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ABSTRACT 

Interdisciplinary dynamic reservoir characterization is the key to reveal the fluid and rock 

behaviors of a productive petroleum reservoir under CO2 enhanced oil recovery (EOR) process. 

Integrating 4D seismic data into flow simulation is a relatively new approach to perform 

dynamic reservoir characterization and assist reservoir model updating. In this research, time-

lapse seismic data are utilized qualitatively and quantitatively to guide the history matching 

process of CO2 flood in Delhi Field. The non-uniqueness of history matching is largely reduced 

by effectively incorporating 4D seismic responses along with production data. The objective of 

this integration is to investigate an efficient way to develop a predictable model with time-lapse 

seismic data. 

    Delhi Field is a Cretaceous-age oil reservoir in northeastern Louisiana. Discovered in 1944, 

the original oil in place (OOIP) of Delhi Field is estimated to be 357 MMBBLS. After primary and 

secondary water flood, 54% of the OOIP had been produced. The current EOR process, 

initialized since 2009, is aimed to produce an additional 15% of the OOIP by continuous CO2 

injection. Three seismic surveys were acquired over an area of the Delhi Field to monitor the 

behavior of CO2 in the subsurface. Many papers in the literature have discussed the application 

of 4D seismic assisted reservoir simulation in water flood or EOR reservoirs. However, few of 

them have touched on a stratigraphically complex reservoir with continuous CO2 injection 

strategy like Delhi Field. In this research, a time-lapse seismic assisted reservoir simulation 

workflow is conducted to improve the CO2 flood history match in Delhi Field. Three levels of the 
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history match process can be identified from this work. The first level is a preliminary model 

with a poor production rate and pressure match. After recognized the problems, a careful 

history match was performed by qualitatively incorporating time-lapse seismic interpretations. 

As a result, the well production history match is greatly improved. The final stage is to 

quantitatively compare synthetic and observed seismic attributes and use the objective 

function to further optimize the simulation model. A Petro-Elastic Model (PEM) was 

constructed to connect simulation outputs with seismic attributes. In this process, dynamic 

simulation results (pressure, saturation and CO2 density) along with elastic moduli were 

assembled into synthetic seismic attributes. The quantitative comparison of seismic inversion 

attributes and synthetic seismic attributes is an effective tool to evaluate previous history 

match processes and to guide the subsequent model updating. 

    The values of this research mainly lie in the following two aspects. First, a seismic –guided 

updated model can be delivered to the subsequent reservoir engineering work in Reservoir 

Characterization Project (RCP). Secondly, this work provides an effective integration procedure 

of interdisciplinary dynamic reservoir characterization process for studying Delhi Field. This 

procedure is applied to the baseline and 1st monitor seismic surveys in this work, future works 

could expand it to the 2nd monitor to better understand the dynamic behaviors of subsurface 

fluids and rocks as the CO2 injection continues. 

 

 



v 
 

 

Table of Contents 

ABSTRACT ..................................................................................................................................................... iii 

LIST OF FIGURES ........................................................................................................................................... ix 

LIST OF TABLES ............................................................................................................................................xiii 

Acknowledgement ...................................................................................................................................... xv 

Chapter 1 INTRODUCTION ......................................................................................................................... 1 

1.1 Introduction .................................................................................................................................. 1 

1.2 EOR ................................................................................................................................................ 2 

1.3 Delhi Field ..................................................................................................................................... 3 

1.3.1 Geologic setting .................................................................................................................... 5 

1.3.2 Reservoir properties ............................................................................................................. 7 

1.3.3 Seismic survey ....................................................................................................................... 8 

1.4 Objective of research .................................................................................................................... 8 

Chapter 2 LITERATURE REVIEW ............................................................................................................... 11 

2.1 Introduction ................................................................................................................................ 11 

2.2 Continuous CO2 Flood Enhanced Oil Recovery ........................................................................... 12 

2.3 4D seismic assisted reservoir simulation .................................................................................... 16 

2.4 4D seismic integration in Delhi Field ........................................................................................... 20 

Chapter 3 RESERVOIR MODELING ........................................................................................................... 23 

3.1 Introduction ................................................................................................................................ 23 

3.2 Geological modeling ................................................................................................................... 23 

3.3 PVT modeling .............................................................................................................................. 27 



vi 
 

3.4 Wells in the model ...................................................................................................................... 30 

Chapter 4 HISTORY MATCH ..................................................................................................................... 35 

4.1 Problem identification ................................................................................................................ 35 

4.2 Simulation results from preliminary model ................................................................................ 35 

4.2.1 Water flood ......................................................................................................................... 36 

4.2.2 CO2 flood ............................................................................................................................. 36 

4.3 Qualitative integrated 4D seismic history match ........................................................................ 40 

4.3.1 Improved water flood match .............................................................................................. 40 

4.3.2 Time-lapse seismic response .............................................................................................. 43 

4.3.3 Permeability modification ................................................................................................... 44 

4.3.4 Relative permeability .......................................................................................................... 46 

4.3.5 Improved CO2 flood match ................................................................................................. 49 

Chapter 5 QUANTITATIVE INTEGRATION................................................................................................. 51 

5.1 Introduction ................................................................................................................................ 51 

5.2 Fluid substitution ........................................................................................................................ 53 

5.3 Well log data inversion ............................................................................................................... 56 

5.4 Pressure substitution .................................................................................................................. 60 

5.5 Quantitative comparison of observed and synthetic acoustic impedance ................................ 63 

5.5.1 Unifying the scale of synthetic and observed seismic map ................................................ 63 

5.5.2 Integration methodology .................................................................................................... 67 

5.5.3 Integration results discussion ............................................................................................. 68 

Chapter 6 CONCLUSION AND FUTURE WORK ......................................................................................... 77 

6.1 Conclusion ................................................................................................................................... 77 

6.2 Value to RCP ................................................................................................................................ 80 



vii 
 

6.3 Future work ................................................................................................................................. 80 

REFERENCE CITED ....................................................................................................................................... 85 

 



ix 
 

 

LIST OF FIGURES 

Figure 1-1:  Location of Delhi Field and Jackson Dome CO2 Field. From Evolution Petroleum 
Corporation .............................................................................................................................. 4 

Figure 1-2:  Delhi Field outline and RCP area location. Modified from Denbury Resources (2008) ............. 5 

Figure 1-3:  Location of Delhi Field in relation to major salt basins and uplifts. From Evolution 
Petroleum Corporation ............................................................................................................ 6 

Figure 1-4:  Stratigraphic column displaying the Paluxy and Tuscaloosa sediments in Delhi Field. 
The discontinuous Tuscaloosa depositional layers and the associated unconformities 
are also indicated in this interpretation (Silvis (2011)). ........................................................... 6 

Figure 3-1:  Facies definition in geologic modeling. The continuous Paluxy lies at the bottom of the 
model while the six discrete Tuscaloosa layers lie on top of it. The total number of 
grid cells is 503052. ................................................................................................................ 25 

Figure 3-2:  Porosity distribution of geologic model. Homogeneous trend is displayed throughout 
this porosity map. .................................................................................................................. 25 

Figure 3-3:  Horizontal permeability distribution of both Paluxy and Tuscaloosa layers. .......................... 26 

Figure 3-4:  Horizontal permeability distribution for Tuscaloosa sediments only. Purple and blue 
color is dominating in the 3D map (left) which indicates a low permeability trend. The 
histogram indicates that the average permeability of Tuscaloosa is around 100md. ........... 26 

Figure 3-5:  Horizontal permeability distribution for Paluxy sediment. The histogram indicates that 
the average permeability of Paluxy is approximately 350md (right)..................................... 27 

Figure 3-6:  Water-Oil relative permeability function (left) and Gas-Water relative permeability 
function (right) of original flow simulation model. ................................................................ 29 

Figure 3-7:  Water-oil capillary pressure curve of original flow simulation model. ................................... 29 

Figure 3-8:  Procedure of component lumping. The original 37 components were lumped to 10 
components by Denbury Resources. Alharthy (2011, personal communication) 
lumped the 10 components into 6 components. The six-component model is used for 
compositional flow simulation. .............................................................................................. 31 

Figure 3-9:  Wells in Paluxy layer during CO2 flood in the simulator. There are six injectors and 
eight producers in Paluxy with unique injection pattern (b). ................................................ 32 

Figure 3-10: Wells in Tuscaloosa layers. All of the four wells are located in the Tuscaloosa 7 
pattern (b). ............................................................................................................................. 33 

Figure 4-1:  Simulated pressure at the last time step of water flood. The average pressure in the 
reservoir area is around 1550 psi as indicated in the map. However, the static bottom 
hole pressure (BHP) measured at several wells reported by Denbury Resources shows 
that the average pore pressure at the beginning of CO2 flood is approximately 1420 
psi. Therefore, the simulated water flood is 200psi off the true value (Denbury 
Resources, November. 2012.). ............................................................................................... 37 

Figure 4-2:  Individual well gas production rate match based on preliminary simulation model. Red 
curves are measured data while blue curves stand for simulated results. All maximum 
value of y-axis (gas rate) is fixed to 7000 MSCF/DAY. Well 139-2 (a) and 148-27 (b) 
showed a trend of little or no gas production. Well 158-2 (c) got some improvement 



x 
 

in the end. Well 159-2 (d) is the best match in preliminary model. However, the low 
production rate makes it less impressive. ............................................................................. 38 

Figure 4-3:  Total gas rate matching for all wells. The simulated gas production (red curve) 
maintained a low rate all the time except the last one month. This indicates tardy gas 
flow in the simulator. ............................................................................................................. 39 

Figure 4-4:  Total oil rate matching for all wells. Red curve indicates that oil is being over produced 
from preliminary flow simulation model. .............................................................................. 39 

Figure 4-5:  Gas saturation at June 2010 (left) and March 2011 (right). The regular shape of high 
value zone suggests that the injected CO2 is accumulated around injectors (shown in 
red triangle) with limited movement. .................................................................................... 40 

Figure 4-6:  Simulated reservoir pressure at the last time step of water flood from updated model. 
The average pressure in the production zone is reduced to around 1420psi. ...................... 42 

Figure 4-7:  Water cut of several producers during water flood stage from the updated model. The 
average value is 94.3% which should be a reliable initial condition of CO2 flood. ................ 43 

Figure 4-8:  Seismic RMS amplitude for Paluxy, where (a) represents baseline seismic survey and 
(b) stands for the 1st seismic monitor. The different colors in the two maps 
demonstrate CO2 movement path. High value zone correspond to high CO2 
concentration. Red color in the 1st monitor map is a reflection of CO2 accumulation 
and high permeability channel. The circled area indicates bypassed oil zone with low 
permeability. .......................................................................................................................... 46 

Figure 4-9:  Updated permeability distribution for Paluxy (a) and Tuscaloosa (b). The yellow to red 
channels in (a) and orange channels in (b) correspond to the modified permeability 
based on seismic interpretation. ........................................................................................... 47 

Figure 4-10: Updated Water-Oil relative permeability (a) and Gas-Oil relative permeability (b) .............. 48 

Figure 4-11: Total production rate for all wells. (a), (b), (c) and (d) represent gas, liquid, oil and 
water production rate for all wells respectively. The gas production matching is the 
best since time-lapse seismic data is actually interpretations of CO2 movement. ................ 50 

Figure 5-1:  Workflow for quantitative integration of flow simulation and time-lapse seismic. 
Simulation outputs are converted into acoustic impedance through a Petro-Elastic 
Model. By quantitatively comparing the synthetic and inverted acoustic impedance, 
the mismatch could be quantified and minimized. ............................................................... 52 

Figure 5-2:  Relationship used to calculate dry bulk moduli and shear moduli. The correlation of 
dry bulk moduli and porosity (left) is better compare to the one of shear moduli and 
porosity (right). ...................................................................................................................... 62 

Figure 5-3:  Comparison between the size of synthetic and observed acoustic impedance map 
before modification. (a) is the simulated impedance map and (b) is the seismic 
inverted impedance map. The wells labeled on the two maps are the same. It is very 
obviously that the simulated map is larger compared to the seismic map. .......................... 65 

Figure 5-4:  Shape of acoustic impedance map for both synthetic and observed seismic attributes. 
Unrealistic boundaries and the extra part in original simulated map were cut off............... 66 

Figure 5-5:  Simulated acoustic impedance difference from preliminary model (a) and seismic 
acoustic impedance difference (b) ......................................................................................... 69 

Figure 5-6:  Acoustic impedance mismatch from preliminary model. High value zone in this map 
indicate that seismic difference is larger than synthetic seismic difference and vice 
versa. ...................................................................................................................................... 70 

Figure 5-7:  Simulated acoustic impedance difference from updated model (a) and seismic 
acoustic impedance difference (b) ......................................................................................... 71 



xi 
 

Figure 5-8:  Acoustic impedance mismatch from 2nd model. High value zone in this map 
corresponds to larger seismic acoustic impedance difference and smaller synthetic 
acoustic impedance difference. Compared to the mismatch map of preliminary 
model, the absolute values in this map are generally decreased which indicate an 
improved match. .................................................................................................................... 71 

Figure 5-9:  Gas production rate matching from the 2nd simulation model. The matching for well 
165-32 (the second far west producer in the model) is shown in (a) whereas the 
matching for well 169-1 (the most far west producer in the model) is shown in (b). 
Simulation results for both wells are overpredicting gas production compared to the 
underpredicting trend for all other producers. ..................................................................... 73 

Figure 5-10: Acoustic impedance objective function between 3rd model (a) and updated (2nd) 
model (b). The magnitude of the blue area in the 2nd model is significantly reduced 
after a few high permeability channels are applied to the southern part of the 
simulation model. .................................................................................................................. 75 

Figure 5-11: Gas production rate matching from the 3rd simulation model. The simulated rate is 
decreasing since the permeability channelswere built between downdip injectors 
and even downdip regions. .................................................................................................... 75 



xiii 
 

 

LIST OF TABLES 

Table 2-1  Comparison of three major CO2 injection schemes ................................................................... 15 

Table 3-1: Initial condition of black oil reservoir simulation ...................................................................... 28 

Table 3-2: Fluid properties in black oil reservoir simulation ...................................................................... 28 

Table 3-3: Corey Correlation parameters for saturation function .............................................................. 28 

Table 3-4: Parameters of six-component compositional model ................................................................. 31 

Table 4-1: Static BHP from Denbury Resources measured on November 2009 ......................................... 37 

Table 4-2: Optimized water injection rate for all injectors in water flood stage........................................ 41 

Table 5-1: Supercritical CO2 density under different reservoir pressures at constant reservoir 
temperature (137°F). ................................................................................................................ 56 

Table 5-2: Parameter values used in calculating matrix modulus and fluid modulus ............................... 59 

Table 5-3: Comparison of dry elastic moduli at different effective stresses for the Gulf Coast  sand 
between Gregory’s laboratory measurements and calculations based on Zhang  and 
Bentley’s equation (Zhang and Bentley (1999)) ....................................................................... 62 

 



xv 
 

 

Acknowledgement 

        I would like to thank a lot of people for their support and guidance which help me to 

complete this research. First, I appreciate Reservoir Characterization Project (RCP) group at 

Colorado School of Mines for the financial support it granted me. I would like to thank all the 

faculties and staffs in RCP, especially Dr. Tom Davis, Dr. Bob Benson and Sue Jackson for their 

encouragement and suggestions. I would also like to recognize all the kind helps that I received 

from my previous and current RCP colleagues including Douglas Klepacki, Sen Guan, JJ Bishop, 

Carla Cristina, Tingting Chen, Mitra Azizian, Mariana Fernandes, Júlio Frigério and others 

working on different projects. I am also grateful to my friends and colleagues in Petroleum 

Engineering department, for their feedbacks and suggestions throughout my work. 

    I would also give my appreciation to Denbury Resources. The communications had provided 

me a lot of useful information that allows me to continue my research. I also appreciate Dr. 

Hossein Kazemi in Petroleum Engineering Department for his guidance in reservoir simulation; 

as well as Nick Silvis and Najeeb Alharthy for their efforts on the preliminary reservoir modeling. 

I especially want to thank my advisor Todd Hoffman, for supervising the process of my work. I 

appreciate the help of Tom Bratton at Schlumberger which allows me to master the research 

software. Finally, I would like to thank my familiar for being supportive and encouraging in the 

past years. 

 



 
 

1 
 

 

Chapter 1   INTRODUCTION 

1.1   Introduction 

    A high definition dynamic reservoir characterization in a CO2 EOR project is 

indispensable for optimized injection design, field CO2 management and overall 

recovery improvement. The purpose of reservoir simulation is to develop a reliable 

model for future production prediction and reservoir development. Some critical issues 

in field development, such as CO2 flow paths, bypass oil zones and CO2 miscibility 

change can be indicated from flow simulation results. Traditionally, the reservoir 

simulation was corrected purely through a well production history match process. With 

the advancement of 4D seismic, time-lapse seismic data is gaining its weight in assisting 

history matching along with production data. The increased understanding of multi-

disciplinary knowledge and effective integration of geoscience and reservoir engineering 

is the key to improve ultimate recovery. 

The concept of 4D seismic was put forward in the 1980s (Greaves et al. (1983)) and is 

evolving into a new technique for advanced dynamic reservoir monitoring and 

management. Within the past decade, integration of time-lapse seismic and reservoir 

engineering is becoming a common practice in the dynamic reservoir characterization 

process. 4D seismic assisted reservoir simulation is a new and reliable approach for 

reservoir modeling and history matching as the resolution of time-lapse seismic 

advanced in recent years. This research is focused on compositional reservoir simulation 
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and history match of a continuous CO2 EOR project in Delhi Field, Louisiana by 

incorporating time-lapse seismic impedance data in a quantitative manner. 

This research is sponsored by Reservoir Characterization Group (RCP) in the 

Geophysics department at Colorado School of Mines (CSM). RCP is an independently 

sponsored research consortium concentrating on the development and application of 

time-lapse multi-component seismology and associated technologies to effectively 

monitor the subsurface dynamic fluid flow in order to model complex reservoirs. 

Currently, Delhi Field is one of the biggest ongoing projects in RCP. 

1.2   EOR 

    Enhanced Oil Recovery (EOR) processes are conducted for the purpose of increasing 

the crude oil or gas recovery from reservoirs depleted by natural flow and secondary 

recovery. In general, EOR can be divided into three major subgroups: gas injection, 

chemical injection and thermal recovery. Thermal recovery has been extensively 

employed for extracting heavy oil, whereas chemical and miscible displacement 

processes are mainly utilized for the recovery of light oil. 

    Gas injection is one of the most common techniques in enhanced oil recovery practice. 

Some gas solvent displacement processes reduce the capillary pressure effect, which 

allows more crude oil from to be extracted from the pore spaces. In addition to the 

beneficial effect of maintaining the reservoir pressure, the injected gas also notably 

enhances the mobility of subsurface hydrocarbons by reducing their viscosity.  
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The CO2 flooding process can be either miscible or immiscible, depending on the 

reservoir condition and crude oil properties. In the scenario of light oil under high 

reservoir pressure, CO2 is likely to be miscible with the oil and create a miscible front 

which contains a single liquid phase. This miscible front can efficiently displace the oil 

remaining in the pore space and sweeps it to the production wells. The minimum 

miscibility pressure (MMP) is the pressure where the injected gas and the reservoir oil 

will mix completely. For CO2, it can be as low as 1200 psi in shallow light oil reservoir 

conditions (Mungan (1981)). When reservoir pressure is insufficient or the hydrocarbon 

has less favorable composition (i.e. API gravity < 20), the injected CO2 and reservoir oil 

will be remained in two phases possibly with some CO2 partially dissolved in the oil 

phase. The main mechanism of immiscible CO2 process involves: (1) oil phase swelling; 

(2) reduced viscosity of oil and CO2 mixture due to swelling effect; (3) extraction of 

lighter hydrocarbon (i.e. methane) into CO2 phase and (4) gas drive and pressure 

maintenance (Advanced Resources International (2006)). In general, an immiscible CO2 

flood is less efficient compared to a miscible CO2 flood. 

1.3   Delhi Field 

The RCP is currently working on Phases XIII and XIV--Delhi Field, a Northeastern 

Louisiana field acquired by Denbury Resources in 2006. This field is 15 miles long by 2 to 

2.5 miles wide with an area extent of 6200 acres. Discovered in 1944, Delhi Field had 

experienced primary depletion from 1944 to 1954 and secondary water flood from 1954 

to 2009 before CO2 tertiary recovery operated by Denbury Resources Inc. The field has 
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produced 192 million barrels by the end of water flooding; approximately 54% out of 

the estimated 357 million barrels original oil in place (OOIP). The water injection rates 

for individual wells are missing from the production history, which causes great 

uncertainty and difficulty for reservoir simulation and history match; therefore a 

material balance approach is necessary to determine the amount of water to allocate to 

individual wells. A pipeline that traverses under the Mississippi River has been built to 

supply CO2 to Delhi Field from Jackson, Mississippi (Figure 1-1).  The RCP survey was 

concentrated on the 4 miles squared area in the middle of Delhi Field (Figure 1-2). 

 

Figure 1-1:  Location of Delhi Field and Jackson Dome CO2 Field. From Evolution Petroleum 
Corporation 



 
 

5 
 

 

Figure 1-2:  Delhi Field outline and RCP area location. Modified from Denbury Resources (2008) 

1.3.1   Geologic setting 

Delhi Field lies on the southern flank of the Monroe Uplift within the Mississippi 

Interior Salt Basin (Figure 1-3). The target zone lies at depth between 3,000 and 3,500 

feet and the oil is producing from Cretaceous age Paluxy and Tuscaloosa sediments. A 

3D seismic survey acquired by Denbury Resources in 2008 indicated that the Paluxy is a 

continuous sandstone body whereas the Tuscaloosa is made of up many discontinuous 

sandstone layers. According to Denbury Resources, the oil-water contact is considered 

consistent throughout the area at the depth of 3286 feet TVD. However, a pinchout 

between Paluxy and Tuscaloosa sand bodies accompanied with the formation 

unconformity makes this reservoir stratigraphically complex. The cluster analysis of Silvis 

(2011) shows the reservoir intervals in the study area while indicating the 

unconformities of Delhi Field (Figure 1-4). 
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Figure 1-3:  Location of Delhi Field in relation to major salt basins and uplifts. From Evolution 
Petroleum Corporation 

 

Figure 1-4:  Stratigraphic column displaying the Paluxy and Tuscaloosa sediments in Delhi Field. 
The discontinuous Tuscaloosa depositional layers and the associated unconformities are also 
indicated in this interpretation (Silvis (2011)). 
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1.3.2   Reservoir properties 

    Delhi Field is overall a high quality reservoir with the recovery factor of 54% prior to 

CO2 flood. The main characteristics of this field include shallow depth, relatively high 

subsurface temperature, light crude oil contents and very high porosity and 

permeability. The initial pore pressure is 1519 psi and it drops to approximately 1400 psi 

after primary and secondary depletion. The pressure estimation comes from BHP 

surveys done by Denbury Resources at the end of water flood. The average porosity of 

the whole field is approximately 30%. There are still some uncertainties in regard to the 

permeability distributions. Based on the core measurements from well 159-2 (Silvis 

(2011)), it has been reported that the continuous Paluxy sediment has the average 

permeability of 1000 md while Tuscaloosa shows a great variation from one interval to 

another. According to Silvis (2011), the measured Tuscaloosa sandstones have the 

permeability ranging from 691 md to 5219 md. Since Tuscaloosa is a discrete sandstone 

formation embedding with a number of shale contents, and the measurement was 

conducted based on the core samples from a single well, these permeability values are 

potentially questionable in representing the average Tuscaloosa permeability. Other 

reports, by incorporating MRIL logs and porosity-permeability correlations, have 

concluded the permeability range has a smaller magnitude (Alharthy (2011)). Based on 

Alharthy’s permeability model for flow simulation, the Paluxy is ranging from 300-400 

md while the Tusacloosa has an even lower average permeability.  
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One objective of this research project is history matching the CO2 EOR process by 

performing sensitivity analysis on permeability to evaluate its effect on flow 

performance. 

1.3.3   Seismic survey 

The RCP had shot two seismic monitors after Denbury Resources shot the baseline 

seismic survey in 2008. The first monitor was shot in June 2010, seven months after the 

CO2 injection and the second one was shot in August 2011. In this research, time-lapse 

seismic integration study will use the 2008 survey as the baseline and the June 2010 

survey as the monitor. Seismic surveys are effective tools in monitoring the subsurface 

dynamic fluid performance. Time-lapse seismic provides observed seismic impedance 

that can be employed by reservoir engineer to update the reservoir model. The 

synthetic acoustic impedance is a reflection of dynamic properties changes in the flow 

simulator. In this work, a quantitative integration of observed and synthetic seismic 

attributes was performed to improve the history match. Detailed discussion on this 

process is presented in Chapter 5.  

1.4   Objective of research 

The primary objective of this research is to improve the reservoir simulation model 

through history matching process to better understand the continuous immiscible CO2 

flood in Delhi Field. 4D seismic was utilized as an important tool throughout reservoir 

simulation. The time-lapse seismic data not only provides qualitative information such 

as the reservoir connectivity and flow paths of the CO2, but also could be quantitatively 
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incorporated as an additional monitoring parameters other than production data to 

reduce the non-uniqueness in history match. To quantify the mismatch between 

simulation and seismic data in the context of seismic attributes, a Petro-Elastic Model 

was constructed to translate simulated dynamic properties into seismic impedance. The 

difference between synthetic and observed seismic impedance is then used to update 

geologic and flow simulation model iteratively. 

This research also contains detailed sensitivity analyses of several major uncertainties 

in modeling Delhi Field. The first uncertainty is from the water flood stage. Although the 

CO2 flood is the only focus of Delhi group in RCP, from a reservoir engineer’s perspective, 

the uncertainties in water injection scheme must be carefully investigated to ensure a 

reliable initial condition of compositional modeling. Permeability distribution is another 

uncertainty which could have a significant impact on simulation results. Due to the 

limitation of the original geologic model, the old permeability shows great homogeneity 

and does not reflect the CO2 flowing channel as indicated by seismic interpretation. 

Similar to permeability, the original relative permeability curve is also questionable due 

to very limited core measurements and correlations. In this work, time-lapse seismic 

data are utilized along with production data to analyze the sensitivity of simulated 

results and synthetic seismic attributes to adjustments of uncertain parameters in 

reservoir simulation. 

Developing the workflow of time-lapse seismic integrated history matching process 

had been reported by several researchers (See Chapter 2) and therefore is not the 
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objective of this research. However, several unique characteristics in sedimental 

environment and field development have differentiated Delhi Field from previous 

publications. Therefore, the integration workflow in Delhi Field is considered as a pilot 

application to evaluate the feasibility of time-lapse seismic assisted reservoir simulation 

on an extremely thin multi-layer reservoir with incomplete development history record 

and continuous CO2 injection strategy. 
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Chapter 2   LITERATURE REVIEW 

2.1   Introduction 

The history of reservoir simulation can be dated back to the early stage of petroleum 

industry. Since early 1950s, research has been conducted on inferring the flow behavior 

in the subsurface through the use of mathematical models (Watts (1997)). Subsequent 

decades saw the increased use of computers as well as the improved mathematical 

models. Reduced size and increased speed of computers have not only made numerical 

simulation more efficient, but also allowed traditional reservoir simulation programs to 

combine with newly development theories and techniques such as geostatistics, 

naturally fractured reservoirs, EOR method and horizontal wells (Breitenbach (1991)). As 

a result, reservoir simulation has become a comprehensive tool for field management 

today. 

4D seismic, or time-lapse seismic, is a newly developed techniques for reservoir 

development, and it is adding more and more value to petroleum industry. In the early 

time development, the accuracy of 4D seismic obscured the possibility for it to be a 

quantitative indicator of reservoir fluid displacement effect. However, matured as it is 

today, the technique had shown great value in dynamic monitoring of field behavior.  

There are ongoing efforts in recent years to use 4D seismic in a quantitative manner 

to match with flow simulation results for better dynamic reservoir characterization 
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while reducing the non-uniqueness in history matching process. These publications 

include both water flood and EOR cases. However, the applications of 4D seismic 

reported in literature rarely refers the unique characteristic of Delhi Field: stratigraphic 

complexity, very thin formation and multiply production zones, and continuous CO2 

injection scheme. These unique characteristics, along with other challenges, such as the 

quality of data and production history records, contribute to the difficulties in flow 

simulation and 4D seismic integration. 

This chapter will review the CO2 enhanced oil recovery process. Several common 

flooding schemes in practice will be discussed and compared. And then publications in 

recent years on topics of coupled 4D seismic reservoir simulation will be reviewed. At 

last, the differences between Delhi Field and literature records will be briefly discussed. 

2.2   Continuous CO2 Flood Enhanced Oil Recovery 

A typical depletion process of petroleum reservoir includes three phases. Natural 

subsurface energy is the driving force in the early stage of reservoir depletion (natural 

flow), followed up by water flooding (secondary depletion) where the reservoir pressure 

is maintained by the water injection. Water flooding displaces oil in the reservoir 

formation down to residual oil saturation and it can often continue for several decades 

until the oil rate reaches certain uneconomic threshold value. On average, the recovery 

factor after natural flow and water flooding is approximately 25%-40% (Donaldson et al. 

(1985)), leaving more than half of the OOIP unrecovered. The tertiary recovery of 

petroleum reservoir, commonly known as enhanced oil recovery (EOR), is aimed at 
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increasing the recovery by changing properties (rock, fluid, etc.) of the reservoir. 

Thermal, chemical and several other types of EOR process had been applied around the 

world to increase hydrocarbon production. CO2 flood is an EOR process with relatively 

low cost and high sweeping efficiency and therefore has become more and more 

popular in recent few decades.  

    The petroleum industry has more than 60 years’ experience in developing advanced 

CO2 EOR process. Since early 1950s, striking patents and laboratory test results have 

been published on the subject of CO2 flooding techniques, which laid the foundation for 

modern CO2 EOR process (Holm (1982)). The first time of large scale CO2 injection 

project was applied at the SARROC UNIT, which can be dated back to 40 years ago 

(Crameik and Plassey (1972)). Unit 2010, over 100 CO2 EOR projects were implemented 

in the U.S. with more than two hundreds of thousands barrels oil produced per day. 

Several major types of CO2 flood strategy can be found in field applications. In terms of 

fluid miscibility, the most effective displacement is reached when the miscibility is well-

developed between CO2 and hydrocarbon phase in the formation. Nearly all the CO2 

flooding projects in Permian Basin have been designed at miscible or partially miscible 

conditions (Zhou et al. (2012)). In terms of CO2 injection strategy, there are three major 

types of schemes utilized. Water Alternative Gas (WAG) or Tapered Water Alternative 

Gas (TWAG) process is the most common CO2 EOR method in the US since it can 

significantly improve the overall reservoir conformance problems while maintaining 

operational flexibility (Merchant (2010)). Phase XII of RCP project on Postle Field is an 
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example of using WAG to enhance the productivity. Cyclic (Huff ’n’ Puff) CO2 injection 

strategy was developed in the 1960s and had proved to be efficient in low permeability 

reservoirs (Miller et al. (1994)). The CO2 injection scheme for Phases VI and VII of RCP 

project - Vacuum Field - a carbonate fractured reservoir with relatively low permeability 

and high discontinuity was CO2 Huff ’n’ Puff injection strategy. However, loss of well 

productivity due to shutting in to allow CO2 to dissipate and dissolve makes this flooding 

scheme uneconomic in highly connected reservoirs (Miller, Bardon et al. (1994), Wehner 

and Prieditis (1996)). The third type of injection strategy, continuous CO2 flooding 

scheme, is less prevalent in field application compared to WAG; however, it is suitable 

for reservoirs with stable gravity displacement mechanisms while efficiently avoiding 

the detrimental effect on productivity and recovery introduced by water injection 

(Bellavance (1996)). Table 2-1 briefly summarizes these three types of CO2 flooding 

schemes applied in the last few decades (Miller (1990), Tanner et al. (1992), Bangia et al. 

(1993), Folger and Guillot (1996), Davis et al. (1997)). Previous RCP phases have other 

types of CO2 flood in record, such as simultaneous but separate CO2 and water injection 

in Weyburn Field (Phase VIII and IX (1997-2003) (Brown et al. (2002), Herawati and 

L.Davis (2003)). However, this flooding scheme is limited in usage due to operational 

complexity (Rossen et al. (2006)) and the difficulties in testing and monitoring the 

dispersion of water and gas (Shetty (2005)). 

It has been estimated that more than 90% of CO2 EOR project in the U.S. are 

implemented with WAG or TWAG scheme in the last 40 years (Zhou, Yan et al. (2012)), 



 
 

15 
 

 

Table 2-1  Comparison of three major CO2 injection schemes 

  Field Case Pros Cons 

WAG 
(TWAG) 

Slaughter Unit, 
Wasson Denver 

Unit, Postle Field 

Improved conformance and 
highly operational flexibility 

High investment, 
frequent operational 

adjustments 

Cyclic (Huff 
'n' Puff) 

Big Sinking Field, 
Vaccum Field  

Suitable for tight reservoir  
Unfavorable in highly 
connected reservoirs 

Continuous 
Injection 

Dollarhide Field, 
Wolfcamp reservoir 

Wellman Unit 

High productivity when CO2 
breakthrough have not been a 

problem  

Limited conformance 
control, CO2 easily 

breakthrough 

 

however, each reservoir must have its own CO2 flood design fit into the panoramic view 

of reservoir characteristics, geological settings and economic scheme. Continuous CO2 

injection has high gas injectivity; therefore it brings early hydrocarbon response, and 

because of the simpler facilities and operational control, this method sometimes brings 

the operator higher revenues. Besides that, the adverse injectivity effects such as 

impaired well productivity caused by more conventional WAG strategy was reduced by 

continuous injection of CO2 (Bellavance (1996)).It has been reported that if severe CO2 

breakthrough and vertical migration have not been a problem, continuous CO2 injection 

has its advantages in reducing water cut and accelerating production over WAG (Holm 

(1986), Bellavance (1996)). On the other hand, the production GOR increases very 

quickly if the CO2 breakthrough has been a problem, which would result in more efforts 

in CO2 recycling and separation as well as corrosion of the production facilities (Zhou, 

Yan et al. (2012)). To reduce the adverse effect caused by continuous injection while 
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maintaining recovery efficiency, CO2 sequestration must be treated as the critical issue 

in field management which requires advanced monitoring, simulation and assessment.  

2.3   4D seismic assisted reservoir simulation 

Time-lapse seismic, or 4D seismic survey is now a well-developed technique which is 

gaining importance in field management and dynamic reservoir characterization. 

Typically, 4D seismic repeats the traditional  3D seismic monitoring surveys over a target 

reservoir zone in the mode of time change to image the fluid and pressure effect on 

rock and hydrocarbon properties during field development. 4D seismic could also detect 

the bypass zone of a water flooded or EOR project reservoir. The procedure of time-

lapse seismic involves acquisition, processing and interpretation of the repeated seismic 

surveys over the same reservoir area. Before acquisition, a feasibility study of seismic 

experiment must be conducted to evaluate the applicability of time-lapse seismic 

survey(s). Processing and imaging of acquired 4D datasets requires great patience and 

must be concentrated on details. The last stage, interpretation, is mainly focused on the 

dynamic changes in the reservoir for the purpose of gaining knowledge of the flow 

behaviors in the reservoir and optimizing the field management. 

 The first ever 4D seismic monitoring surveys is granted to Vacuum Field acquired by 

RCP, Colorado School of Mines in 1995 (Davis et al. (1997), Benson and Davis (2000)). 

This 4D seismic survey had been proved to be effective in monitoring CO2 Huff ’n’ Puff 

injection EOR process, for it accurately identified high permeability zone and CO2 flowing 

path in the Central Vacuum Unit, and thus led to the drilling of a very productive dual-
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lateral well. In the early stage of development, time-lapse seismic was mainly used as a 

qualitative tool in identifying the target production area and bypassed zone of water 

flood or EOR process. The accuracy and resolution of 4D seismic had once been a 

problem that prevents it being a reliable approach to detect depletion effects in the 

reservoir formation. However, the high speed advancement in processing and 

interpretation techniques had allowed geophysicists to yield more accurate 4D 

responses with higher resolution, and thus made the integration with reservoir 

engineering work a possible approach. The last decade had saw the role of 4D seismic 

monitoring in the context of reservoir development shifting from a qualitative indicator 

to a quantitative dynamic reservoir characterization tool.  

Dynamic reservoir characterization is very important throughout field development 

for it provides valuable information about real-time fluid and rock properties in the 

subsurface. An effective dynamic reservoir characterization during EOR process can 

reduce the uneconomic factor in the hydrocarbon production and guide the future field 

management. Integrated dynamic reservoir characterization is the process of 

incorporating time-lapse seismic data into reservoir simulation to update reservoir 

model and assist history matching. There are two obvious ways to combine 4D seismic 

with flow simulation: qualitative and quantitative. A qualitative 4D seismic integrated 

reservoir simulation is easy to perform but is unlikely to be precise whereas a 

quantitative integration approach requires more time to combine the observed and 

synthetic seismic attributes, however, it can improve the quality of geologic and flow 
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simulation model by iteration. In the last decade, quite a few publications were 

presented on topic of time-lapse seismic integrated reservoir simulation in either 

qualitative or quantitative manner. The following section will be a brief review of 

related research works. 

The concept of incorporating time-lapse seismic qualitatively into reservoir 

engineering practice can be traced back to the early period of its development. By its 

natural, time-lapse seismic is an interpretation-driven technique aimed at 

understanding the flow behavior and improving the recovery factor over a producing 

field. By introducing 4D seismic, fluid and rock properties changes between two or more 

seismic monitors can be qualitative imaged and bypass oil zones identified. This 

interpretation could be referred to the reservoir simulation process as a qualitative 

parameter to compare with flow simulation results. Reymond et al. (1999) applied 4D 

seismic surveys in Gullfaks Field in the Norwegian North Sea. As a result of time-lapse 

seismic monitoring, two fault-block compartments were identified and several wells 

were drilled or recompleted which had been proved to be effective in optimizing the 

recovery. Similarly, 4D seismic surveys accurately imaged water movement channels 

and pressure compartments at Meren Field in Nigeria (Lumley et al. (1999)). The time-

lapse seismic monitoring survey implemented on The South Timbalier 295 Field in 

conjunction with reservoir simulation had suggested the improved water injection 

pattern which turned out to be effective in repressurizing the downdip reservoir and 

sweeping bypassed oil (B.Flemings et al. (1997)). The work of Waite et al. (1997) and 
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Sigit et al. (1999) showed that time-lapse seismic could also be utilized in steam 

injection EOR process. The 4D seismic pilot project conducted at Duri Field in the 

eastern coastal plain of central Sumatra had successfully assisted the conventional 

steam monitoring techniques in detecting the steam distribution and channeling effect 

in the subsurface. The success of time-lapse monitoring in Duri Field had led to some 

other seismic survey in steam injection reservoirs.  

There are ongoing effects in the last few years to link time-lapse seismic with flow 

simulation quantitatively. This could be ascribed to the improved accuracy and 

resolution of seismic processing and interpretation. The quantitative approach, which is 

different from qualitative method, requires direct comparison of observed seismic 

attributes (i.e. acoustic impedance) and synthetic seismic attributes. The difference 

between these two sets of seismic attributes is used to update the geologic and flow 

simulation model iteratively through history match process. The most common method 

of obtaining synthetic seismic attributes is via a Petro-Elastic Model (PEM) through 

which the simulated outputs (i.e. saturation, pressure) are converted into seismic 

impedance. The workflow of 4D seismic integration had been reported by several 

researchers (i.e. Jin et al. (2011); Tolstukhin et al. (2012)). Quite a few publications have 

discussed the field applications of time-lapse seismic data in the context of quantitative 

history matching process. Dong and Oliver (2005) applied a gradient-based method that 

integrated time-lapse seismic and reservoir simulation on a black oil model. 4D seismic 

impedance data was incorporated into an automatic history matching process and the 
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mismatch difference between observed and synthetic seismic impedance is minimized 

by using quasi-Newton minimization method. The work of Villegas et al. (2009) 

developed a new methodology of using time-lapse seismic data to update permeability. 

Their application in a Shetland Isles water-flooding field had shown improved water cut. 

The work of Roggero et al. (2007) on Girassol Field in offshore Angola utilized 4D seismic 

as an optimization tool for improved geostatistical modeling process. Fahimuddin et al. 

(2010) applied the Ensemble Kalman filter (EnKF) to a real oil reservoir at North Sea in 

conjunction with local analysis to quantitatively match 4D responses and production 

history. The previous RCP project, Phase XII (2007-2011) at Postle Field shows another 

good example of using time-lapse seismic data to build a reliable and predictable 

reservoir model (Heris et al. (2011)). In this work, seismic inverted acoustic impedance 

difference data was incorporated with flow simulation results to improve history 

matching process, and the objective function was calculated based on the Petro-Elastic 

Model. In multiple simulation runs, both geologic model and flow simulation model 

were updated iteratively based on the calculated objective function. 

2.4   4D seismic integration in Delhi Field 

Although all the achievement listed above had successfully displayed the effectiveness 

of 4D seismic in reservoir simulation, the feasibility of this integration process needs to 

be carefully examined for individual reservoirs. According to Dasgupta (2005), the 

decisive factors of evaluating the effect 4D seismic survey includes seismic repeatability 

and adequacy of seismic responses sensitivity. This theory explains why most of the 
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feats were obtained from offshore reservoir with low near-surface noisy and high 

seismic signal repeatability.  

Delhi Field is labeled with several unique characteristics. By its nature, Delhi Field is an 

onshore reservoir located in northeastern Louisiana. Based on Dasgupta’s theory, time-

lapse seismic surveys shot in Delhi Field may have limited repeatability and low signal to 

noise ratio which would reduce its accuracy to monitor fluid changes in the subsurface. 

Geologically speaking, its stratigraphic complexity is derived from multiply reservoir 

layers with very thin intervals. The formation thickness, however, has a great effect on 

seismic signature in case the bed thickness is thinner than ¼  wavelengths of seismic 

waves. For thinner formation layers, the wavelets will interfere both constructively and 

destructively  (Widess (1973), Kallweit and Wood (1982)). Although the advancement of 

analyzing wavelets’ side lobe in recent years have raised arguments that seismic noise 

could be reduced as the bed thickness go beyond the limitation (Pierle (2009)), the 

resolution and accuracy of seismic monitoring in thin reservoirs are still believed to be 

imperfect in general. In Delhi, the thickness of continuous Paluxy layer is ranging from 

20ft to 80ft with an average of approximately 40ft. The discrete Tuscaloosa sediments 

show a significant variation of thickness in individual layers. On average, each of the 

Tuscaloosa intervals is approximately 20-25ft. This formation thickness information 

indicates that the noise may obscure the desired seismic signals and lead to inaccurate 

interpretation of CO2 movement. In order to minimize the inference effect, this research 
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utilized seismic inversion data from the continous Paluxy layer to assist reservoir 

simulation process. 

    Another characteristic distinguishing Delhi Field from other fields is the uncertainties 

in production history. Switching of several operators before Denbury Resources took 

over and initialized CO2 injection (2009) had blurred the historical pressure maintenance 

strategies and water injection schemes. This uncertainty largely reduces the credibility 

of the initial conditions when CO2 flood started. The only data available is the total 

water injection amount for the whole Delhi Field. The seismic surveys used in this 

research were acquired in 2008 (baseline) and 2010 (1st monitor) with the purpose of 

monitoring CO2 pathways and therefore could not be utilized to assist water flood 

simulation case. In order to bring the initial condition of CO2 flood closer to observed 

scenario, water flood history match was performed by conventional methodology of 

adjusting injection parameters in multiple simulation runs.  

The third notable feature in Delhi Field is the continuous CO2 injection strategy and 

irregular stagger line drive pattern. Even with the help of time-lapse seismic monitor 

(June 2010), the flow paths of CO2 are still not clear in some parts of the study area. The 

unique injection pattern, combined with uncertainties in reservoir connectivity had 

added additional difficulties in the history matching of local wells.  
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Chapter 3   RESERVOIR MODELING 

3.1   Introduction 

The geologic model used for this research was built three years ago before there was 

any time-lapse seismic data available to assist geologic modeling of porosity and 

permeability distribution. Well log data are also scarce and the core analysis only used 

the samples from well 159-2 (Silvis (2011)). Therefore, a lot of uncertainties are 

associated with the original geologic model which displayed a strong homogeneity. The 

flow simulation model was built on the geologic model two years ago. A black oil model 

was used to simulate primary depletion (1944-1954) and water flood (1954-2009) while 

a six-component compositional model is constructed to model CO2 EOR process. 

This chapter describes the reservoir modeling process and reservoir properties in the 

simulator. Several major problems in initial modeling will be briefly discussed during 

description. 

3.2   Geological modeling 

The geologic model for RCP study area in Delhi Field was initially built by Silvis in 2010 

(Silvis (2011)). More than 10 million cells were gridded in this model. Alharthy (2011) 

regridded the full geocelluar model into 503052 (74 ×66 × 103) grid cells with a lateral 

resolution of 198 ft × 198 ft. The model includes six discrete Tuscaloosa sand bodies and 

one continuous Paluxy sand body (Figure 3-1).  Poor well logs from old wells had made 
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the geological distribution of petrophysical parameters very difficult (Silvis (2011)). Due 

to a lack of information from seismic interpretation, the porosity was distributed 

geostatistically by applying sequential Gaussian simulation (SGS) based on the values 

obtained from well logs and core measurements. As a result, the porosity distribution is 

relative homogeneous with an average value of 30% (Figure 3-2). The MIRL permeability 

is distributed by the similar process of applying SGS. However, unlike porosity, the 

permeability distribution is to some extent conflicting with the core measurement 

analysis. Figure 3-3 is the overall permeability distribution for the whole geologic model. 

It can be seen that almost no high permeability channel is present in the target 

production area (northern part of the 3D map). The majority of grid blocks for the 

Tuscaloosa layers are filled with the permeability value ranging from less than 100md to 

several hundred millidarcy(Figure 3-4). Figure 3-5 is the permeability map and histogram 

of continuous Paluxy layer, which is the target zone of this research. The average value 

in the model is approximately 350md. However, the core measurements from well 159-

2 results reported by Silvis (2011) indicated an average Paluxy permeability of 1 Darcy. 

Some part of the Tuscaloosa layer has even higher permeability up to 3 Darcy according 

to Silvis’s measurement. Since the inconsistency of permeability between the 

measurement and the preliminary model is very obvious and the absolute permeability 

is a critical parameter in the flow simulation and the history matching process, this 

uncertainty needs to be carefully examined using more information from both 

engineering and geoscience sides. 
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Figure 3-1:  Facies definition in geologic modeling. The continuous Paluxy lies at the bottom of 
the model while the six discrete Tuscaloosa layers lie on top of it. The total number of grid cells 
is 503052. 

 

Figure 3-2:  Porosity distribution of geologic model. Homogeneous trend is displayed throughout 
this porosity map. 
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Figure 3-3:  Horizontal permeability distribution of both Paluxy and Tuscaloosa layers. 

 

 

Figure 3-4:  Horizontal permeability distribution for Tuscaloosa sediments only. Purple and blue 
color is dominating in the 3D map (left) which indicates a low permeability trend. The histogram 
indicates that the average permeability of Tuscaloosa is around 100md.
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Figure 3-5:  Horizontal permeability distribution for Paluxy sediment. The histogram indicates 
that the average permeability of Paluxy is approximately 350md (right). 

3.3   PVT modeling 

The Delhi Field is a relatively shallow conventional reservoir with the depth from 3000 

to 3500 ft. Discovered in 1944, the Delhi Field has hundreds of well in the production 

history while RCP area is just a small portion of it containing about 20 wells. The primary 

production stage continued for 10 years followed by 55 years of water flood project to 

produce residual oil. Two PVT models were constructed in the flow simulator for 

different stages of reservoir development. A black oil PVT model was utilized for primary 

depletion and secondary depletion flow simulation while a compositional model was 

used for CO2 tertiary recovery initialized on November 2009. The initial reservoir 

pressure and temperature input for the flow simulation is 1540 psi and 137 °F 

respectively. The oil in Delhi Field is characterized with high API gravity (°41) and low 

viscosity (0.72). Other reservoir conditions and fluid properties inputs for black oil flow 

simulation are shown in Table 3-1 and Table 3-2. 
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Table 3-1: Initial condition of black oil reservoir simulation 

Reservoir condition 

Minimum pressure 1000 psi 

Maximum pressure 3500 psi 

Datum Depth -3050 ft 

Gas-oil contact -3050 ft 

Water-oil contact -3286 ft 

Tempreature 137 °F 

Reference pressure 1540psi 

Table 3-2: Fluid properties in black oil reservoir simulation 

 

The saturation function was built based on Corey correlations (Corey (1954), Brooks 

and Corey (1964)). The correlation parameters are shown in Table 3-3. The relative 

permeability curves and water-oil capillary pressure curve used for original flow 

simulation model are shown in Figure 3-6 and Figure 3-7. 

Table 3-3: Corey Correlation parameters for saturation function 

Correlation parameters 

Gas Oil Water 

Sgcr 0.05 Sorw 0.08 Swmin 0.25 

Corey gas 2 Sorg 0.2 Swcr 0.25 

Krg@Swmin 0.25 Corey O/W 2.5 Corey water 4 

Krg@Sorg 0.2 Corey O/G 4 Krw@Sorw 0.4 

  Kro@Somax 1 Krw@Sw=1 0.5 

Density 0.051 (lbm/ft^3) Density 51.2 (lbm/ft^3) Salinity 60000 PPM

Gravity 0.663 (sg air) Gravity 41 (API) Density 65.06 lbm/ft^3

Vaporated oil/gas ratio 0 (STB/MSCF) Solution gas/oil ratio 0.4124 MSCF/STB Viscosity 0.54 cp

Bubble point pressure 1540 psi FVF 1.007 RB/STB

compressibility 0.00000266 1/psi

Gas phase Oil phase Water phase

Fluid properties
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Figure 3-6:  Water-Oil relative permeability function (left) and Gas-Water relative permeability 
function (right) of original flow simulation model. 

 

Figure 3-7:  Water-oil capillary pressure curve of original flow simulation model. 

    One of the biggest unknowns in building this flow simulation model is the water 

injection rates for individual wells. The only available data are the total injection rate for 

the whole Delhi Field. However, since the RCP focused area is a small portion of Delhi 
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Field, the total water injection for RCP area is calculated by fraction. In addition, there 

are nine injectors during water flood stage, and the original simulation injection strategy 

used similar fractional distribution method. As a result, all injectors in the flow simulator 

have the same injection rate for 55 years. 

The immiscible CO2 injection EOR process is simulated using a six-component 

compositional PVT model. The procedure of components lumping is shown in Figure 3-8. 

The original 37 components were lumped to 10 components by Denbury Resources. 

Alharthy (2011) lumped 10 components to 6 and CO2 is simulated as an individual 

component.  Eclipse is the simulator used in this research and the parameters of the six-

component compositional model is listed in Table 3-4. 

3.4   Wells in the model 

There are more than 50 wells in RCP study area of Delhi Field. Some old wells in 

primary and secondary recovery stages were abandoned after water flood. The flow 

simulation of CO2 flood stage contains 18 wells (9 injectors and 9 producers). In 

continuous Paluxy layer, there are six injectors (140-1, 146-1, 148-2, 158-4, 160-1, 164-3) 

and eight producers (139-2, 147-2, 154-1, 154-2, 158-2, 159-2, 165-32, 169-1). The well 

location and injection pattern are shown in Figure 3-9. Fewer wells are present in the 

Tuscaloosa pattern and most of them are perforated in Tuscaloosa 7 layer (Figure 3-10). 

All three injectors in Tuscaloosa (123-1, 149-1, 161-36) are located in the downdip 

reservoir to push the oil upward. The CO2 drive mechanism in Delhi Field is unique since 

all the injectors are staggered distributed in the updip and downdip to displace oil into 
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Figure 3-8:  Procedure of component lumping. The original 37 components were lumped to 10 
components by Denbury Resources. Alharthy (2011, personal communication) lumped the 10 
components into 6 components. The six-component model is used for compositional flow 
simulation. 

Table 3-4: Parameters of six-component compositional model 

 

producers in the middle. Another drainage mechanism is gravity displacement, and the 

second function of injectors in the lower reservoir is pressure support in order to reduce 

Comp HC Pc (atm) Tc (K) Acen Fac MW Vol Shift Z (Rackett) Vc(1/mol) Vc(viscosity) Omega A Omega B SG Tb (F) Parachor

CO2 3 72.8 304.2 0.225 44.01 0 0.2736 0.094 0.094 0.45723553 0.07779607 0.818 -109.21 78

N2 toC1 1 45.262418 189.77948 8.39E-03 16.188469 0 0.28763524 0.09888263 0.09888455 0.45723553 0.07779607 0.30402258 -255.4972 76.5625

C2 toC3 1 45.262117 336.79607 0.12284411 36.523487 0 0.2777038 0.17258597 0.17330418 0.45723553 0.07779607 0.42657109 -59.388283 127.46122

IC4toC8 1 32.368903 508.49832 0.2764518 85.262362 -0.0065617 0.27008062 0.3446365 0.34614747 0.45723553 0.07779607 0.68667068 170.36402 253.69088

C9 toC15 1 17.92375 689.05982 0.39528 155.61021 -0.1126867 0.22279449 0.59777704 0.60054872 0.45723553 0.07779607 0.80164207 395.47215 436.25987

C16toC36 1 16.371222 739.9446 0.83126196 315.46266 0.23953831 0.28579967 1.140299 1.1493989 0.45723553 0.07779607 0.8837184 719.95486 775.81256
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the commingling effect between the main production zone – Paluxy and the unfavorable 

Tuscaloosa layers.  

 

(a) 

 

(b) 

Figure 3-9:  Wells in Paluxy layer during CO2 flood in the simulator. There are six injectors and 
eight producers in Paluxy with unique injection pattern (b). 
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(a) 

 

(b) 

Figure 3-10: Wells in Tuscaloosa layers. All of the four wells are located in the Tuscaloosa 7 

pattern (b).
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Chapter 4   HISTORY MATCH 

4.1   Problem identification 

As discussed in the introduction and reservoir modeling sections, several unique 

characteristics and uncertainties had made history matching in Delhi Field a much more 

difficult task. Appropriate reiteration of these problems could significantly enhance the 

matching efficiency. First of all, the permeability distribution is not reliable in the 

original model due to its homogeneity and relatively low value. Secondly, the historical 

water injection scheme is a problem with no unique answer. Thirdly, the relative 

permeability function have made the gas phase in the simulator move very slowly and 

the oil phase too fast; in addition, the only special core analysis (SCAL) available is from 

well 159-2, and no other cohesive test or measurement could provide reliable relative 

permeability information for Delhi Field. This research attempts to address the three 

problems and optimize the model by utilizing production data and time-lapse seismic 

response in the history matching process. 

4.2   Simulation results from preliminary model 

This section briefly summarizes the results obtained from the preliminary flow 

simulation model. Several dynamic simulation outputs are used to validate the model. 

For water flood, the matching process is simple and direct since the production data and 

water injection scheme for individual wells are lost. In addition, there was no seismic 
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survey shot until the end of water flood. Therefore, water cut and average reservoir 

pressure were used to evaluate the water flood stage of the model.  

CO2 EOR is the target study stage in this research and thus need more careful 

examination. CO2 production rates, average field pressure and CO2 saturation need to 

be matched through the history matching process. Only qualitative seismic data is 

incorporated in this part, whereas the quantitative integration will be discussed in 

Chapter 5 after a reliable history matching has been performed. 

4.2.1   Water flood 

This research is concentrated on CO2 injection EOR simulation; however, before 

conducting history match for CO2 flood, the initial condition when CO2 started to be 

injected need to be carefully reviewed. The original model used a fractional distributed 

water injection rate for all wells and the total injection amount is 7000 bbl/day. The 

simulation results indicated that the reservoir pressure is too high (Figure 4-1) 

compared to measured static bottomhole pressure (Table 4-1). 

4.2.2   CO2 flood 

The original CO2 flood simulation is associated with problems including low gas 

production rate and high oil production rate, high reservoir pressure and low CO2 

saturation. Among these problems, the slow movement of CO2 is the most significant 

problem which directly cause the limited expansion of gas saturation  and low CO2 

production. Based on measured production data, the earliest CO2 break through  



 
 

37 
 

 

Figure 4-1:  Simulated pressure at the last time step of water flood. The average pressure in the 
reservoir area is around 1550 psi as indicated in the map. However, the static bottom hole 
pressure (BHP) measured at several wells reported by Denbury Resources shows that the 
average pore pressure at the beginning of CO2 flood is approximately 1420 psi. Therefore, the 
simulated water flood is 200psi off the true value (Denbury Resources, November. 2012.). 

Table 4-1: Static BHP from Denbury Resources measured on November 2009 

Well Well type Static BHP (psi) 

164-3 Injector 1401 

158-4 Injector 1747 

148-2 Injector 1412 

165-32 Producer 1404 

160-2 Producer 1412 

148-27 Producer 1411 

147-1 Producer 1418 

 

Although 1-2 producers showed a trend of good to fair gas production rate match, most 

individual wells are underproducing gas (Figure 4-2) . The total gas production from all 

wells is shown in Figure 4-3. To the contrary of gas production, the simulated oil is more 

than twice of the measured data (Figure 4-4). 
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                                     (a)                          (b) 

 

             (c)                         (d) 

Figure 4-2:  Individual well gas production rate match based on preliminary simulation model. 
Red curves are measured data while blue curves stand for simulated results. All maximum value 
of y-axis (gas rate) is fixed to 7000 MSCF/DAY. Well 139-2 (a) and 148-27 (b) showed a trend of 
little or no gas production. Well 158-2 (c) got some improvement in the end. Well 159-2 (d) is 
the best match in preliminary model. However, the low production rate makes it less impressive. 
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Figure 4-3:  Total gas rate matching for all wells. The simulated gas production (red curve) 
maintained a low rate all the time except the last one month. This indicates tardy gas flow in the 
simulator. 

 

Figure 4-4:  Total oil rate matching for all wells. Red curve indicates that oil is being over 
produced from preliminary flow simulation model. 
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    The slow movement can also be observed in gas saturation map. Figure 4-5 clearly 

demonstrates the CO2 movement from June 2010 to March 2011. Regular round shape 

with no obvious elongation explains the slow breakthrough and low gas production rate.  

 

Figure 4-5:  Gas saturation at June 2010 (left) and March 2011 (right). The regular shape of high 
value zone suggests that the injected CO2 is accumulated around injectors (shown in red triangle) 
with limited movement. 

4.3   Qualitative integrated 4D seismic history match 

In this thesis, time-lapse seismic data are used to assist reservoir simulation both 

qualitatively and quantitatively. At this stage of history match, time-lapse seismic data 

are qualitatively incorporated to guide the adjustment of flow simulation parameters. 

This section will start with water flood match, and then describe the 4D seismic 

integrated CO2 flood match.  

4.3.1   Improved water flood match 

As discussed in previous section, the original simulated water injection scheme could 

not reproduce the reservoir pressure distribution as indicated by the static BHP surveys. 

In order to better reflect the reservoir condition right after water flood, the modeled 
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water injection scheme is tuned based on the static BHP values of several wells provided 

by Denbury Resources (2012). As Table 4-1 indicated, the average reservoir pressure by 

the end of water flood should be around 1420psi. Additionally, the production wells in 

the simulator need to have relatively high water cuts as could be expected at the end of 

water flood. After numerous times of water flood simulation runs, a set of values are 

found to be optimal in predicting reservoir pressure and water cut. The total water 

injection rate is 4540 bbl/day. This is reduced from a total of 7000 bbl/day in the initial 

run and now the amount of water is being controlled at individual wells instead of 

providing one number for entire section. Individual well rate and corresponding 

injectors are shown in Table 4-2. 

Table 4-2: Optimized water injection rate for all injectors in water flood stage 

Well Formation 
Injection rate 

(bbl/day) 

161-36 Tuscaloosa 300 

149-1 Paluxy 400 

123-1 Paluxy 300 

148-2 Paluxy 300 

160-1 Paluxy 240 

140-1 Paluxy 200 

146-1 Paluxy 800 

164-3 Paluxy 800 

158-4 Paluxy 1200 
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As a result of reducing individual water injection rate and applying an unevenly 

distributed injection scheme, the reservoir pressure is reduced by approximately 200psi 

(Figure 4-6). Meanwhile, the water cut of several producers are also examined to match 

with measured scenario. The simulated average water cut of producers at the end of 

water flood is 94.3%. This number is in consistent with field measured data which is 

approximately 95% (Denbury Resources, 2012). This trend indicates that the 

hydrocarbon production is very low at the end of water flooding and the reservoir is 

filled primarily with water. This should be a reasonable scenario to start the CO2 EOR 

process. 

 

Figure 4-6:  Simulated reservoir pressure at the last time step of water flood from updated 
model. The average pressure in the production zone is reduced to around 1420psi. 
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Figure 4-7:  Water cut of several producers during water flood stage from the updated model. 
The average value is 94.3% which should be a reliable initial condition of CO2 flood. 

4.3.2   Time-lapse seismic response 

The objective of history match is to update the reservoir model and minimize the 

difference between the simulator and real scenario. The comparison between measured 

and simulated production rate can tell the overall performance of the producers. 

However, the actual reservoir connectivity and CO2 pathways could not be precisely 

pinpointed purely through flow simulation and production data. Time-lapse seismic 

monitoring can provide additional information other than production data to assist 

history match of CO2 injection EOR stage. The interpretation of seismic images over a 

period of production time can not only provide qualitative indicators such as the 

reservoir connectivity and permeability channel in the reservoir, but also offers 

important quantitative feedbacks to the engineering work. Detailed discussion on the 

quantitative use of 4D seismic data will be presented in the next chapter. 
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The baseline seismic survey was acquired in 2008 by Denbury Resources. RCP shot the 

subsequent two monitors in June 2010 and August 2011. This research uses time-lapse 

seismic response between baseline and 1st monitor as an indicator to improve history 

match. 

A number of seismic images can describe the reservoir connectivity either directly or 

indirectly. In this work, we chose the RMS amplitude from the baseline and the 1st 

monitor for the Paluxy layer as a dynamic monitoring parameter (Robinson (2012)). RMS 

amplitude is the root-mean-square amplitude attributes used to examine the reservoir 

channeling effect and CO2 movement. The high values zones in Figure 4-8(b) indicate the 

flowpath and concentration of CO2 whereas the notable circled area reveals low 

permeability bypassed oil zone. According to this couple of RMS amplitude map, high 

permeability distribution in Paluxy sediment can be extracted and applied to the 

preliminary geologic model.  

4.3.3   Permeability modification 

    The updated Paluxy layer permeability distribution is shown in Figure 4-9(a). The high 

permeability zones in the north-central part of the new geologic model correspond to 

the high RMS amplitude value regions in Figure 4-8(b). For Paluxy, all producers are 

located in the north-central area of the geologic model. The new permeability channels 

connect the producers and injectors in this area and therefore allow a more efficient 

CO2 flow. 
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It is important to notice that in the flow simulation model, there are only one 

producing well (148-27) and three injection wells in Tuscaloosa sediments and all of 

them are in Tusc 7 layer. However, this production well has a great contribution to the 

overall measured gas production as shown in Figure 4-2(b). On the contrary, there is 

almost no gas produced from well 148-27 in the simulation model. Therefore, the 

Tuscaloosa permeability also needs to be carefully modified even though the main 

research effort is on the Paluxy. Since the seismic signals can be interfered significantly 

in the thin and discrete Tuscaloosa layers, the permeability distribution in the 

Tuscaloosa 7 layer is not corrected the same way as the Paluxy interval using time-lapse 

seismic responses. The improved permeability is modified based on the performance of 

well 148-27. High permeability channels are mainly built in between Tuscaloosa 7 

producers and injectors. These channels may not be geologically accurate; however, the 

improved history match of well 148-27 has confirmed the trend of reservoir connectivity 

in Tuscaloosa 7 layer. The Figure 4-9 shows the updated permeability map for Paluxy 

and Tuscaloosa.  

The most challenging point of this seismic-based permeability modification derives 

from the difference of resolution and shape of seismic and simulation maps. The 

adjusted permeability attempts to best reproduce the high permeability zones in the 

central-northern Paluxy and improve the communication between Tuscaloosa injectors 

and producers.  
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It should be noticed that in this modified model, the permeability range from 

preliminary geologic model is discarded. The new distribution is based on the core 

measurement of well 159-2 reported by Silvis (2011). In this new distribution, the 

majority grid cells hold permeability value around 1 Darcy, which is tripled compared to 

the preliminary permeability distribution. In addition, a few high permeability channels 

are built based on time-lapse seismic responses to enhance the CO2 flow efficiency. 

These areas of increased permeability can be as high as 9 Darcy. 

 

                                       (a)                                                          (b) 

Figure 4-8:  Seismic RMS amplitude for Paluxy, where (a) represents baseline seismic survey and 
(b) stands for the 1st seismic monitor. The different colors in the two maps demonstrate CO2 
movement path. High value zone correspond to high CO2 concentration. Red color in the 1st 
monitor map is a reflection of CO2 accumulation and high permeability channel. The circled area 
indicates bypassed oil zone with low permeability. 

4.3.4   Relative permeability 

    Relative permeability determines the effective permeability of a particular fluid phase 

in multiphase flow conditions. The mobility of a fluid phase at certain saturation 
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   (a)                                                                      (b) 

Figure 4-9:  Updated permeability distribution for Paluxy (a) and Tuscaloosa (b). The yellow to 
red channels in (a) and orange channels in (b) correspond to the modified permeability based on 
seismic interpretation. 

condition can be indicated from its corresponding relative permeability. In history 

matching process, relative permeability has a significant impact on the production rate 

when all other parameters are controlled. As mentioned above, the problems 

associated with the preliminary model include insufficient gas production and exceeding 

oil production (Figure 4-3 and Figure 4-4). Since oil production and natural gas 

production are bounded together and the simulated gas production contains both 

natural gas and CO2, only tuning permeability values based on qualitative seismic 

indicators could not achieve a satisfactory history match for both gas and oil production. 

Therefore, the relative permeability needs to be adjusted. Unfortunately, no valid 

information can be found to assist relative permeability improvement. Thus, the relative 

permeability is tuned by a number of sensitivity analyses. Multiple runs have been 

attempted before an acceptable relative permeability function was generated. The 
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comparison of water-oil and gas-oil relative permeability curves between preliminary 

and updated model is shown in Figure 4-10. 

 

                                   (a)                                       (b) 

Figure 4-10: Updated Water-Oil relative permeability (a) and Gas-Oil relative permeability (b) 

The updated relative permeability curves are reasonable not only due to better 

simulation results, but also because of their reservoir engineering meanings. In the 

preliminary model, both curves show high mobility of oil with low mobility of the other 

phase. In the modified gas-oil relative permeability function, the mobility of gas phase is 

increase and oil phase is decreased. This could bring both phase production closer to the 

measured data. In addition, the water mobility is improved in the modified water-oil 

relative permeability function. The reasons lie in two aspects. First, sandstone is water 

wet, thus the water relative permeability should be higher than its original curve.  

Secondly, the water production rate for all wells was slightly underpredicted in the 

preliminary model; therefore, the increased water mobility is needed to produce more 
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water. Simultaneously, the increasing of water injection will also result in a decreased 

oil production. 

4.3.5   Improved CO2 flood match  

The absolute and relative permeability values are dominating factors in simulated well 

production performance. Numerous simulation runs had been conducted to find the 

optimized absolute permeability range and distribution as well as the relative 

permeability function between water-oil and gas-oil.  A decreasing trend of mismatch in 

both gas and oil production rate can be observed from the comparison between 

measured, original and improved simulation results as shown in Figure 4-11.  Although 

the gas and water production are still being underpredicted while the simulated oil 

production is still higher than it could be expected, the overall inconsistency had been 

diminished by a large magnitude. The increase of gas production is most obvious and 

the improvement of oil and water are less impressive compared to the gas. This is 

because of the nature of the time-lapse seismic assisted history match process. In this 

project, 4D seismic is employed to monitor CO2 movement and the permeability 

distribution is modified based on 4D seismic interpretation. As a result, the modified 

permeability mainly reflects the flowing path of CO2, but not necessarily oil or water. 

Considering the objective of this research is to monitor and understand the behaviors of 

injected CO2, the history match will be primarily concentrated on the gas production. 
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                                         (a)                                                           (b) 

 

                                         (c)                                                                        (d) 

Figure 4-11: Total production rate for all wells. (a), (b), (c) and (d) represent gas, liquid, oil and 
water production rate for all wells respectively. The gas production matching is the best since 
time-lapse seismic data is actually interpretations of CO2 movement. 
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Chapter 5   QUANTITATIVE INTEGRATION 

5.1   Introduction 

    The objective of quantitatively incorporating time-lapse seismic into flow simulation 

is to examine the effect of primary history match to produce better reservoir model for 

future dynamic reservoir characterization. This chapter describes the workflow of 4D 

seismic integration. A quantitative integration of flow simulation and time-lapse seismic 

is often realized via history matching process, where both well production data and 

observed seismic attributes are utilized to adjust parameters and update model. In this 

research, the simulated dynamic properties (i.e. pressure, saturation) are linked to 

seismic attributes via a Petro-Elastic Model (PEM). The PEM was built based on well log 

data and then fluid and pressure substituted to reflect the sensitivity of elastic moduli to 

the change of pressure and saturation. The synthetic acoustic impedance is then derived 

from the PEM. The calculated acoustic impedance difference between the baseline and 

the first time-lapse seismic survey is quantitatively compared with the acoustic 

impedance difference from seismic inversion, and their objective function computed. 

This quantitative comparison can give us a reliable approach to evaluate the reservoir 

model and pinpoint the modeling parameters need to be updated. Figure 5-1 describes 

the overall procedure of quantitatively integrating synthetic seismic attributes from the 

flow simulation model with observed attributes from seismic inversion.  
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Figure 5-1:  Workflow for quantitative integration of flow simulation and time-lapse seismic. 
Simulation outputs are converted into acoustic impedance through a Petro-Elastic Model. By 
quantitatively comparing the synthetic and inverted acoustic impedance, the mismatch could be 
quantified and minimized. 

The major challenge associated with building a reliable PEM for Delhi Field is the 

insufficient amount of information and the quality of data. There are only three wells in 

RCP area that have well log data which can be used in constructing the PEM. All three 

wells are taken into account in order to make the calculation more representative. 

Dipole sonic logs and density logs are employed to determine the dry rock bulk modulus 

at the beginning of CO2 injection. Then by fluid substituting and pressure substituting 
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the dry rock bulk modulus, the synthetic acoustic impedance can be calculated based on 

flow simulation results (pressure, saturation and density). 

5.2   Fluid substitution 

    Fluid substitution is an important step of geophysical rock physics analysis, which 

offers a tool in identifying the effect of fluid change on reservoir rocks. This process is 

commonly performed using Gassmann’s equation. Based on the elastic porous media 

theory, Gassmann (1951) proposed a relationship for fluid substitution, indicating that 

the bulk modulus of a saturated rock is a function of rock porosity, matrix modulus, dry 

rock bulk modulus and fluid properties. Dynamic reservoir properties changes have a 

great impact on seismic velocities by influencing both rock bulk modulus and shear 

modulus. The objective of fluid substitution is to investigate the impact of reservoir fluid 

on compressional and shear velocities at given conditions. Equation (5.1) shows the 

relationship used to calculate the saturated bulk modulus, satK : 
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where 
dryK  is dry rock bulk modulus, matrixK  is the matrix or mineral modulus of the rock, 

  is the porosity and 
flK  is the modulus of fluid in the porous media, which can be 

calculated as Equation (5.2): 
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where 
oC , 

wC and 
gC  are the compressibility for oil, water and gas, respectively, and 

oS , 

wS and 
gS  are the saturation of oil, water and gas. The value of these compressibility 

and saturation values come from flow simulator and will be used in calculating fluid 

moduli. 

    Compressional velocity is a function of bulk modulus, shear modulus and bulk density, 

while shear velocity is only influenced by shear modulus and bulk density. The P- and S- 

wave velocity in isotropic media can be calculated as Equation (5.3) and Equation (5.4): 
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where 
pV  and 

sV  are the compressional and shear velocity,   is the shear modulus and 

B  is bulk density. Bulk density can be calculated using the Equation (5.5): 

    min1B eral o o w w g gS S S             (5.5) 

where   is the porosity, mineral  is the mineral density of the rock, o , w , 
g and oS ,  

wS , 
gS  are density and saturation of oil, water and gas, respectively. Typically, 2.65g/cc 

is used as the average mineral density for sandstone.  
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It should be noticed that the injected CO2 in this project behaves as a supercritical 

fluid under the reservoir conditions. Supercritical CO2 adopts properties in between gas 

and liquid state where it is held at or above its critical properties (31.1°C (304.2K) and 

72.8atm (1070psi)). A series of CO2 swelling tests and associated fluid measurements 

conducted by Denbury Resources were utilized to provide an extensive dataset for 

equation of state calibration. Using this developed equation of state, the minimum 

miscibility pressure for CO2 displacement is determined based on multiple contact phase 

behavior calculations and one-dimensional compositional simulation studies. The 

displacements at or above 3475 psi are miscible (Denbury Resources (2008)). Since the 

CO2 injection process was initialized at approximately 1400 psi (average reservoir 

pressure), the displacement is considered immiscible at early stage. Therefore, the CO2 

could be treated as single phase when considering its properties. 

As Equation (5.5) shows, the bulk density is a function of mineral density, fluid density 

and saturation. One of the uncertainties in determining the bulk density is that there are 

many equation of state for CO2 properties calculation. Thus it is difficult to find the 

unique value of CO2 density at a given pressure and temperature. In this work, the 

density for CO2 is calculated from the Stryjek and Vera modification (PRSV2) (Stryjek and 

Vera (1986)) of the Peng-Robinson equation of state (Peng and Robinson (1976)). Table 

5-1 lists some of the supercritical CO2 density based on PRSV2 under different reservoir 

conditions in Delhi Field. 
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Table 5-1: Supercritical CO2 density under different reservoir pressures at constant reservoir 
temperature (137°F). 

Pressure (psi) density (g/cc) 

1400 0.282 

1540 0.341 

1800 0.457 

2000 0.529 

2500 0.646 

3000 0.719 

 

5.3   Well log data inversion 

    The objective of log data inversion is to calculate dry bulk modulus and matrix 

modulus for the purpose of fluid substitution. Both dry bulk modulus and shear modulus 

are dependent on porosity and pressure. The impact of pressure changes on elastic 

moduli is discussed later. For porosity, each grid cell of the geologic model contains a 

value ranging from 0.2-0.35 based on geostatistical distribution. In order to couple a 

PEM with the flow simulation model, the dry bulk modulus for each grid block at initial 

condition needs to be obtained. Several methods can be used to determine dry bulk 

moduli, including laboratory measurement, well logs inversion and core data analysis. 

Due to the absence of laboratory experiments and core analysis in RCP, well logging 

data inversion is selected to derive the relationships of dry bulk modulus versus porosity 

and shear modulus versus porosity.  

In RCP study area, the wells that have dipole sonic logs, density logs and MRIL logs are 

well 140-1, 159-2 and 169-5. The MRIL total porosity of 159-2 matches with core 

analysis very well (Klepacki (2012)). The well log data from all three wells are used to 
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obtain the most comprehensive relationship of moduli-porosity relationships. The 

following part presents the process to solve dry bulk modulus based on the most 

common form of the Biot-Gassmann equation (Avseth et al. (2005), Vanorio et al. 

(2007)). 
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Equation (5.6) shows that dry bulk moduli are a function of the saturated moduli, 

matrix moduli, fluid moduli, and porosity and therefore can be solved using the 

following rearranged form: 
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, Equation (5.7) becomes: 
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    Saturated bulk modulus and shear modulus at original condition can be calculated 

from wireline MRIL log data using the rearranged forms of Equation (5.3) and Equation 

(5.4) as: 
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and 

 2

B SV    (5.10) 

where 
pV  and 

sV  are the compressional and shear velocity, 
B  is bulk density, all derived 

from well logs.  

    matrixK  is the modulus of solid mineral including clays, quartz, cements and pore 

fillings and thus can vary in a large range (Han and Batzle (2004)). Therefore, core 

sample analysis is essential for it provides the mineral composition of the reservoir rock. 

However, in absence of laboratory results on lithology, the rock can be considered as 

only consist of clay and quartz. Bibolova (2012) derived the mineral modulus from the 

lithology that contains 15% clay and 85% quartz, which was determined from the Paluxy 

interval. Based on this assumption, matrix (mineral) moduli can be estimated from 

Voigt-Reuss-Hill (VRH) averaging (Hill (2002)) as equation (5.11): 

 

  
1 1

2
matrix clay clay qtz qtz

clay qtz

clay qtz

K B K B K
B B

K K

 
 
   
 

 
 

  (5.11) 

where clayB   and qtzB   are the volume of clay and quartz, clayK and qtzK  are the bulk 

moduli of clay and quartz, respectively. Clay and quartz moduli in Delhi Field are 

determined from Hampson-Russell software and their values are shown in Table 5-2. 
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Table 5-2: Parameter values used in calculating matrix modulus and fluid modulus 

Clay modulus, Kclay 21 (Gpa) 

Quartz modulus, Kqtz 38 (Gpa) 

Water modulus, Kw 2.2 (Gpa) 

Oil modulus, Ko 0.87 (Gpa) 
     

Similar to the modulus of solid mineral, fluid moduli can be estimated using VRH 

averaging method. The water and oil saturation values used for petrophysics study were 

determined by Bibolova (2012) from the core-plug saturations of the Paluxy interval. 
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    In Equation(5.12),
wS  and

oS are original water and oil saturation obtained from 

density-magnetic-resonance (DMR) logs, 
wK  and 

oK are brine and oil moduli derived by 

Bibolova (2012) and they values are also shown in Table 5-2. 

Above is the workflow to solve dry bulk moduli based on compressional- and shear 

wave velocity logs, density logs and DMR. Since there are some extremely thin shale 

intervals embedding within the continuous Paluxy sandstone layer, the noise in well log 

data caused by shale contents needs to be excluded before fitting the dataset with a 

trend line. The filter used to identify sand and shale intervals is the gamma ray (GR) logs 

and the cutoff value is 70 API. The values larger than 70 API are considered representing 

shale intervals and thus are discarded in the calculation. 
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5.4   Pressure substitution 

    One drawback of using Gassmann’s equation lies in the fact that this relationship is a 

pure fluid substitution model that only fits static pressure conditions. However, the 

purpose of this research is to perform dynamic reservoir characterization during 

production. The pore pressure in flow simulation model is continuously changing since 

initializing the CO2 flood. Elastic moduli of dry rock increase as the effective stress 

increases (pore pressure decreases). The increase in moduli is a consequence of the 

closing of cracks and pores (Toksöz et al. (1976), Cheng and Toksöz (1979), Walsh and 

Brace (1966)). Therefore, a pressure dependent model needs to be developed to correct 

the dry bulk moduli and shear moduli derived from well logs. In absence of laboratory 

core measurement for Delhi Field, a general exponential relationship is utilized to adjust 

the variations of elastic moduli at different pore pressure (Equation(5.13) and 

Equation(5.14)). This relationship is determined by calculating elastic moduli of 60 water 

saturated sandstone samples (Han et al. (1986)) at different pressure ranging from 

5Mpa to 40Mpa (Zhang and Bentley (1999)). Several similarities between these 

sandstone samples and the rock in Delhi Field were considered before adopting this 

relationship. Both the samples and the Delhi rock are Golf Coast sandstone. The porosity 

in Delhi Field is 25% on average, and the porosity of laboratory samples are ranging 

from 7% to 30%. Gregory (1976) made a series of velocity and density measurements of 

sandstone gathered from Golf Coast. In order to test the credibility of the exponential 

relationships, the laboratory measurement results for velocity and moduli are compared 

with those calculated with Equation (5.13) and Equation (5.14) (Table 3-2). The average 
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error between measured and calculated data is   1.1GPa (Zhang and Bentley (1999)) 

which is possibly due to the experimental error. This relationship is not the most 

accurate relationship; however, it still provides reasonable values that could be used as 

an analogy for Delhi pressure-moduli relationship. 

  0.746exp 0.0773drydK dP P    (5.13) 

  0.372exp 0.0791d dP P     (5.14) 

    Integrate Equation(5.13) and Equation(5.14), we have  

    
2 12 19.651 exp 0.0773 exp 0.0773dry dryK P P K          (5.15) 

    2 2 1 14.699 exp 0.0791 exp 0.0791P P           (5.16) 

Equation (5.15) and Equation (5.16) are the final forms used to calculate elastic 

moduli at different pressure condition. 

Bibolova (2012) used the pore pressure of 1820psi as the initial assumption in her 

calculation. However, the flow simulation has an average initial pore pressure of 1420 

psi before CO2 flooding. Therefore, dry bulk moduli derived from the previous process 

need to be adjusted before we plot them as a function of porosity and fit with trend line. 

The relationship between dry bulk moduli versus porosity and shear moduli versus 

porosity for Paluxy at a pore pressure of 1400psi are shown in Figure 5-2. This 

relationship is derived from all available data from well logs, however, the correlation of 

moduli and porosity is still not very good due to the quality of well log data. 
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Table 5-3: Comparison of dry elastic moduli at different effective stresses for the Gulf Coast  
sand between Gregory’s laboratory measurements and calculations based on Zhang  and 
Bentley’s equation (Zhang and Bentley (1999)) 

 

 

  

Figure 5-2:  Relationship used to calculate dry bulk moduli and shear moduli. The correlation of 
dry bulk moduli and porosity (left) is better compare to the one of shear moduli and porosity 
(right).  

The section describes the workflow of constructing PEM for CO2 flood stage in Delhi 

Field. Fluid and pressure changes are reflected in the substitution processes. After the 

synthetic dry bulk moduli and shear moduli are assembled, synthetic compressional- 
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and shear velocity can be calculated using Equation (5.3) and Equation(5.4). The final 

step is to calculate synthetic acoustic impedance as shown in Equation(5.17). 

 
synthetic synthetic simulatedAI V     (5.17) 

5.5   Quantitative comparison of observed and synthetic acoustic impedance 

The chain of equations and relationships described so far summarizes the workflow of 

calculating synthetic acoustic impedance based on the Petro-Elastic Model. The major 

challenge associated with building a reliable PEM for Delhi Field is the insufficient 

information and the quality of data. Several wells in RCP area have dipole sonic and 

density logs, however, some of them are too old to be used as an indicator to reflect the 

reservoir conditions right before CO2 injection. Only three wells have recent logs data 

that can be used to build the PEM for CO2 flood EOR. In order to keep the Petro-Elastic 

Model most representative and best reproduce the real reservoir condition, all three 

wells are taken into account in calculation. Dipole sonic logs and density logs are 

employed to determine the dry rock bulk modulus at the beginning of CO2 injection. 

Then by fluid substituting and pressure substituting the dry rock bulk modulus, the 

synthetic acoustic impedance can be calculated based on dynamic flow simulation 

results. 

5.5.1   Unifying the scale of synthetic and observed seismic map 

In the context of quantitative time-lapse seismic assisted history match, synthetic 

acoustic impedance is calculated at individual geo-grid level; therefore, the current 

model has a total number of 503052 (74 ×66 × 103) acoustic impedance values. The 



 
 

64 
 

scale and resolution of observed seismic data; however, do not perfectly overlay with 

the synthetic seismic impedance, so it could not be used to quantify the difference 

directly. The differences between inverted seismic and synthetic seismic data lie in the 

following aspects. First, the available real seismic impedance is for Paluxy layer 

exclusively for both baseline and 1st monitor, and the PEM contains both Paluxy and 

Tuscaloosa. Secondly, the observed seismic impedance was interpreted in a 2D map 

whereas the attributes in PEM holds a 3D distribution, which is the same as the 

geocelluar model. Thirdly, the shape and the grid size of the two maps are different. 

These differences need to be carefully examined and managed before quantitative 

comparison can be made between the synthetic and observed seismic impedance. 

For the sake of consistency, all the differences between synthetic and observed 

seismic maps are unified before quantitative comparison. First, comparison of acoustic 

impedance is made for the continuous Paluxy layer only, therefore the values in 

Tuscaloosa intervals in the simulation model are discarded. Secondly, the acoustic 

impedance in the three dimensional PEM was average into a 2D map using the following 

formula: 
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where ( , )x yAI  is the acoustic impedance at position (x,y), H  is the total number of grid 

cells in z direction of (x,y) position, h  is the height of each grid cell at (x,y) position. 
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By applying Equation(5.18) to the 3D distribution of synthetic impedance, a 2D map 

can be generated which is in consistent with observed seismic attribute in vertical 

dimension. The last step is to unify the size of the two maps. Figure 5-3 is a contrast 

between simulated and observed acoustic impedance map. The southern part of 

simulated map (a) needs to be cut before it can be used to compare with the seismic 

map (b). 

 

   (a)       (b) 

Figure 5-3:  Comparison between the size of synthetic and observed acoustic impedance map 
before modification. (a) is the simulated impedance map and (b) is the seismic inverted 
impedance map. The wells labeled on the two maps are the same. It is very obviously that the 
simulated map is larger compared to the seismic map. 

In order to make the two maps in the same horizontal dimension, the extra grid cells 

in the simulated map need to be removed as well as the values in these cells. To achieve 

this objective, a new surface was generated based on the shape of observed seismic 

map. The new surface is not exactly the same as the original seismic map, as some of 

the unrealistic boundary conditions are removed from the seismic map. For instance, 

the red area on the northeastern part of seismic map holds the values of more than 200, 

which is not realistically observed in the vicinity of injection wells. The ultimate shape of 
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acoustic impedance map for both synthetic and observed seismic impedance is shown in 

Figure 5-4. 

 

Figure 5-4:  Shape of acoustic impedance map for both synthetic and observed seismic 
attributes. Unrealistic boundaries and the extra part in original simulated map were cut off. 

The above discussion introduces the procedure of eliminating all the original 

inconsistencies between observed and synthetic model. Now the maps are having the 

same dimension and both representing the attributes from the Paluxy layer. The final 

step before quantifying the difference is to ensure that the two maps are in the same 

gridding system. The resolution chosen here is 200 ft × 200 ft and the total number of 

grid cells is 2150 (50 × 43). 

So far, synthetic and observer seismic maps are consistent in terms of shape, size, 

gridding and the properties that they are representing. 



 
 

67 
 

5.5.2   Integration methodology 

The previous section describes the preparatory works for quantitative integration of 

flow simulation and time-lapse seismic data. Now that the synthetic attribute map holds 

the same scale as inverted attribute map does, a coupling methodology need to be 

developed to quantify the mismatch between simulation model and actual seismic 

response. In this work, baseline and 1st monitor seismic surveys are used as the starting 

and ending point. The difference between observed acoustic impedance of baseline and 

1st monitor seismic surveys is calculated as Equation (5.19) shows: 

    1difference stmonitor baselineseismic seismic
AI AI AI    (5.19) 

  

Correspondingly, the synthetic acoustic impedance difference is calculated using the 

same method: 

    1difference stmonitor baselinesynthetic synthetic
AI AI AI    (5.20) 

Since the scale of two attribute maps had been unified in the preparatory work, the 

seismic acoustic impedance difference and synthetic acoustic impedance difference 

calculated from Equation(5.19) and (5.20) can be compared directly. The mismatch 

between simulated and seismic acoustic impedance is calculated for each grid block as 

shown in Equation(5.21). 

    1 1stmonitor baseline stmonitor baselineseismic synthetic
Mismatch AI AI AI AI      (5.21) 
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This mismatch function contains 2150 (50 × 43) values including both positive and 

negative numbers. In order to reflect the overall mismatch, an objective function needs 

to be built to average the values in each grid. Meanwhile, the objective function needs 

to reflect the contributions of both positive and negative values from the mismatch 

function. To achieve these goals, the objective function is defined as the mean absolute 

value of mismatch between acoustic impedance difference from seismic inversion and 

simulation results. Equation(5.22) is the final form of the objective function used in this 

work to quantify the mismatch and improvement of the model. 

    1 1

1

1
objective function =

N

stmonitor baseline stmonitor baselineseismic synthetic
n

AI AI AI AI
N 

    (5.22) 

where N is the total number of grid cells in the unified seismic attributes map. 

5.5.3   Integration results discussion 

The quantitative integration in the work contains three simulation models and three 

groups of comparison. The first model is the preliminary model; the second model is the 

updated model. And the third model, which will be discussed in this section, is the 

modified model based on the quantitative comparison between the second model and 

seismic response. Three groups of comparison are made between the 1st, 2nd, 3rd model 

and seismic data respectively. The objective function for each flow simulation model will 

show the model’s improvement step by step. 
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5.5.3.1 Comparison between preliminary model and observed seismic  

The preliminary model has the poorest production rate match and therefore should 

correspond to the most obvious mismatch with observed seismic acoustic impedance. 

Figure 5-5 shows simulated acoustic impedance difference and observed acoustic 

impedance difference from the preliminary model. The mismatch between the synthetic 

and observed seismic result are shown in Figure 5-6. In the north-central area, the 

acoustic impedance is dominated by negative numbers which is the indicators of low 

observed acoustic impedance difference values and high synthetic acoustic impedance 

difference values. The yellow color around the downdip injection wells indicates the 

mismatch between observed and synthetic acoustic impedance is small in this area. The 

objective function corresponds to this preliminary mismatch is 122.62 [g.ft/(cm3.s)]. 

 

                             (a)             (b) 

Figure 5-5:  Simulated acoustic impedance difference from preliminary model (a) and seismic 
acoustic impedance difference (b) 
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Figure 5-6:  Acoustic impedance mismatch from preliminary model. High value zone in this map 
indicate that seismic difference is larger than synthetic seismic difference and vice versa. 

5.5.3.2 Comparison between updated (2nd) model and observed seismic  

The updated model was carefully generated from a qualitative time-lapse seismic 

integrated history matching process. Detailed description of adjusting simulation 

parameters and matching with production data had been discussed in Chapter 4. 

Quantitative integration of 4D seismic data is a new approach to access the accuracy of 

this updated model. Similar to the synthetic and inverted impedance difference for the 

preliminary model, simulated acoustic impedance difference and observed acoustic 

impedance difference from the updated model is shown in Figure 5-7. Comparing Figure 

5-7(a) with Figure 5-5(a), an obvious decreasing trend of overall values can be observed 

in the north-central part. This indicates that the mobility of injected CO2 is improved and 

the permeability channels between injectors and producers have facilitated CO2 

movement. 

The objective function for the 2nd model is reduced from 122.62 [g.ft/(cm3.s)] to 74.45 

[g.ft/(cm3.s)]. The mismatch map (Figure 5-8) shows an obvious decreasing trend of 

overall absolute values. These reduced values indicate the mismatch between flow 
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simulation model and the actual reservoir scenario is being diminished. This improving 

trend can also be validated from the improved production match as shown in Figure 

4-11.  

 

                                          (a)                                                                      (b) 

Figure 5-7:  Simulated acoustic impedance difference from updated model (a) and seismic 
acoustic impedance difference (b) 

 

Figure 5-8:  Acoustic impedance mismatch from 2nd model. High value zone in this map 
corresponds to larger seismic acoustic impedance difference and smaller synthetic acoustic 
impedance difference. Compared to the mismatch map of preliminary model, the absolute 
values in this map are generally decreased which indicate an improved match. 

5.5.3.3 Comparison between the 3rd model and observed seismic  

    The quantitative integration so far has proved the time-lapse seismic to be an 

effective tool in assisting reservoir model improvement. The simulation model is 

updated through the qualitative incorporation of seismic RMS amplitude and validated 

by quantitative integration of seismic acoustic impedance. Although the objective 
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function is reduced by 1/3, the mismatch is still obvious and the further improvement 

can be applied to the 2nd model. This section will be a pilot application of improving 

reservoir model by using 4D seismic data exclusively. In this trial application, time-lapse 

seismic data by itself is incorporated quantitatively to minimize the mismatch of 

simulation model. 

As we can see in Figure 5-5(a) and Figure 5-7(a), the bottom part of the two maps is 

dominated by yellow color which indicates no reservoir fluid is moving in that area. This 

is due to the different scale of simulation seismic surveys area in this research. Even 

though the shape and size of the adjusted synthetic impedance map is the same as 

seismic map, the well positions and permeability distribution still keep the same 

condition as the updated (2nd) model. In the flow simulation model, six injectors and 

eight producers are located in the Paluxy layer. As can be seen on the maps, all of these 

wells are located in the north-central part. Since the southern part was not contributing 

to the total production rate match, the permeability distribution of original geologic 

model in this part was not corrected based on time-lapse seismic response. However, 

seismic maps do indicate the CO2 movement in non-production zones as shown in 

observed acoustic impedance difference map where the blue color is elongating from 

the downdip injectors to even below.  

The mismatch between simulated and observed scenario can also be confirmed from 

the production rate match of well 165-32 and well 169-1. These two production wells 

are located on the far west region of the seismic attributes map and their production is 
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directly controlled by two injectors in the downdip. In Figure 5-7(a), two light blue 

flowing channels can be identified between injection well 160-1 and production well 

169-1, and injection well 148-2 and production well 165-32. Since no permeable 

pathways are available in the model to allow the injected CO2 going downdip, well 169-1 

and well 165-32 had obtained exceeding CO2 from the two injectors. The gas production 

rate from well 165-32 and well 169-1 is shown in Figure 5-9. 

 

                 (a)                   (b) 

Figure 5-9:  Gas production rate matching from the 2nd simulation model. The matching for well 
165-32 (the second far west producer in the model) is shown in (a) whereas the matching for 
well 169-1 (the most far west producer in the model) is shown in (b). Simulation results for both 
wells are overpredicting gas production compared to the underpredicting trend for all other 
producers. 

    One notable CO2 behavior in RCP region revealed by different time-lapse seismic 

interpretation tools (RMS amplitude, VSP, impedance) is that there is almost no trace of 

CO2 around production well 169-1. Combined with the previous discussion, this problem 

can be ascribed to the high permeability zones below the main reservoir area. In other 

words, the proposed displacement strategy in Delhi Field CO2 EOR process is mainly an 
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irregular stagger line drive pattern. However, the downdip Paluxy injectors (especially 

well 148-2 and 160-1) are losing injectivity to the non-reservoir region even downdip. 

Having noticed this from the 1st seismic monitor in June 2010, Denbury Resources added 

several new water injectors in the far downdip of the reservoir to push the CO2 back 

into main production area. In the future work of Delhi Field simulation, the effect of 

these water injectors can be evaluated with the help of seismic interpretation from the 

August 2011 (2nd) monitor. 

Returning to the current simulation model and synthetic acoustic impedance map, the 

attributes distribution is not reflecting the full scenario of the real RCP area. In order to 

better reflect real reservoir as a whole, high permeability channels are built at the 

bottom of geologic model to honor the actual CO2 movement that are not demonstrated 

in the 2nd model. Figure 5-10 is a comparison between the 3rd model and updated (2nd) 

model. In Figure 5-10(a), the originally dark purple part at the bottom is replaced by 

lighter colors which indicate the decrease of mismatch between simulation results and 

seismic data. As a result, the objective function of the third model is reduced to 45.15. 

Meanwhile, from the prospective of production rate matching, simulated rates are 

approaching to the observed production data (Figure 5-11). The mismatch of acoustic 

impedance in the downdip area and the production rate for well 165-32 and 169-1 are 

minimized by capturing the features of seismic acoustic impedance map. 
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       (a)                (b) 

Figure 5-10: Acoustic impedance objective function between 3rd model (a) and updated (2nd) 
model (b). The magnitude of the blue area in the 2nd model is significantly reduced after a few 
high permeability channels are applied to the southern part of the simulation model. 

 

    (a)                   (b) 

Figure 5-11: Gas production rate matching from the 3rd simulation model. The simulated rate is 
decreasing since the permeability channelswere built between downdip injectors and even 
downdip regions. 
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Chapter 6   CONCLUSION AND FUTURE WORK 

6.1   Conclusion 

The research is concentrated on interdisciplinary incorporated reservoir simulation 

and dynamic reservoir characterization in a complex reservoir, Delhi Field. The 

stratigraphic uniqueness, along with the incomplete historical operation record and the 

current continuous CO2 EOR strategy, had made this research a challenging work. A 

comprehensive use of time-lapse seismic data has distinguished this work from other 

reservoir simulation projects. Time-lapse seismic data was qualitatively used to assist 

the history matching process first, and then quantitative integrated to evaluate the 

mismatch between synthetic seismic attributes and observed seismic attributes. A 

complete and detailed workflow for quantitative integration of flow simulation and 

time-lapse seismic was developed to quantify the mismatch between flow simulation 

results and observed seismic attributes. The quantitative comparison was applied to 

individual grid block scale in the geologic model and the overall mismatch was described 

by an objective function. Minimization of this objective function based on seismic 

responses and production data could provide a high quality simulation model for future 

engineering use. 

The objective of this research is to develop a robust methodology to improve the 

reservoir simulation model for Delhi Field. Most of the efforts were dedicated to the 
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history match process, which include both water flood from 1954 to 2009 and CO2 flood 

from November 2009 to March 2011. The lack of water injection scheme had been a 

significant problem in matching water flood stage and generating a reliable initial 

condition of CO2 EOR. Approximately 100 water flood simulation runs were conducted 

to find the optimized water injection distribution. In order to solve the debate on 

absolute permeability distribution and test the most representative relative 

permeability function, numerous simulation runs were attempted on the CO2 flood 

stage. Well production performance, as well as the simulated pressure and saturation 

were carefully examined before the mismatch was quantified by time-lapse seismic 

integration. Well log data have been used in constructing a robust Petro-Elastic Model, 

where all available log data was incorporated to best reflect the reality in the course of 

this work. Finally, the scale of synthetic and observed seismic attribute map was unified 

and the quantitative comparison was made to evaluate the accuracy of simulation 

model. 

To summerize, the workflow of integrating time-lapse seismic with reservoir model 

for dynamic reservoir characterization and reservoir simulation purposes of Delhi Field 

had led to the following conclusion. 

First, a comprehensive history match for water flood and CO2 flood was conducted 

along with an analysis of the simulation parameters. The optimized water injection 

scheme had generated a decent match with measured data in terms of reservoir 

pressure and water cut. The range and distribution of absolute permeability was tested 
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based on seismic interpretation and core measurement. This modified geologic model 

can provide important information such as the effective injection pattern, or in other 

words, the communication between certain injectors and producers. 

Secondly, time-lapse seismic data are a useful qualitative indicator in identifying CO2 

movement and permeability distribution, even in the multi-layer thin reservoirs such as 

Delhi Field. In this work, RMS amplitude is used to direct the modification of local 

permeability distribution in the geologic model. Correspondingly, the well performance 

of both local wells and the overall reservoir had improved significantly. The qualitative 

time-lapse seismic integration history match stage in this research confirmed the 

effectiveness of tuning simulation parameters by the guidance of 4D seismic attribute 

maps and interpretations. 

After an updated model was generated and examined through history match process, 

this model can be brought in the context of 4D seismic quantitative integration. A Petro-

Elastic Model was built so that the dynamic simulation outputs can be converted into 

acoustic impedance. After that, the observed and synthetic acoustic impedance was 

quantitatively compared on individual grid cell level and then the objective function 

calculated. A smaller result of this objective function corresponds to a better match. 

Minimizing this objective function iteratively by the joint effort of production data and 

observed seismic attributes can deliver a representative model. 
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6.2   Value to RCP 

    The objective of RCP is to perform high definition dynamic reservoir 

characterization by incorporating multi-disciplinary knowledge and analysis. Flow 

simulation could monitor the changes of reservoir in smaller time shifts with lower costs. 

The most direct value of this research of RCP is that it provides a reliable and predictable 

reservoir model for future use. The comparison of observed and synthetic seismic 

impedance in this work only involves baseline and 1st monitor, however, with an 

accurate flow simulation model, the integration work could be continued to better 

understand the CO2 behavior afterward. In addition, the simulation model can predict 

changes of fluid and rock properties as well as CO2 miscibility in the near future. It could 

also be an early alert of unfavorable condition such as the possible rock failure. 

Simulation results could even affect the decision of injection design for example to 

switch from continuous CO2 injection to WAG.  

6.3   Future work 

This work developed a detailed integration methodology for Delhi Field reservoir 

simulation. Along with the workflow, a reliable water injection pattern and two sets of 

relative permeability functions were also presented and could be used for future 

simulation. The absolute permeability channels in the modified geologic model, 

together with individual production rate match, are very important indicators of 

reservoir connectivity and communications between injection and production wells. 



 
 

81 
 

The core of this research is quantitative integration of seismic and flow simulation. 

However, considering the availability of seismic attributes from the 2nd monitor, this 

research only quantified the mismatch between baseline and the 1st monitor. Since the 

CO2 flowpath had changed significantly due to the continuous injection and several new 

water injectors in the downdip. In addition, the behavior of CO2 after the 2nd monitor 

could be predicted to have a notable change based on the current simulation model. 

First, the reservoir pressure was building quickly as the CO2 continuously being injected 

into subsurface. Subsequently, the miscibility of CO2 would switch from mainly 

immiscible to fully miscible. And this would result in a series of changes in the overall 

fluid behavior in the reservoir. Thirdly, geomechanical events would take place in the 

overpressurized reservoir. And this would see a significant change in the rock integrity 

and elastic moduli. 

As a recommendation, the future work contains two important parts. The first part is 

to keep working on the history matching of CO2 flood and extend the current simulation 

model which stopped at March 2011 by collecting more engineering data and seismic 

data. The extended reservoir simulation model should include the 2nd seismic monitor 

and recent production data to better evaluate different scenarios of future production. 

In the context of reservoir simulation input, an oil rate constraint model is 

recommended. In this research, we use total liquid rate control; as a consequence, the 

production rate of oil, water and gas need to be matched individually with the 

production data. If the measured oil rate is specified as the input data, the uncertainties 
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of the history matching process will be reduced significantly. In addition, since the main 

objective of the history matching process is to develop a better model to predict the oil 

production in the future, an oil rate constrained simulation model would provide more 

accurate information for the future oil production. 

The reservoir simulation was conducted in a closed boundary model in this research, 

which to some extent ignored the contributions of some of the outside producting and 

injecting wells (even though several outside injectors were honored by adding their 

injection rates to the inner injectors by fraction. For example the outside injection wells 

123-34 and 138-2 were honored in the inside injection wells 146-1 and 140-1). However, 

since these wells are interconnected with the wells within RCP area, they need to be 

carefully examined and properly embodied in the future reservoir simulation works. 

 The second important part of the future work is to carry on the quantitative 

integration approach to keep improving the reservoir model. Since the Delhi Field had 

been CO2 flooded for more than 3 years and the oil production is relatively high, the 

main focus of dynamic reservoir characterization should be shifted to the engineering 

side, where most efforts are spent to make predictions to further enhance future 

recovery. Reservoir simulation is a cost-effective tool for field management and 

development plan. However, to achieve a predictable model, information and data from 

different disciplines need to be integrated effectively to guide the reservoir simulation 

model updating. In the future work, modeling the heterogeneity of the Delhi Field still 

needs to be emphasized by integrating multidisciplinary knowledge including core 
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measurement, seismic interpretation, petrophysics analysis and petroleum engineering. 

A comprehensive consideration of reservoir geomechanical change is also very 

significant along with the integration study, as the development of Delhi Field should 

trying to meet the economic goals as well as fulfilling the relative regulations and laws. 
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