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ABSTRACT: 

The goal of this thesis, to assess the potential of a new silica-based nanoparticle to increase foam viscosity in a porous 

medium, has been achieved. A method was developed to reduce filtration effects which allowed the conduction of 

repeatable foam-scan experiments in a laboratory. Through conduction of multiple core-flooding experiments it has 

been observed that adding nanoparticles with a concentration of 5 g/L did indeed enhance foam viscosity for cases 

where the nanoparticles were able to flow through the core. The particles were able to flow through the Bentheimer 

Sandstone with a permeability of around 2 Darcy, and the Mergel Chalk with a permeability of around 5,5 Darcy. The 

Estaillades Limestone with a permeability of around 0.1 Darcy proved to be difficult for the particles to flow through. 

Therefore the nanoparticle foam was not found to be more viscous when flowing through this medium. Through the 

conduction of a secondary experiment drainage reduction was found to be a mechanism with which nanoparticles 

enhance foam strength. In an experiment where drainage was measured, nanoparticle foam was found to be up to 300% 

more wet than non-nanoparticle foam under the same conditions, indicating slower drainage. Therefore it is believed 

that also in a porous medium these particles help to reduce the rate at which foam lamellae are drained. The effect on 

foam viscosity of changing salt concentration, temperature, gas, rock type and surfactant concentration has been 

identified and explained. A notable outcome is that increasing surfactant concentration above CMC did not enhance 

viscosity but only increased the gas fractional flow at which the highest viscosity occurred. Adding nanoparticles did 

enhance viscosity, in the case of the Chalk very significantly. Therefore it is believed there is great potential between 

the synergy of surfactants and nanoparticles. Rather than simply replacing surfactants, the new silica-based particle 

provides a mechanism which aids foam generation in a unique way. 

INTRODUCTION 

          Energy, Demand and Supply 

 

The usage of hydrocarbon resources is deeply woven into modern society. Our transportation system largely relies on this 

source of energy, hydrocarbons are used to generate electricity, and many consumer products require hydrocarbons as a raw 

production material. Because of the reliance of our civilization on the petroleum industry, it has become an integral part of 

technology, society and politics. 
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Oil is a finite resource. The rate at which new oil is maturing is much slower than mankind is currently extracting it from the 

subsurface. As oil and gas fields get depleted, new sources of hydrocarbon need to be found in order to keep up with demand. 

Therefore, energy companies put a large effort to meet the increasing demand. However, ever after 1980 the amount of oil that 

has been produced exceeded the amount of new discoveries according to the International Energy Agency. Based on the decline 

in new oil discoveries and the prediction for oil consumption, M. King Hubbert, a geoscientist working for Shell, suggested 

‘Peak oil’ to occur around 2005 (Deffeyes, 2001). Peak oil would be the event where the point of maximum oil production is 

reached, after which the amount of oil produced per day would decline. Hubbert did not consider the technological advancements. 

Our methods to find new oil fields improved, and with more effective methods the industry was able to economically produce 

fields that were deemed uneconomical previously. An example are the current developments in shale technology. With a 

combination of horizontal drilling and hydraulic fracturing technologies the very tight shale plays became accessible for 

production. Not only gas could be produced, but oil as well. 

In addition to finding new oil fields and radical new technologies unlocking new supplies, a constant factor throughout the years 

has been to improve recovery of existing reservoirs. In the early days of the petroleum industry, ‘depletion’ of the reservoir was 

achieved by drilling the reservoir and letting natural oil flow do the work. Gas expansion and natural water drives were able to let 

oil flow, but achieved only very low recovery rates. In order to improve recovery, the mechanism for recovery had to be 

improved. The mechanisms used for oil recovery can be distinguished in primary, secondary and tertiary recovery. 

         Primary, Secondary and Tertiary recovery 

Primary recovery relies on natural mechanisms to drive oil to the surface. A natural water drive from an aquifer displaces the 

oil towards the producing wells, for example. The expansion of a gas cap yields a similar effect. The recovery factor (which is 

the ratio of oil that can be ultimately produced divided by the oil that is initially in place) that can be achieved with primary 

production is typically around 5 – 15% (Tzimas et al., 2005). 

Production from wells can be further improved by applying secondary recovery techniques. These techniques are also referred 

to as ‘Improved Oil Recovery’ or IOR processes. They aim to maintain the reservoir pressure and hence displace the oil by 

injection of a fluid, which can be either (natural) gas or water. Another technique associated with secondary production is 

artificial lift. Artificial lift decreases the required pressure to let oil flow to the surface by ‘lifting’ the oil. Gas lift reduces the 

overall density in the wellbore and is commonly used. The recovery factor that can be achieved with primary and secondary 

recovery is roughly 35 – 45% (Tzimas et al., 2005). 

Tertiary recovery methods often increase the mobility of the oil or decrease the mobility of the displacing fluid. They are referred 

to as ‘Enhanced Oil Recovery’, or EOR techniques. Increasing the mobility can be achieved by thermal methods, which reduce 

the viscosity of (heavy) oil e.g. by injecting steam. Novel technologies use surfactants to reduce the surface tension between 

water and oil in the reservoir. This allows displacement of oil which would otherwise be immovable. Supercritical carbon 

dioxide flooding has been proven a successful method for tertiary recovery as well. Tertiary methods have the potential to allow 

for another 5 – 15% of oil recovery, depending on the reservoir and oil type 

Combining Technologies 

 

Nano Particle Stabilized Foam 

 

The stability of foam at reservoir conditions is the key for successful foam flooding. In some non-petroleum industries, 

nanoparticles are used to enhance foam stability (Green et al., 2013). Products for personal care and hygiene, and many products 

in the food industry are already making extensive use of nanoparticles to stabilize their foaming products. The Journal of 

Petroleum Technology noticed an increase in attention from the industry for nanoparticle-enhanced foam. This section provides 

a brief overview of recent studies on this topic. 
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Nanoparticle-Stabilized Supercritical CO2 Foams for Potential Mobility Control Applications 

(Espinosa, Caldelas, Johnston, Bryant, & Huh, 2010) 

In this study the authors generated a supercritical CO2-in-water foam that was stabilized with surface-treated nanoparticles. The 

nanoparticles were 5nm silica nano spheres with two different surface coatings. One coating made the particle hydrophilic, the 

other salt tolerant. They used deionized water to generate stable foams at nanoparticle concentrations of 0.05 wt% (0.5 g/L), 

and found that higher salinities required an increased nanoparticle concentration. They did not use a surfactant to aid in foam 

generation. They observed that adding nanoparticles to the mixture increased the resistance to flow (apparent viscosity) by two 

to eighteen times when compared to a situation without nanoparticles. They were unsuccessful in their attempt to use a special 

coating to generate salt-resistant nanoparticles, but they did successfully generate stable foams at elevated temperatures (up to 

95˚C) with the usage of nanoparticles only. 

         Generation of Nanoparticle-Stabilized Supercritical CO2 Foams 

(J Yu, Liu, Li, & Lee, 2012) 

This study was focussed on using CO2 foams for CO2 storage purposes, a field which faces similar challenges as EOR does. 

Effects of particle concentration, brine salinity, pressure, temperature and surfactant were assessed on their ability to generate 

foam. The particle was a Nano silica approximately 100 – 150 nm in diameter. They only observed foamability in a static 

column, rather than core-flooding or other experiments with any kind of flow. When the temperature was increased from 

ambient (25˚C) to 60˚C, no foam generation was observed with only nanoparticles. Their explanation for 

 

this effect was that the high temperature caused an elevated interfacial tension, and the high temperature also caused increased 

mobility of the nanoparticles, prohibiting them from adsorbing on the CO2 – water interface. 

A notable finding is that they were able to generate CO2 foam with surfactant and nanoparticles, whereas previously they were 

not able to create foam with the same concentration of the same surfactant without nanoparticles. Their explanation for this 

observation was that the surfactant had adsorbed on the particle surface. Therefore, the electrostatic interaction between the 

particles and the surfactant heads resulted in a monolayer adsorption of the surfactant at the particle surface, which transformed 

the particle from hydrophilic to partially hydrophobic. The particles became surface active and were able to stabilize the 

bubbles. The effect where additional surfactant added to a nanoparticle dispersion could cause the particles to aggregate because 

of the surfactant charge neutralizing the nanoparticle electrostatic repulsion was also identified. 

 

Stabilizing Nano Particle Dispersions in High Salinity, High Temperature Downhole Environments 

(Mcelfresh, Wood, & Ector, 2012) 

In order to successfully generate a nanoparticle-enhanced foam at reservoir conditions, the nanoparticle dispersion needs to be 

stable at reservoir conditions. Mcelfresh et al. (2012) found the zeta potential to be most directly correlated to dispersion 

stability. They identified the detrimental effects pH and surface modifications such as ion adsorption can have on the dispersion 

stability by significant reduction of the zeta potential. Therefore, they concluded that the suspension must be tolerant to high 

salinity and temperature environments. 

 

         The Application of Nanoparticle-Stabilized CO2 Foam for Oil Recovery 

(Jianjia Yu, Mo, Liu, & Lee, 2013) 

This study investigated the effects of silica nanoparticles of 17 – 20 nm on supercritical CO2 foam in both static column tests 

and core flow experiments at a pressure of 1200 psi and 20˚C. The foam flooding followed the water flooding in a sandstone 

core. They reported better performance from the enhanced foam for sandstone cores with a lower permeability. From a practical 

point of view, they reported that their nanoparticles did not cause any pore clogging as the core permeability remained 

unchanged after performing the experiments. In the static experiments nanoparticles without surfactant 
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were enough to generate foam. They observed no change in interfacial tension when nanoparticles were used in combination 

with surfactant, but they did recognize the effect where the adsorption of nanoparticles at the interface can decrease the contact 

area between the gas and liquid (brine), and henceforth help with stabilization. 

 

Conditions for Generating Nanoparticle-Stabilized CO2 foams in Fracture and Matrix Flow 

(Aroonsri et al., 2013) 

This study investigated a variety of silica 5nm nanoparticles with different surface coatings. They found the hydrophilic-CO2-

philic balance (HCB) to be very important when designing a nanoparticle that could generate a stable foam. They identified 

shear rates for which foam could be generated in-situ with the use of nanoparticles. Above a certain share rate, nanoparticle 

foam apparent viscosity increases drastically. They identified the importance of a suitable coating in order to achieve the right 

HCB in order for the particles to adsorb on the interface. 

An interesting observation is how an increase in salinity could cause some nanoparticles radically change behaviour. A 

suspension in seawater salinity did not generate a stable foam. This is due to the salinity increase causing the nanoparticles to 

behave more hydrophobically, lowering the HCB and bringing the contact angle closer to 90˚. As can be read in the section 

Coalescence prevention in this thesis, this causes the adsorption energy to increase which on its turn causes more stable foam 

bubbles. They indicate that a salinity increase can also cause the foam to be more viscous, but the addition of too much 

surfactant causes the nanoparticle dispersion to lose stability. Therefore, salinity control is a very important parameter to control 

during the formation of foams. A second observation that stands out is that they were not able to generate a nanoparticle foam if 

the foam quality was above 0.95 or below 0.5. 

 

Nanoparticle stabilized CO2 in water foam for mobility control in enhanced oil recovery via microfluidic method 

(Nguyen, Fadaei, & Sinton, 2014) 

The nanoparticle utilized in this study is a silica nanoparticle with a 50% dichlorodimethyl silane surface coating. They found 

that this nanoparticle alone can be more effective for the generation of a stable foam than a SDS surfactant. Coalescence was 

prevalent in SDS foam, but almost no coalescence was visible in the nanoparticle foam. This agrees with the theory presented 

in this thesis that adsorption of nanoparticles at the vapour – liquid interface makes it very resistant against coalescence because 

of the high energy required to remove the nanoparticle from the interface. 

 

         Difference between Carbonate and Sandstone 

 

It is not possible to properly compare carbonate and sandstone experiments, as the surfactants and surfactant concentrations 

used for sandstone and carbonate experiments are not equal. Figure 94 compares the sandstone experiment (O), with the Chalk 

(P) and Limestone (R) experiment. The obtained results are very different. The foam viscosity in Chalk is far above that of the 

other experiments, as is also shown by the high fmmob in Table 4.5. In this experiment foam also collapses much faster 

compared to the other experiments. The smoothest transition is encountered in the sandstone. epcap is very high for all model 

fits. Experiment R, which is an experiment performed on limestone, produced a very weak foam. 
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Figure 4.3: Effect of rock type: Experiment O-Sandstone, Experiment P- Chalk, Experiment R- 

Limestone 

 

         Effect of Nano particles 

 

The effect of nanoparticles added to the carrier fluid can be determined by comparing experiment N and O. Both used a pure 

H2O carrier, in case of experiment N with 5 g nanoparticles per litre. The back pressure is equal at 80 bar, using N2 gas for 

both experiments. 

 
 

Figure 4.4: Effect of Nano particles. Experiment N-with nano particles, Experiment O- no nano particles 

         Nano particles in Carbonates 

 

The behaviour of nanoparticle foam has been studied in two different cores. A high permeable and high porosity chalk, and a 

low permeable limestone. In the highly permeable chalk from experiments P and Q a large difference improvement for 

nanoparticle foam was observed (Figure 96). Experiments on the low permeable limestone revealed no difference between 

nanoparticle and non-nanoparticle foam as can be seen in Figure 4.5. 
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Figure 4.5: Effect of nano particles in Mergel Chalk. Experiment P- without nano particles, Experiment Q – with nano 

particles 

 
 

Figure 4.6: Effect of nano particles in Estaillades Limestone. Experiment R – without nano particles, Experiment s –with 

nano particles 

 

It is important to analyse why adding nanoparticles worked for the chalk core flood, but did not improve foam viscosity for the 

limestone core flood. While conducting the experiment, the core-exiting foam was slightly grey, but the question is to what 

extend the nanoparticles had been able to travel through the core. SEM images have been taken from both cores to get an 

impression of the pore dimensions. The image from the chalk is shown in Figure 4.7 and the image taken from the limestone is 

shown in Figure 4.8. 

 

Figure 4.7: SEM image of Mergel chalk 
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The images reveal the pores in the chalk being larger than the limestone. These images alone are not sufficient to determine 

pore size and geometry. However, the large visible pores in the limestone are roughly 5-10 μm. This is also visible in Figure 

4.9, which is a photograph taken of a thin section. 

 

Figure 4.9: Thin section photograph of Mergel chalk. Pore space is blue 

 

Measurements performed on the size of the nanoparticles after milling and the ultrasound treatment indicated the size to be 

distributed around 150 nm, with agglomerated particles having a diameter around 1 μm or larger. These particles will be able to 

migrate through the chalk, as could be seen by the grey colour of foam affluent during the experiments. 

The small pore dimensions are a concern for the migration of solid nanoparticles. In order to get an estimation to what extend 

the particles have been able to travel through the limestone core, the core was cut in half to observe particle migration. The 

result is visible in Figure 4.10. 

 
 

Figure 4.10: Left chalk core after experiment Right: Lime stone core after experiment 

 

It can be observed that the nanoparticles have migrated approximately the same distance into the core. However, the chalk core 

shows a much more uniform nanoparticle front, whereas the nanoparticle front in the limestone appears to be more irregular. 

This observation is supporting the theory that there is heavy filtration due to the small limestone pore size. Only the largest 

connected pores offer paths for the particles to flow through. As soon as the particles are forced through the smaller pores they 

are filtered. 
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         Applying nano particle-enhanced foam on a field scale 

 

This part discusses the intention of helping to find a way to make foam an easily applicable field-scale solution for EOR. Many 

precautions had to be taken in order to successfully work with nanoparticles in the laboratory, because nanoparticles introduced 

some complications. The extent to which these complications play a role in field-scale applications will be important in 

estimating if nanoparticle-foam can ever be applied in the field. This chapter discusses some observations from this study, and 

how they can be solved on a field-scale. 

          Nano particle preparation 

 

Nanoparticle preparation on a field scale will be very different from preparation in a laboratory environment. The main resource 

for the production of this particle is plentiful available. In this study the nanoparticles were batch-produced with approximately 

15 grams per batch. For it to become a field scale solution, nanoparticles will have to be prepared in larger batches with bigger 

equipment. However, preparing nanoparticles at a large scale will be expensive and energy-consuming. The yield of this process 

in a laboratory environment was very low. Less than 20% of the slurry entering the milling machine was retrieved as 

nanoparticle paste at the end of the process. The yield was low because it allowed the nanoparticle weight percentage to be 

known precisely. The sensitivity of the results with respect to nanoparticle concentration in the surfactant solution was not 

determined in this study. Future studies should attempt to determine this sensitivity, because if it is low the yield of nanoparticle 

preparation can be increased. 

With decreasing particle size, the required energy to further break down the particle increases. In combination with the already 

low efficiency of milling and grinding processes, the required energy might be significant. To minimize milling cost and time, 

it is desired to use the largest particle size possible. As has been demonstrated in this study, nanoparticle size can be a limiting 

factor for the rocks to which this technology can be applied. In order to increase the viability of nanoparticle-enhanced foam 

the relationship between the pore size and geometry and the nanoparticle size still being able to flow through it should be 

determined. Concluding: future research has to be conducted towards determining what particle sizes are practical for a certain 

application,to the particle concentration that can be used, and how to generate the nanoparticles as efficiently as possible. 

         Filtration 

 

Dealing with filtration has been a challenging problem while conducting nanoparticle experiments. In this study a solution has 

been presented: The flow direction was reversed to wash away filtration by making use of a high pressure gradient. 

If future studies indicate filtration is unavoidable, filtration is an issue that has to be dealt with downhole. Injecting from another 

point in a reservoir to reverse-flow the solution is not an option. First of all, it will take a long time before the pressure gradient 

reaches the wellbore. Secondly, the flow rate of pressure differential such a technique can create is most likely not large enough. 

         INJECTION WELL RESPONSE 

A surfactant injection skid unit was designed, procured, and installed at the site, incorporating a low flow, high-pressure 

pump and metering system to inject the surfactant at the appropriate concentration into the injection well. Mukherjee et al. 

(2014) and Patil et al. (2018) discussed the analysis of the baseline performance of the injector well 22SE30. The well 

22SE30 is an open hole completion. During the baseline monitoring period prior to the foam pilot, it was observed that the 

CO2 injection rate generally varied between 3,000 and 4,000 Mscf/D, at a flowing tubing head pressure (THP) of 

approximately 1,600 psi. The CO2 rate usually reached a maximum very quickly, usually within 1 to 2 days of switching 

over from the water injection cycle. This indicated a very small transition period when the water slug injected prior to the 

CO2 injection was able to reduce the mobility of the CO2. The WAG implemented in the field thus seemed ineffective in 

controlling the mobility of CO2. This observation was corroborated by the injection well logs, which indicated a significant 

segregation of the CO2 and water flow profiles very close to the injection wellbore. The logs collected during the CO2 

injection cycle indicated that 86.2% of the total CO2 flow was occurring within a thin 7.5-ft section at the top of the net 

injection thickness of 66 ft. The injection log collected during the water injection cycle indicated that more than 90% of the 

water injection was happening below this CO2 injection zone. Reservoir simulations indicated that CO2 sweep might be 
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primarily happening in the top section of the injection well where very little water is injected (gas zone). Because most of 

the water injection was happening in the bottom section (water zone), the water saturation, and hence the relative 

permeability of water, was expected to be high. Hence, the mobility of CO2 in the bottom section of the injection well was 

estimated to be very low. 

 

• by  

Figure 6.2: Injection response from injection well before and after foam injection 

Production Response 

As part of the surveillance plan, the performance of the four pilot area producer wells, 15SE30, 14SE30, 26SE30, and 28SE30, 

was monitored by performing well tests as frequently as permissible by the availability of the well testing facility. The oil, 

water, and gas production rates were determined from valid well test data for the four monitoring producer wells, 15Se30, 

14SE30, 26SE30, and 28SE30, before and after the start of the foam pilot. The plot of 26SE30 shown in Fig. 5 is representative 

of the producer wells (reproduced from Patil et al. 2018). The other wells, 14SE30, 15SE30, and 26SE30, showed significant 

response to the foam. Well 15SE30 is the nearest producer to the pilot injector and has a strong connectivity with the pilot 

injector. This well is up dip of the pilot injector. Well 14SE30 is also strongly connected with the pilot injector and is slightly 

up dip of the injector. Well 26SE30 is the farthest from the pilot injector and is a down dip well. The well is weakly connected 

with the pilot injector. The formation and propagation of the foam into the reservoir improved the vertical sweep efficiency 

by blocking the preferential flow path of CO2 in the gas-rich override zone and gradually expanding into the underride zone. 

Except for well 28SE30, all other producer wells showed a response to the foam with reduction in gas- to-liquid ratio as well 

as incremental oil with foam 

 

CONCLUSION 

                   Key observations from foam EOR in fractured carbonate core plugs 

Tertiary CO2 and CO2-foam injections in strongly water-wet limestone cores resulted in incremental oil recovery 

compared with water injection (RF=16-36% OOIP). Similar recoveries were observed for pure CO2 (RF=47-59% 

OOIP) and CO2-foam (RF=44-63.1% OOIP) injections. The recovery mechanism in both whole and fractured core 

plugs was predominantly by molecular diffusion during CO2 and CO2-foam injection above the MMP between the 

CO2 and oil. 

• On average, 3.5 PV CO2 was injected to reach the maximum recoveries during tertiary CO2 and CO2-foam injections, 

mainly a result of the decreased diffusion rate between oil and CO2 due to the presence of water. Injection of CO2-

foam compared to pure CO2 required less CO2 injected. 
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• Injection of CO2-foam, subsequent to a CO2 injection, produced more oil compared with separate injections of CO2 

and CO2-foam. All injections were tertiary, after a waterflood. These results demonstrate the adverse effect oil has on 

foam generation: oil saturation was lower for a CO2-foam injection subsequent a CO2 injection and a waterflood, 

hence, foam was generated and increased oil recovery. 

• CO2-foam was generated in whole cores, as observed by the increasing pressure gradient. Due to short cores and 

presence of oil, stable foam was not reached for the injection tests in this thesis. Foam did not generate in-situ in 

fractured systems mainly due to lack of foam generation sites and the presence of oil. 
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