 

3 400  400  0.07  0.07  3 

4 400  400  0.05  0.05  3 

Different permeability in the two layers  

5 300  750  0.1  0.1  1 

6 300  750  0.05  0.05  1 

7 300  750  0.05  0.1  1 

8 300  750  0.1  0.05  1 

9 400  400  0.1  0.1  1 

Varying the  residual saturation between the  two  layers  

10  400  400  0.1  0.05  3 

11  400  400  0.05  0.1  3 

12  100  1500  0.1  0.1  1 

13**  400  400  0.2  0.2  3 

14**  400  400  0.1  0.1  3 

15**  400  400  0.05  0.05  3 

16**  300  750  0.1  0.1  1 

Hysteretic relative permeability model  

17  400  400  Sgrmax  0.1  Sgrmax  0.1  3 

18  400  400  Sgrmax  0.2  Sgrmax  0.2  3 

19**  400  400  Sgrmax  0.1  Sgrmax  0.1  3 

20**  400  400  Sgrmax  0.2  Sgrmax  0.2  3 
  *) In case of same permeabil ity in the two layers, anisotro py within the layer was used, in case of different layer     
    permeabilityes th ere was no anisotro py wit hin a  layer  
    *  *) Conceptual model 2  (Ch 3.2.5)  
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3.2.2. Assuming equal permeability in the two reservoir layers  

 

It was shown that with the measured withdrawal rate of 5.5 ton/hr a homogeneous model with permeability 

of 400 mD would match the pressure drop from the first hydraulic test . Different meaningful combinations 

of residual saturation were tested with permeability of 400 mD in the two layers (uppermost cases in Table 

2). Figure 4.  Shows a comparison of simula ted pressure for different residual g as saturation s, along with 

the measured values at sensor PT76.  For the sake of visual clarity of the figure, the self - release simulation 

results are not shown.  Inspection of the results shows that the lowest residual saturations show the best 

agreement wit h the measured data.  

  

 

 

Figure 4. Pressure data and pressure simulation results of homogeneous models (Cases 1 -4) with 

residual gas satura tion of 0.2, 0.1, 0.07 and 0.05. Left panel shows the entire sequence and right 

panel shows a zoom - in to the last hydraulic test.  ( start of the experiment of 9th of September is 

time zero ) .  

 

Calculated and measured liquid flow rates with these model s are compared in Figure  5. It can be seen that 

the highest calculated flow rate is related to the case with the lowest residual sa turation. It can also be 

noted  that the measured flow data is more scattered in comparison with the calculated flow rates. Although 

simulation results of the calculated flow rates for all these differ ent gas residual saturations fall within  in t he 

order of magnitude of the measured data, the case with gas residual saturation of 0.1 , falling in the middle 

of the measured values, can be deemed to be in best agreement with the data. One test was done (not 

shown here) to back calculate the pressure a ssigning the flow rate. The results  were in agreement with 

Figure 5,  i.e. for the given average flow rate of 7  m3/hr, the simulation with residual gas saturation of 0.1 

showed the best match with the pressure data.  
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Figure  5 .  Measured and simulated flow r ates during production phase (Cases 1,2,  and 4,  with 

residual gas saturation of 0.2, 0.1 and 0.05 ) ( start of the experiment of 9th of September is time 

zero ).  

 

3.2.2. Assuming different properties in the two reservoir layers  

 

In the next set of simulatio ns, cases with meaningful combinations of different permeabilities in the two 

reservoir layers were considered.  

Figure 6  compares the pressure response for different permeability combinations between the two layers 

but assuming the same residual gas satur ation of 0.1  (cases 2,5,12 in Table  2) . It can be seen that best 

agreement with data is obtained with similar permeability in the two layers (Case 2) rather than extreme 

difference between the permeability (Case 12).  

Figure 7 in turn, show s a comparison o f cases where layer permeabilities are identical but the residual 

saturations are varied  (Cases 2,4,10 and 11  in Table 2 ).  It can be seen that the best agreement with data 

is obtained in case 4 with lowest residual saturation and worst agreement with case  2, with highest residual 

saturation.  

Figure 8 shows a comparison of cases with moderate and meaningful difference in layer permeabilities, but 

varying the residual gas saturation (Cases 5,6,7,8 in Table 2 ). The case 6 (lowest residual saturation in both 

layers) shows the best agreement with the data, while case 5 (highest residual saturation in both layers) 

shows the worst agreement.  
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Overall, the results show that the pressure response of the second hydraulic test is more sensitive to gas 

residual satura tion in the lower reservoir. Gas saturation distribution at various stages of the simulation for 

two example scenarios (2 , with same permeability in the two layers and 12 , with order -of -magnitude 

difference in layer permeabilities ) is shown in Figure 9. Th e figure shows how layer  permeability affect s the 

gas distribution in between the reservoirs.  

The effect of permeability anisotropy was also tested by comparing anisotropy ratio, horizontal to vertical 

permeability, of 1 and 3 (Figure 9). Buoyancy effect plays a more important rule when vertical permeability 

is higher causing vertical migration of the gas to the top of the formation.  

 

Figure 6 .  Comparing the simulated pressure with data for different combinations of layer permeability 

 

Figure 7 . Compar ing the simulated pressure with data for different residual gas saturation s but same 

permeability in the two layers  
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Figure 8 . Comparing the simulated pressure with data for models with different permeability 

and residual saturation in the two reservoir layers  

 

Figure 9 . Gas saturation distribution at different stages of the simulation for left) scenario 

(2) and  right) scenario (12): a) after CO2 injection, b) after rest, c) after self - release, d) 

after pumping,  e) after 2d rest, f) after 2d h ydraulic test .  

 

 

Figure  10 . The effect of anisotropy on simulated p ressure  
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3.2.3 . Accounting for relative permeability hysteresis  

In the previous simulations, the hysteresis effects of wetting and imbibition during CO 2 injection and 

subsequent withdrawal was not  accounted for. Yet, this is a known process to exist.  Hingerl et al (2016) 

provided drainage and imbibition data based on a core sample from the site (Figure 2) . These data have 

been used as basis and hysteresis models with two values of 0.1 and o.2 for the maximum gas residual 

saturation (Figure 2 )  have been tested . Simulation results of the pressure variation (for the second hydraulic 

test only) are shown in Figure ( 10 ).  The results show that the hysteretic case with maximum residual 

saturation of 0.10 shows the best agreement.  

 

Figure 1 1 .  Comparison of pressure response of the second hydra ulic test between non -hysteretic 

and hysteretic  relative permeability models with maximum residual gas saturation of 0.1 and 0.2  

3.2.4  Modelling t he t emperature response  

 

Temperature records (sensor PT78) were also used to calibrate/verify the model. Water injection cools down 

the wellôs surrounding to about 60 ÁC. Afterwards, the temperature starts to increase gradually during CO 2 

injection. As the  processes in the injection well are not modelled in the present study (see Deliverable 4.6 

for such models) the temperature of the injected fluids at the reservoir depth is not known and enthalpy of 

both the injected water and CO 2 was chosen (within the r ange of meaningful values) so that the simulation 

results would best fit the measured temperature data. In the case of CO 2 injection, we tested several 
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injection temperature s and enthalpies  of the injected fluid was chosen so that the temperature at the en d 

of the injection matches the data ( injection temp erature temp erature 63 °C  

in Figure 1 2a). Capturing the gradual temperature increase during CO 2 injection is , however,  more 

challenging as using a single injection temperature causes an abrupt jump in temperature response . This 

beh avior was not sensitive to thermal properties of the sand layers and the wall (see Table 3) (Figure 1 2b) 

or to gas residual saturations and heterogeneity (Figure 1 2c). It was also insensitive to mesh discretization 

(not shown here).  

 

 

Figure 12 .  Simula tion of the temperature variation: a) the effect of injection temperature, 

b) the effect of thermal properties, c) the effect of gas residual saturation and layered 

heterogeneity  

 

 

Figure 1 3 .  Simulation of the temperature variation without CO 2 injection  
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Table 3 .  Table of the thermal pr operties  tested in the simulations  

 

 Sand h eat 
conductivity 

(wet 
condition) 
(W/m oC)  

Sand h eat 
conductivity 

(dry 
condition) 
(W/m oC)  

Sand 
heat 

capacity  

Well h eat 
conductivity 

(wet 
condition) 
(W/m oC)  

Well h eat 
conduct ivity 

(dry 
condition) 
(W/m oC)  

Well 
heat 

capacity  

Base Case  6 1.8  870  6 1.8  870  

Case 1  2 1.8  870  1.2  1.8  870  

Case 2  6 0.1  870  6 0.1  870  

Case 3  6 10  870  6 10  870  

Case 4  6 1.8  8700  6 1.8  8700  

Case 5  10  1.8  870  6 1.8  870  

 

3.2.5  Modified conceptual model  

 

The previous results indicate that more CO 2 is going to the upper layer than the permeability difference 

would indicate. In this study we are not using a detailed wellbore model that would allow investigating the 

dynamics of CO 2 distribution inside the injec tion well. T his is investigated in Deliverable 4.6  and indications 

are also given in Rasmusson et al. (2015) , which shows that in a layered CO 2 injection system more gas 

goes into the upper layer than the permeability difference would indicate. To allo w the gas to enter mor e 

the upper layer, we consider an assumption that would limit the amount of the gas that could enter the 

lower sandstone A. One explanation could be that the water which filled the well before the CO 2 injection 

might have accumulated in the bottom right after starting of the gas injection which could reduce the relative 

permeability of the gas and could have blocked the gas from entering the lower formation.  

To simulate this scenario, we tested a case where permeability of the lower 9  m of the injection well during 

CO2 injection and heating process was 3 orders of magnitudes smaller than the permeability of the upper 

5m of the well (Figure 14 ) . The simulations results show  an improvement in fitting both the temperature 

(Figure 15 a) and  pressure (Figure 15 b)  response. Figure 16  compares the hysteretic and non -hysteretic 

relative permeability functions with this new assumption . Our results show that if hysteresis in relative 

permeability and capillary functions was neglected, only a model  with low residual gas saturation (Scenarios 

4 and 15) can closely match the pressure data.   

Considering hysteresis in the characteristic curves, a model with maximum residual gas saturation of 0.1 

and the assumption of lower permeability at the lower part  of the well (Scenario 19) shows a good agreement 

with all the data. Gas saturation distribution for this scenario at different stages of the simulation is shown 
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in Figure 17. Table 4.  lists the tested scenarios t hat match the pressure data best. Column æP represents 

the difference between pressure data and simulations at the end of the second hydraulic test. The total 

amount of CO 2 stored at both layers after the second hydraulic test have specified as well. Simulations that 

have a good agreement with temp erature data are highlighted in green.  

 

 

 

 

Figure 15 .  a) Temperature and b) pressure simulations with modified model  

 

нƳ 

оƳ 

фƳ 

¢ƘŜ ǿŜƭƭ 

YҐпллҎмл
πмр 
Ƴ
н
 

YҐпллҎмл
πмф 
Ƴ
н
 

YҐпллҎмл
πмр 
Ƴ
н
 

YҐпллҎмл
πмп 
Ƴ
н
 

YҐпллҎмл
πмм 
Ƴ
н
 

Figure 1 4 . T he conceptual model  with lower permeability in lower 9m part of the 
well. This assumption was applied only during CO 2 injection and heating . 
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Figure 16 .  Comparing hysteretic and non -hysteretic  models  for the modified model  

 

 

Figure 17 .  Gas satu ration distribution at different stages of the simulation for scenario (19) 

a) after CO 2 injection, b) after rest, c) after self - release, d) after pumping,  e) after 2d rest, 

f) after 2d h ydraulic test.  

 

Table 4 .  Comparing remained CO 2 mass in both reservoi rs after the second hydraulic test, 

sorted based on the best fitting scenario  

 Mass in Sand 

A 

Mass in Sand 

W 

Total  æP (bar)  

Scenario 15  16  23  39  0.23  

Scenario 4  19  13  32  0.3  

Scenario 6  13  20  33  0.4  

Scenario 19  20  24  45  0.5  

Scenario 2  31  17  48  1.4  
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3.3  Conclusion s 
 

Overall, the modeling of the Residual Trapping Experiment I indicated that relatively small amounts of CO 2 

were present in t he layer  facing the sensors in the borehole. The best overall agreement between the model 

and the measured data was ob tained by assuming a 400 mD permeability in both layers A and W, along 

with hysteretic relative permeability functions and assuming that there is a reduced flow of CO 2 to the lower 

reservoir layer, due to blocking of the gas flow in the well by  water from  earlier water injection phases. The 

resulting calibrated values are in good agreement with other measurements carried out on the site. The 

estimated residual saturation is somewhat below the value determined from the laboratory experiments.  

 

4.  Modeling of the Residual Trapping Experiment II  
 

4.1  Test sequence  
 

The test sequence of RTE II shown in Figure 18. Again, extensive presentation of the data is given in 

Deliverable   2.3 ï 2.4 (Part 1) and will not be repeated here. The key data used for model calibratio n 

included the down -hole pressure and temperature measurements, measured fluid flow rates and U - tube 

fluid samples, especially concerning the partitioning tracer Kr recovery in the characterization tests before 

and after creating the residually trapped zon e.  
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Figur e 18 .  Test sequence of Residual Trapping Experiment II  

 

4.2 Modeling the first phases of the experiment  
 

Based on the results from modeling the Residual Trapping Experiment I in the previous section , the modified 

conceptual model ( Section 3.2.3 )  was used to model the data from the Residual Trapping Experiment II. As 

for RTE I , the homogeneous sandstone layers with permeability of 400 mD could well satisfy the pressure 

response of the first hydraulic test during the abstraction (Figure 19).  It als o matches the pressure drops 

during the next production events on 29 th  and 30 th  August.  The very high pressure response in the data 

during the first water injection can be related to accumulation of mud next to the well due to previous 

abstraction processe s.  

Figure 20  shows  the data and  simulation result s of the injection and production of 2 kg Kr as a partitioning 

tracer during the first characterization test  on 23 to 25 th  of August . The blue dots are Krypton concentration s 

in the liquid phase, obtained and inverted from U - tube samples  (see Deliverable 2.3 -2.4, Part 1 ) . The first 

peak shows simulation results of the tracer concentration in the well during the injection  and the second 
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peak the tracer recovery . The agreement is remarkably good considering th at no model calibration had been 

carried out after the analysis of RTE I.  

Pressure changes during the CO 2 injection between 4 -5 th  of September, are  shown in Figure 21 . During this 

stage , 50 tons of supercritical CO 2 has been injected. Injection rates and the amounts of injected fluids are 

also summarized in Deliverable 2.3 -2.4.  

 

The state of residual trapping was in RTE II created by CO 2-saturated water injection. However, b efore CO 2-

saturated water injection on 13 th  September, the well first was opened t o atmospheric pressure , allowing 

free CO2 to escape like in the RTE I . Like for the previous experiment, t his process was modeled by defining 

the pressure in the well grids at given times , as measured (Figure 20) . The pressure -drop in the well causes 

a pre ssure gradient and results in the flow of fluids towards the well.  

 

 

Figure 1 9 .  Simulation results of the pressure 1  m below the shale layer  during the first 

hydraulic test  
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Figure 20 .  U- tube data on Krypton and s imulation results of the tracer concentr ation in 

liquid phase during the abstraction  

 

 

Figure 2 1 . Simulated and measured downhole pressure  during CO 2 injection  
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Figure 2 1 . Pressure simulation during self - release  

 

4 .3  Modelling phases after the CO 2  saturated water injection   

4. 3 .1  The effect  of relative permeability function  
Coupled wellbore modeling (applied in a separate study , in Deliverable 4.6 ) has suggested that the self -

release phenomenon after the well opening can be related to gas exsolution in the reservoir which in turn 

can dramati cally reduce the mobility of gas and liquid phases. In order to take into account this effect, two 

sets of relative permeability functions were used to model the self - release and processes that followed 

afterwards. These two functions that are shown in Fig ure 22  which shows the original Brooks -Corey functions 

and the reduced permeability functions in which gas relative permeability was assigned to zero and liquid 

relative permeability was defined so that the liquid phase is mobile only when the gas saturati on is very 

low.  

The effect of this as sumption is shown in Figure 22  where the pressure responses during CO 2-saturated 

water injection for both relative permeability curves are compared. Simulated pressure response during 

CO2-saturated water injection agre es well with the data on day 13 th  September. However, it is somewhat 

lower than the recorded pressure data on 14 th  and especially on 17 th  September. The assumption of reduced 

relative permeability slightly improves the simulation results but the reason for  the difference between data  

and simulation is still not known and investigations continue to address the discrepancy . Simulated pressure  
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increase s during the second tracer injection test (Figure 24.) is also less than the recorded data at the 

sensor.   

Our  model with residual gas saturation of 0.05 matches the pressure drop d uring the abstraction (Figure 

24 ) and this result is independent of the relative permeability function. Simulation results of the tracer 

recovery with both  functions are shown in Figure  25 . Partitioning coefficient for Krypton was chosen based 

on  (Zhang et al. 2011)  and contains uncertainties . While the overall shape and arrival pattern of the 

modelled and measured tracer breakthrough are i n seeming good agreement, indicating appropriate 

amounts of CO 2 in the formation being modelled, t he breakthrough of the tracer in the simulations is almost 

4 hours ahead of the first non -zero concentration obtained from U - tube sampling. At the time of wri ting this 

report, work continues to improve the model agreement with data.  

 

 

 

Figure 2 2 . Relative permeability curves used for the simulations  
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Figure 2 3 . Pressure simulations, comparing the effect of relative permeability curves  

 

 

Figure 2 4 . Pressure simulation of the second hydraulic test , comparing the effect of relative 

permeability functions  

 














