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Abstract 
 
Development of Light Transmission Techniques for Quantification of CO2 Trapping in 
Porous Media 
Jonathan Udén 
 
Light transmission can be used to measure the amounts of certain constituents within a system by 
analyzing the amount of light they have absorbed. The aim of this study was to improve methods for 
light transmission measurements in two phase systems. In this study, the main reason is to be able to use 
light transmission for measurements of CO2-trapping in natural sandstone. The latter is something that 
does not exist today.  The study investigated the possibility to use selected liquids that both represent an 
analogue CO2-brine system and have similar refractive index as each other to simplify Beer-Lamberts 
law. The simplification suggested that a change in light intensity within a system was controlled solely 
by the length of a liquid that had replaced another liquid. Two methods were implemented to test this. 
A tank containing high transparency sand and glycerol was injected several times with dyed oil in order 
to test equations developed to calculate the length of oil that light had passed. The glycerol and oil were 
chosen due the ratio between them in density and viscosity. These are properties that make them ideal 
for modelling the trapping of supercritical CO2 in sandstone saturated with brine. The other method for 
testing was to measure a coefficient of light absorption for the oil, then applying that coefficient to an 
injection of a known volume of oil. The analysis results showed that a linear relationship exists between 
difference in light intensity and the volume of oil in a system. The developed equation for oil length, as 
a function of light absorption specific for that oil, is sufficient for calculating the volume of oil in the 
system. It could not be used for calculating exact values in each part of the tank. The placement of oil 
was crucial to the measured light intensity for a single point. Oil occuring further back in the tank gave 
lower values of light intensity than oil occuring in the front. The study show that with further 
investigation into the role of oil placement in the light path, a simpler method could be developed for 
some light transmission measurements. The method could be used in its current form for modelling CO2 
in sandstone but should be further developed if exact values are important. 
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Populärvetenskaplig sammanfattning 
 
Utveckling av ljusöverföringsmetoder för kvantifiering av CO2-trapping i poröst medium 
Jonathan Udén 
 
Light transmission är en teknik som används för att mäta mängden av en vätska eller gas genom att låta 
ljus passera genom det och se hur mycket ljuset minskade i styrka. Tekniken används idag bl.a. för att 
titta hur föroreningar sprider sig i sand. Vid dessa mätningar så har man en tank med glasväggar fylld 
av sand och vätska. Syftet med denna studie är att ta fram en metod som gör light transmission mer 
tillgängligt och enklare att använda. Målet är att ta fram en metod som är så pass allmän att den går att 
applicera på naturlig sand och sandsten. I sandstenen testas CO2-trapping i djup berggrund. 
Modelleringen av CO2-trapping i sandsten är något som inte existerar idag med hjälp av light 
transmission teknik. Metoden i denna studie bygger på att förenkla den formel som normalt används för 
att beräkna ljusförluster när en stråle ljus passerar genom ett material, Beer-Lamberts lag. Förenklingen 
sker genom att noggrant välja konstituenterna som används så att den refraktion av ljus som normalt 
sker mellan två medium försvinner. De konstituenter som skall anpassa är vätskor som ska representera 
flytande CO2 samt saltvatten. Genom att ta en bild som sedan jämförs med bilder under tiden en injektion 
av olja sker, så skall enligt teorin endast längden olja som ljuset passera förändra ljusets styrka. De 
vätskor som väljs är en hydraulolja och glycerol. Dessa väljs eftersom att de beter sig liknande hur CO2 
beter sig i saltvatten under högt tryck. 2D experiment på skalor av tiotals cm gör det möjligt att studera 
hur heterogenitet i sandstenen påverkar hur mycket CO2 som kan fastläggas och därmed lagras på ett 
säkert sätt. Mer avancerade visualiseringstekniker klarar ofta bara små prover med längdskalor på någon 
cm. Dessa använder t.ex. röntgenstrålning. I studien används flera kyvetter fyllda med olja som placeras 
efter varandra för att mäta hur ljusmängden förändras beroende på längden olja den passerar. Detta 
samband testas sedan på en tank fylld med sand, glycerol och en känd mängd olja. Oljans ljusabsorption 
framtagen med kyvetter visade sig att inte gå att använda på den uppställning den testades på. Ett annat 
försök att ta fram ljusabsorptionskoefficienten för oljan gjordes genom att injicera en känd mängd olja 
i flera steg i samma uppställning som tidigare testats på. Inte heller detta försök gick att använda 
eftersom koefficienten varierade kraftigt beroende på injektionstillfälle samt mängden olja den 
beräknades för. Det visade sig finnas en stark korrelation mellan mängden olja i tanken och skillnad i 
ljusmängd. Det gick dock inte att skapa något generellt samband mellan mängden olja i en specifik 
punkt och skillnaden i ljus. Det visade sig ha stor betydelse i vilken del av tanken som oljan befann sig. 
Den olja som låg längre bak i tanken gav mindre ljusskillnad än den som låg längst fram mot glaset. På 
grund av det starka sambandet mellan ljusskillnad och oljemängd så tyder det på att metoden borde gå 
att bygga vidare på, men vidare studier krävs. Den metod som testas här måste utvecklas ytterligare för 
att gå att applicera på sand eller sandsten. 
 
Nyckelord: Ljusgenomsläpp, koldioxidlagring, modellering, modell, hydrogeologi 
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1. Introduction 
The aim of this study is to improve methods for light transmission measurements of two-phase 

systems. The method should be applicable for modeling supercritical (sc) CO2 trapping in porous 

media. The motive is to develop a method that can be used for measuring scCO2-trapping in natural 

sandstone. Measuring the trapping could give key insight into the mechanisms behind trapping scCO2 

in bedrock formations. A method suggested to help decrease greenhouse emissions.  

To be able to properly model an event is of great importance in the scientific world. When 

launching or implementing a method it is crucial that all aspects of it have been thoroughly 

investigated.  Deep geological storage of carbon dioxide is in need of modelling. IPCC calls 

geological storage of carbon dioxide one of the few technologies that are capable of making deep cuts 

into atmospheric CO2 emissions (IPCC, 2014). The technique is based on capturing CO2 emissions 

directly from its source, such as power plants, and then injecting the compressed gas to geologically 

favorable structures deep beneath the surface. When CO2 is injected it will be subjected to a pressure 

and temperature that puts it in supercritical state, called scCO2. This means that it will take a liquid 

form, but in many ways still behave like a gas. When the CO2 is injected into a rock mass with the 

right properties, it can be stored in that rock. When injected into sandstone, the CO2 will by different 

processes bind to the pores in the sandstone. There are two main mechanisms for trapping of the 

scCO2, physical and geochemical (IPCC, 2014). The geochemical mechanisms are dissolution and 

mineralization and take place on long time scales from 10 to 3 000 years (Gunter, et al., 1997). The 

model developed in this study is purely a model to investigate the physical mechanisms for trapping, 

since modeling the dissolution would complicate measurements further. The model is focused on 

modeling the residual trapping, which is one of the physical ways of trapping. A simple way to look at 

residual trapping is capillary bound scCO2 which remains in the pore spaces even after several pore 

volumes of brine has flown through them. 

The environment in which the trapping takes place is difficult to sample and monitor. This makes 

it important to be able to recreate the environment in a laboratory setting. In the case of deep 

geological storage of CO2, it is crucial to have controlled laboratory experiments. It is crucial partially 

because every actual place for storage require great financial investment, but also for understanding 

and quantifying the environments potential and risks. 

Modeling CO2 trapping with laboratory experiments is dependent on finding cheap and effective 

ways of replicating the environment without having to greatly pressurize the system. Trevisan et al. 

(2014) investigated the mechanisms behind CO2 trapping in deep saline reservoirs using surrogate 

fluids at ambient laboratory conditions. The study concluded that surrogate fluids could be used to 

represent the scCO2 and saline aquifer water. It was however clear that the monitoring and sampling of 

the system needs to be developed. Previous methods have included x-ray point measurements 
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(Trevisan et al., 2014), but this is a highly time consuming method that only give information about 

one point in the system. Being able to make quick measurements of the whole system at once would 

be helpful, since more than one process can occur at the same time, but at different positions in the 

system. Such a method will be introduced in this thesis. Light transmission is the technique of 

transmitting light through a system and analyzing the amount of light absorbed by it. As opposed to x-

ray measurements, the technique is not limited to one point in the system. Its only theoretical 

limitation is the resolution of the camera used to capture the light. Modelling residual trapping of 

scCO2 benefits from being on at least intermediate scale. The term “intermediate-scale” was 

introduced by Lenhard et al, 1995. It is their definition that is used here: (1) “the experimental 

configuration has to allow small-scale processes to manifest themselves at a larger scale so that their 

relative contributions to flow and transport phenomena can be studied and quantified”, (2) “the size of 

the experiment has to be small enough for the environment to be controlled”, and (3) “the dimensions 

of the flow-cell have to be compatible with measurement techniques” (Lenhard, et al., 1995). Previous 

modelling of CO2 trapping has been done on smaller scales, only a few centimeters (Iglauer et al., 

2011), (Krevor et al., 2012). This size is too small to be able to model for heterogeneity in the 

capturing media. It is therefore necessary to also being able to do intermediate modelling at scales of 

tens of centimeters. 

There have been previous studies concerning concentration measurements in two-phase systems 

using light transmission (Niemet & Selker, 2001); (Wang et al., 2008). In these studies there have been 

problems to achieve the parameters needed for calculation. Each of the parameters have been case 

specific, which means they are specific to sand, liquid and wavelength of light all together. Besides 

from being extensively time consuming, the methods require specific and expensive equipment. They 

would also be impossible to use for natural sands according to Niemet & Selker. Their method 

requires pictures taken at many different saturation conditions. The clear-liquid-saturation controls the 

required shutter time for pictures, which complicates measurements. The reason behind this will be 

clear after reading the theory section, but has to do with the refraction index in liquid being closer to 

that of sand than of air. The consequence is that many pictures have to be taken at different shutter 

times for all of the different cases. 

2. Background 

2.1  Storage of CO2 in deep saline aquifers 
The technique of CO2-storage in deep saline aquifers uses the high pressure in the deep bedrock to 

store large amounts of CO2. The CO2 which is in gas phase on the surface can be turned into liquid by 

compression and then injected into favorable geological formations at 800 – 3000 meters depth (IPCC, 

2014). At that depth, the CO2 will be keept in a supercritical state because of overlying rock, sc for 
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short. That means it is under pressure high enough to be in liquid state, but the temperature is high, 

which works against liquid and towards gas. That means it looks like a liquid but still behave as a gas. 

The favorable rock to store the scCO2 is sandstone of high porosity and permeability. It also needs a 

caprock above the formation. A caprock is a low permeability rock that keeps the scCO2 within the 

sandstone. A good example a placefavourable for trapping scCO2 is old oil-reserves that have been 

depleted. The flows of scCO2 in these formations are dominated by capillary-, and bond number 

(Trevisan, et al., 2014). That means that capillary forces dominate the flow, instead of viscous forces.  

When the scCO2 is injected into the reservoir it is optimal to inject low and let the plume rise 

(Bryant, et al., 2008). In the experiments conducted here, the injection is therefore done from the 

bottom of the tank. The advantage of injecting form the bottom is due to the driving mechanisms of 

plume spreading. When immobilizing the scCO2 plume it should be spread to maximum size since that 

means capillary forces are at maximum. Caprock is a formation just above aquifer with extremely low 

or no permeability. Just under the caprock the scCO2 can accumulate which makes it mobile. At these 

conditions that mean it will not be trapped in the aquifer if something happens to the caprock, or it can 

move outside of the caprock by flow of the water. 

As previously stated this study will investigate physical trapping of scCO2. The physical trapping 

consists of residual, structural and stratigraphic trapping. Residual trapping occur when CO2 replaces 

brine in the pore space and is bound by capillary force. Even though the plume continues to migrate 

through the sandstone, the residually trapped CO2 remains in the pore space (Hesse et al., 2008). 

Quantifying residual trapping would require being able to calculate the amount of CO2 that is trapped 

within the pore space after some volumes of brine have flown through the sand.  

2.2. Liquid properties 
The properties of the liquids are of importance for a number of reasons. The liquids should first and 

foremost be able to represent a system where scCO2 is injected into sandstone saturated with brine. 

Two main properties were selected, the density and viscosity.  Both the viscosity and density of the 

scCO2 is much lower than any other liquid if the other liquid is measured at room temperature and 

pressure. In order to accommodate for this both the brine and scCO2 is replaced. By changing the brine 

to a fluid with higher density and viscosity the scCO2-substitute can also have higher values. The ratio 

between the in-situ and injected liquid is then kept the same. The actual properties of the scCO2 and 

brine in deep aquifers have been investigated in a number of studies. Bennion  & Bachu concluded in 

2006 that the density and viscosity of scCO2 vary with pressure. It was also concluded that the case is 

different for brine. The density of the brine varies with depth, but the viscosity does not (Bennion & 

Bachu, 2006).  By using glycerol as a brine-substitute, the variation in both viscosity and density can 

be controlled by mixing with water. This was done in order for the ratio in density and viscosity 

compared to oil would match tabled ratios of the brine-scCO2 system according to Bennion and Bachu 

(2006). Since the simplification of Beer-Lamberts law, that the model is based on, requires the 
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refractive index of the oil and glycerol to be the same, the amount of water was also used to make the 

refractive index match. 

3. Theory and equations of light transmission 
The technique of light transmission is based on Beer’s law, also called Beer-Lamberts law. It describes 

how light is absorbed when it passes through a material. According to Beer’s law, the ray intensity is 

exponential to the distance traveled through the material (Ingle & Crouch, 1988). 

𝐼𝐼 = 𝐼𝐼0 ∗ 𝑒𝑒−∈𝑙𝑙𝑙𝑙 (1) 

Where I is the transmission of light through the substance, ∈ is the molar absorptivity for the 

substance, z is molar concentration of the substance in the material and l is the length of material 

which light passes through. I0 is the initial light sent through the material. 

The law comes with some prerequisites (Ingle & Crouch, 1988): 

1. The molecules in the solution must not form complexes with each other, so that new optical 

properties are created. 

2. The attenuating medium must be homogeneous in the interaction volume 

3. The radiation must consist of parallel rays so that every ray has the same travel length through 

the medium. 

4. The incident light should be monochromatic. 

5. Incident light must be without fluxes. Meaning it cannot pulsate, which could disturb readings. 

 

As stated in prerequisite number two, the medium must be homogeneous for the equation to be valid. 

There are however four types of absorbing media in the column used in this experiment. This can be 

accommodated by independently calculating absorption for glycerol, sand, oil and chamber and then 

combining them for one formula. The fifth absorbing media, air, will only be present in volumes small 

enough to be neglected and is therefore not calculated. The resulting formula is: 

𝐼𝐼 = 𝐷𝐷𝐼𝐼0 ∗ 𝑒𝑒−(𝜖𝜖𝑠𝑠𝑙𝑙𝑠𝑠𝑙𝑙𝑠𝑠+𝜖𝜖𝑔𝑔𝑙𝑙𝑔𝑔𝑙𝑙𝑔𝑔+𝜖𝜖𝑜𝑜𝑙𝑙𝑜𝑜𝑙𝑙𝑜𝑜+2𝐺𝐺𝜖𝜖𝑐𝑐𝑙𝑙𝑐𝑐)   (2) 

where ∈𝑠𝑠,∈𝑔𝑔,∈𝑜𝑜  and ∈𝑐𝑐 are the respective molar absorptivity of sand, glycerol, oil and chamber. G is 

the thickness of the glass wall. D is a correction factor that is used when the media and light source are 

at different distance from the camera. In this study D can be neglected. For all pictures taken, the tank 

wall was constant for I and I0, which mean it can be removed. 

As light passes through the column it will be absorbed depending on which media it passes 

through. In this experiment there were three types of media and light absorption. The absorption 

depends on whether it passes through sand or the substitutes for brine (glycerol) and scCO2 (oil).  The 

amount to reach the camera is also dependent on refraction of light from changing media. Every time 
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the light changes phases, it will refract and scatter. Fresnel’s law is used to describe the light 

transmission factor as: 

𝜏𝜏 = 4𝑛𝑛1𝑛𝑛2
(𝑛𝑛1+𝑛𝑛2)2

 (3) 

   where n1 and n2 are the refractive indices of the two phases light passes. The sand used has a 

refractive index of 1.6 and air has the refractive index of 1.0. The system in this study will have a mix 

of 80% glycerol and 20% water. Through the mixture, oil will be injected.  Since the tank is filled with 

sand there will be a change in media for every pore space passed. The incident light (I) therefore 

become: 

𝐼𝐼 = 𝐼𝐼0 ∗ ∏ 𝜏𝜏𝑗𝑗 ∗ 𝑒𝑒−∑𝛼𝛼𝑗𝑗𝑙𝑙𝑗𝑗  (4) 

 where τ is the transmittance between two given phases, j. α is a collected term for light absorption in 

the medium which is passed, and l is the thickness of that same medium. The problem with calculating 

light absorption using this formula is the many shifts between different types of media, and knowing 

how they occur. The sand used in this study is Accusand 40/50. Each pixel on average passes through 

44 pore spaces for this sand and and the tank used in this study. The number 44 is from the study by 

Niemet & Selker (2001), where the characteristics of particular types of sands where investigated. The 

number of pores also requires that the width of the tank is kept the same as in the study where it was 

calculated. For this study that is the case. Therefore the amount of refraction occurrences is of great 

importance. A given thickness of media will absorb more light if it is divided with several refraction 

incidents in between.  

There have been several studies concerning measuring constituents of a system through light 

transmission, such as Niemet and Selker (2001), Tidwell and Glass (1994), Wang et al (2008). The 

studies have all tried to model this system by measuring light exposure for several different cases. One 

of the difficult mechanisms to model is how the residual liquids bond to the surface of each particle 

when a new liquid enters the pore space. The surface bond liquid will create yet another refraction 

surface between the new and old liquid occupying the pore space. Niemet and Selker (2001) solved 

this by creating constants for the sands used at what was called residual light intensity, which is the 

amount of light emitted trough the column when first saturated with liquid and then pressurized to the 

point where the pore spaces are filled with air. This makes the only remaining liquid that which has 

bonded to the surface of the sand particles. A ratio between light omitted at completely dry and at 

residual saturation was calculated. There are however several problems with this method. The ratio is 

strongly wavelength dependent and band-pass filters are needed for measurements. The ratio is also 

highly dependent on both liquids and on sand being exactly the ones used in that study.  It is a non-

general method and as soon as one wants to change sand or liquid the procedure needs to be redone. 

In order to do these measurements on sandstone there need to be more general methods for 

calculation. The procedure Niemet and Selker developed is according to themselves impossible to use 

on natural sands, which in extension means sandstone. In natural sandstone the light might take other 
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paths than straight through the column. The problem could be solved here by carefully choosing the 

constituents to match a specific purpose. By using liquids which have similar refractive index the 

measurements can be simplified since no refraction occur when the light passes through interfaces 

between the two liquids. If the only difference before and after injection of oil is the oil changing 

places with glycerol, then the only factor affecting light intensity will be the light absorption from the 

oil. Equation 4 can then be simplified and used to get the length of oil that the light has passed 

through. 

𝑙𝑙𝑜𝑜 = ln( 𝐼𝐼
𝐼𝐼𝑠𝑠

)/𝛼𝛼𝑜𝑜 (5) 

    where Is is the light intensity at full saturation and αo is the light absorption for the oil used. 

Calculating the light absorption coefficient can be done in two different ways. One method is to 

measure the light intensity at given lengths of the substance. This would result in a function for the 

substance. A problem with that method is the calibration for shutter times. Depending on the 

composition and size of the tank, different shutter times should be used. For materials that have high 

refraction of light, the shutter time needs to be longer in order to get a picture. Making measurements 

of substance light absorption at the lengths used in this study (zero to a half centimeter) is not possible 

for shutter times necessary for the main experiments. It is however possible to measure the light 

absorption for longer than one cm and then extrapolate the curve. If the extrapolation is assumed 

correct then the length of oil in a pixel could be calculated by solving the equation: 

𝑎𝑎𝑙𝑙𝑜𝑜2 + 𝑏𝑏𝑙𝑙𝑜𝑜 −  ln � 𝐼𝐼
𝐼𝐼𝑠𝑠
� = 0       (6) 

where a and b are constants for a exponential function of the 2nd degree. Should the light absorption be 

a linear function the length of oil in a pixel would be: 

ln� 𝐼𝐼𝐼𝐼𝑠𝑠
�

−𝑎𝑎
= 𝑙𝑙  (7) 

An alternate method is to inject a controlled amount of the subject into a setup that requires the 

same shutter time as the main experiment. Since equation (5) states that the light absorption by oil will 

only depend on the length of the oil, the total volume in each pixel can be calculated as 

𝑉𝑉 = 𝑙𝑙𝑜𝑜 ∗ 𝐴𝐴𝑃𝑃 (8) 

where V is the volume and AP is the area that each pixel represents. By combining equation (5) and (8) 

the absorption coefficient for the injected oil will be: 

𝛼𝛼𝑜𝑜 = −�(ln 𝐼𝐼
𝐼𝐼𝑠𝑠

)1 +  (ln 𝐼𝐼
𝐼𝐼𝑠𝑠

)2 + ⋯+ (ln 𝐼𝐼
𝐼𝐼𝑠𝑠

)𝑛𝑛� ∗
𝑃𝑃𝐴𝐴
𝑉𝑉𝑡𝑡𝑜𝑜𝑡𝑡

 (9) 

where Vtot is the total amount of oil injected when the picture is taken.   

In this study it is not the light intensity that will be measured. A camera registers an exposure (E), 

which is light intensity combined with exposure time. The exposure value is linearly dependent on 

exposure time and can therefore replace the light intensity(I). 
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4. Method and Material 
The methods used for quantifying the amount of injected oil are two ways of measuring light 

absorption by the oil. One of them was done by adding known lengths of oil between the light source 

and camera and then testing the light absorption coefficient in an injection of oil into the tank. The 

other method was to inject a known volume of oil several times into the tank filled with glycerol and 

sand, then testing the relationship between volume of oil and loss of exposure to the camera on another 

injection. 

4.1. Material 
Tank 

A custom made rectangular glass tank with inner dimensions (L x W x H) 30.0 x 1.0 x 20.0 cm3 was 

used in the main experiment. 

Cuvettes 

The cuvettes used were Kartell UV grade PMMA disposable cuvettes. Their inner dimension is (L xW 

x H) 1.0 x 1.0 x 4.0 cm3. 

Sand 

Accusand 40/50. Accusand 40/50 is commercially sold sand which is ~99% pure silica (AGSO, 2015). 

This makes it clearer than most natural sands, thus absorbing less light. 

Light panel 

The light panel used is a PHLOX High Bright White LED backlight with monochrome light. The 

dimension of the panel is (L x H) 30.0 x 22.0 cm2. It has a light uniformity of minimum 95% over the 

panel. 

Camera 

The camera used is a AVT Pike F421B CCD. CCD stands for Charged Coupled Device, a sensor that 

transforms photons into electrical charges which is read and interpreted. The advantage over regular 

cameras is a higher quality of data.  

Pump 

The pump used is a Masterflex L/S Digital Drive, 100 RPM, 115/230 VAC. 

Liquids 

The brine substitute was a mixture of 20% water and 80% glycerol. The oil chosen as scCO2-substitute 

was Mobil Velocite no. 4. In table 1 the properties of those liquids can be seen compared to values for 

scCO2 and brine at deep aquifer state. 

According to Fresnels law (equation 3) the similar refractive index of the oil and glycerol-mixture 

makes the transmittance between them 1.000. This means that it can be assumed that no refraction 

occurs between oil and glycerol.  Nordbotten & Celia (2009) concluded in their study that both brine 

and scCO2 have a wide range of densities and viscosities when they are placed in reservoir conditions. 
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The variation in properties is partly due to the different depths at which the reservoirs can occur. The 

percentage of glycerol and water was chosen to match the density and viscosity ratio of scCO2-brine 

and refractive index of the oil. 

The refractive indices of the fluids were measured using a refractometer with three decimal 

precision. The viscosity of the oil was measured using an analog viscosimeter which measures the 

viscosity as a ratio to a known reference liquid. Water was used as the reference liquid. The viscosity 

of glycerol was taken from tabled values (DOW, 2015). Density of the liquids was measured using a 

digital densiometer.  

 
Table 1. Summary of properties for the scC02, brine and their substitute liquids in this study 
Medium ρ(kg/m3) µ(mPa s) µdo /µgw ρdo / ρgw n 

dyed Velocite no. 4 817,4 6,03 0,67 0,066 1,452 

Glycerol-Water 1212,5 91,4a 
  

1,450 

scCO2 266-733b 0,023-0,0611b 0,22-0,75b 0,026-0,20b   

  760d 0,06d 0,745d 0,075d   

Brine 945-1230b 0,195-1,58a 
  

  

  1020d 0,8d       
a (Cheng, 2008) 

b (Nordbotten & Celia, 2009) 
d (Sing, et al., 2010) 

The ratio in density and viscosity is the values sought after. The ratios need to be within the intervals 

for tabled values of aquifer conditions in order for the model to be representative. The ratio for the 

model is within the interval for both the density and viscosity when using values from Nordbotten & 

Celia (2009). 

4.2. Oil injection 
The tank was filled and sealed with the exception of one entry at the bottom and one exit at the top. 

Both entry and exit was fitted with a filter made of fabric to prevent sand from escaping.  On one side 

of the tank there was a light panel consisting of LED-lights, on the other side a CCD camera.  

The set up was made inside of a dark box to exclude any external light sources. The camera was 

then connected to a computer outside of the box from where it was controlled. See figure 1 and 2. 



9 
 

 
Figure 1. The setup for measuring scCO2 concentrations. A dark box containing a light panel, CCD camera and the sand 

column is connected to pumps and a computer. Modified from (Fagerlund, 2014) with permission. 
 

The tank was dry packed with accusand 40/50. In order to guarantee that the sand would be fully 

saturated with glycerol it was filled with CO2-gas. Ten pore volumes of CO2 were pumped through the 

tank which means all pores have been filled with CO2 gas instead of air (Wang et al., 2008). A pump 

was connected to the entry which filled the tank with glycerol, the brine substitute. The glycerol fills 

the pores and the CO2 is dissolved into the glycerol. When the gas dissolves into the glycerol, the pore 

space becomes filled with glycerol. Full saturation can therefore be guaranteed. The saturation was 

confirmed by knowing the volume of glycerol that is required to occupy the entire pore volume in the 

tank. The same pump was used to inject dyed Mobil Velocite no. 4, the scCO2 substitute. The oil was 

dyed with Sudan IV until full saturation at room temperature. The injection of oil was done as glycerol 

was continuously pumped at a rate of 0.004 liters per minute. A syringe containing the oil was inserted 

into the tube which led to the entry and the oil was injected. By using this method, it can be assumed 

that no air was injected into the tank. Since glycerol was continuously pumped in the same tube, all of 

the oil would reach the tank.  
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Figure 2. The setup used for measurements. To the left is a table with pump and containers for in and outflow. On the 

bottom of the picture is the dark box cover which is open. 
 

For the pictures, a size resolution of 1024x1026 was chosen. This gives each pixel on the tank an area 

of 8.46 x 10-2 mm2. There are several resolutions of grey scale to choose from as well. For these 

experiments a grey-scale resolution of 8bit was chosen. Which mean the scale is from 0 to 255, where 

zero is black and 255 is white. The grey-scale resolution was chosen because it is considered optimal 

for these measurements since the noise in exposure is bigger than the improved accuracy from a higher 

resolution. The noise in grey scale for these experiments were approx 4,5% . Noise was calculated by 

taking several pictures at the same conditions and subtracting them from one another, then calculating 

the mean difference in pixels. That means the higher scale, 65 536, does not increase the accuracy of 

measurements. The resulting photographs were analyzed using matlabs built-in toolbox “image 

processor”. During the injection of oil, a picture was taken every 30 seconds. When the plume of oil 

had stabilized it was assumed that all of the oil had been injected. By applying equation (9) to the 

picture at full glycerol saturation and one where all the oil had entered the tank, the αo coefficient was 

calculated. The theory behind the relationships used is described in the “theory” section of the thesis. 

The tank used has screw holes which block the view over some parts. At first, several attempts 

were made to control the injection in such a way that the oil would limit itself to the central parts of 

the tank. This proved to be too difficult without at least some of the oil moving along the bottom of the 

tank where it could not be seen. Instead, where oil is present behind screw holes, surrounding values 

were used to calculate an average amount of light behind them. 
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Finally a visual analysis of an injection was done by taking a picture after an injection, then turning 

the tank to have opposite side facing the camera.  

4.3. Light absorption of dyed oil by external test 
In the process of calculating the light absorption with external test, six cuvettes where used. The tank 

was removed from the dark box and instead the LED-panel was covered with the exception of one 

hole for the cuvette. The cuvettes were then placed in a straight line between the light panel and the 

camera. One by one they were removed. Each time a cuvette was removed, pictures were taken for at 

least 5 different shutter times. The pictures that had light intensity values within 5 grey scales of 

maximum or minimum were removed. 

5. Results 
The results are presented as a number of figures and tables. The figures show a clear relationship 

between amount of exposure and volume of oil in the tank which can be seen in 5. Section 5.1. 

describe the results from obtaining light absorption coefficient of oil by injecting it into the tank. 

Section 5.2. contain the results from the experiments trying to obtain the light absorption coefficient 

by cyvettes. 

5.1 .  Calibration of absorption coefficient by equation 9, full injection 
The injected oil formed a plume starting at the tank entry, stretching in the flow direction, as can be 

seen in figure 3 and 4. Some oil traveled along the edges of the tank, which showed itself by oil 

reaching the outflow before the plume did. The amount travelling along the edges was not possible to 

quantify exactly since it was pumped out together with the glycerol. It was however considered to be a 

small volume in the context, after visual inspection. 
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Figure 3. Example of a picture taken from an oil injection. The oil is the big dark figure starting at the bottom. Two slightly 
lighter plumes can be seen just above the oil, they are glycerol stuck between glass and silicone in the tank. The many black 
parts sticking out are screw holes. 

 

 
Figure 4.  Picture of the same injection at the same point as in figure 3, taken with a regular camera without directed light. 
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Figure 5 show the sum of ln(E/Es) for all pixels in the picture in both injections. E/Es is the ratio 

between exposure values registered by the camera before and after injection of oil. Es is the exposure 

value at full glycerol saturation, before the injection of oil. The values for the second run are taken 

with two different shutter times, but correspond on top of each other. A flux value is also marked for 

all values. The flux value is 4.5 % and is derived from fluctuating light intensity values for pictures 

taken at identical conditions. A regression analysis of the data points showed that the relationship 

between sum of ln(E/Es) in the pictures is linear to the amount of oil in the tank. For the second 

injection all R2-values are 0.9991 and for the first injection, the R2-value is 1.0. Since the values are 

linear, the absorption coefficient should be the slope of the linear regression times the pixel area as 

according to equation 9.  The calculated coefficient on each injection was then used to predict oil 

volumes in the other injection. The results can be seen in table 2. 

 

 
Figure 5. The graph shows the sum of ln(E/Es) changes for all pixels in the picture as oil is injected. For every point the 
upper and lower values for flux 4.5%  is marked. For the second run, two shutter times were used, those points correspond 
exactly over one another. Regression analysis for measurements can be seen in table 2. An example of the code used for 
calculations can be seen in appendix 1. 
 
Table 2. Calculated values of oil in the tank when using the coefficient of light absorption as calculated with the slope of 
regression lines fitted from data in figure 5.N.A. is short for Not Analyzed. 

  Act Vol 2 3 4 5 6 7 8 9 10 
Run Calc Vol 

2,13 
                N.A. 

                
1    N.A. 4,62    N.A.  6,71    N.A. 8,97    N.A    N.A. 
2 2,39 3,21 4,12    N.A. 6,08 7,05 7,94 8,93 
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The table show that the calculated values are close to actual volumes of oil. There seems however that 

there is a trend in both injections. For the first injection, using absorption coefficient for the second 

injection, the trend is positive. For the second injection the trend is negative. In figure 6 the trend in 

difference between calculated and actual volumes can be seen. The difference between actual volumes 

and calculated in the second injection could be explained by some oil escaping the tank. Actual 

volume is slightly lower since some oil follow the side of the tank and escape the tank with the 

glycerol. 

 

 
Figure 6. The difference between calculated and actual volumes of oil at different stages of the injection. 

 

In figures 7 and 8 the coefficient of light absorption by the dyed oil is calculated according to equation 

(9). In figure 7 the first injection is used and in figure 8 the second injection. Figure 7 show a 

relationship that has an exponential trend but figure 8 that could be either linear or nonexistent. In 

figure 8 the value for 6 mL of oil is not used because the dark box was not sufficiently closed for those 

pictures, something that causes light pollution. The trends could be compared to the difference 

between calculated and actual volumes of oil shown in figure 6. The trends in figure 6 are similar to 

trends in figures 7 and 8. 
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Figure 7. The coefficient of light absorption as calculated by equation (9) for each volume of oil . The coefficient was 

calculated four times, each time with a different volume in the tank. 

 
Figure 8. The coefficient of light absorption as calculated by equation (9) for each volume of oil . The coefficient was 

calculated eight times, each time with a different volume in the tank. 
 

The absorption of light by the oil according to figure 7 was used to predict amount of oil in the first 

injection. The result can be seen in table 3 but can be summed up as far from correct. The equation 
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does not calculate the correct volume and there is no trend in the data, which means that this method 

should not be used for calculation of the light absorption coefficient. The main codes used for 

calculations of the absorption coefficient can be seen in appendix 1. 

 
Table 3. Calculated volumes of oil in the tank by equation 10. 

Actual volume [mL] 2 4 6 8 
Calculated volume [mL] 0,5285 0,6472 0,4437 0,5839 

 

Figure 9 is an example of oil length calculated in each pixel. The coefficient of light absorption from 

the second injection is used for eight ml of oil in the first injection. The maximum length of oil in a 

pixel is approx. 0.99 mm for these calculations. If it is assumed that the sand is homogeneously 

packed, the theoretical maximum length is tank depth x porosity which is 10 mm x 0.36 = 3.6 mm. 

Should the value reach 3.6 mm that would mean all of the glycerol has been replaced by oil in that 

pixel, or the porosity is slightly higher than the average at that pixel. Full replacement of the oil is not 

possible since the capillary number is higher for glycerol, which mean it will coat the sand particles. 

 
Figure 9. The depth of oil in each pixel calculated with the absorption coefficient derived from equation (9). The picture 

is from the same moment as in figure 5. 
 

The total difference in exposure as oil is injected is a linear relationship. In figure 10 the data used for 

that conclusion can be seen. Two injections are used with pictures taken at different stages of the 

injections. The y-axis represent the total exposure (sum of all pixels) measured by the camera at 

different stages of the injection. For both of the injections the trendline fitted to the data had a R2-value 

above 0.98. The first injection had a slope of  2.4 x 106 I/mL and an R2-value of 0.986. The second 

injection had a slope of 2.1 x 106 I/mL and an R2- value of 0.997. 
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Figure 10 The total difference in light intensity for pictures taken as oil is injected into the tank. 
 

5.2. Calibration of absorption coefficient by equation 6, cuvettes 
In figure 11 the exposure can be seen as a function of shutter time for different lengths of oil. For all 

lengths of oil the light passed through, exposure is a straight line against shutter time. This means that 

as long as the shutter time is constant, the curve for light absorption per unit length will look the same 

for all shutter times. In the main experiment, shutter time 100 000 and 90 000 µs was chosen, a time 

that only two of the measurements reach. All of the measurements could be done at ts 30 000 µs so the 

function of light absorption by the oil was calculated for that shutter time. For each of the 

measurements, there had to be a correction for refraction occurring between the cuvettes, which were 1 

cm each. The refractive index of the cuvettes plastic is 1.49. The transmittance for each of the lengths 

can be seen in table 4. They were calculated according to equation (3). 
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Figure 11. Greyscale for light passing through five different lengths of dyed oil at different shutter times. 

 
 
Table 4. Calculated refraction for absorption measurements done in two to six cm. 
Cm (#cuvettes) 2 3 4 5 6 
Transmittance 0,924 0,853 0,788 0,728 0,672 

 

In figure 12 the exposure measurements can be seen as a function of the length of oil that the light has 

passed. The length of oil is plotted against ln values of the ratio between exposure values before and 

after injection of a certain amount of dyed oil 

 

 
Figure 12. ln(E/Es) plotted against length of oil it passes through. Shutter time was 30 000 µs. Through the datapoints a 

regression line is fitted. 
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Figure 13 show that the oils placement in the tank is crucial for what is captured by the camera. In 

picture A, the framed area has clear fingers of oil from the plume. They are well defined and give 

values that indicate a large amount of oil. In picture B, the same area appears to have strongly diffused 

amounts of oil in the fingers leading out from the main plume.  

 

 
Figure 13. Two pictures of the oil plume in the tank after an injection.  A and B are both the same injection at the same 

moment in time, the difference is which side of the tank that is facing the camera. The marked area is the same area for both 
pictures, from different sides. 
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6. Discussion 
The aim of this study was to improve methods for light transmission measurements of two phase 

systems. The reason behind is partly to lower cost and time for all light transmission measurements. 

The main reason is however to be able to use light transmission for measurements of CO2-trapping in 

natural sandstone.  The study investigated the possibility to use selected constituents and their 

common refractive index to simplify Beer-Lamberts law. Figure five shows that by using this 

technique, the resulting sum of ln(E/Es) is linear to the amount of oil injected. For both injections the 

sums had similar slope but different intercepts. The linearity and similar slope point to only one 

variable controlling the absorption of light when it is calculated as a fraction between initial and 

resulting values. Figure 10 shows that the absolute difference in light intensity is linear to the amount 

of oil as well. It cannot be concluded that the difference is a constant, but it is linear. This could mean 

that part of the problem with light transmission measurements is solved by choosing liquids with 

similar refractive index. As seen in table 2, it is possible to make a close estimate to the amount of oil 

in the system by using this technique. The coefficient calculated with one injection and tested on 

another confirms the method if the amount of oil is predicted correctly. For this study that was partly 

done. Further investigation needs to be done concerning the linearity change in exposure in order to 

draw conclusions concerning its homogeneity. The experiments done in this study does not conclude 

whether the linear relationship is case specific or just specific for the oil used. Should it only be 

specific to the oil, then the glycerol could theoretically be replaced with any liquid with the same 

refractive index. The injected fluid could also be replaced but would require a new regression line 

specific for the new liquid. 

Figures 7 and 8 show that the coefficient of light absorption vary when calculated according to 

equation nine. The equation would only work for the coefficient being a single number. Figure 7 might 

suggest that the coefficient is an exponential equation, but that is contradicted in figure 8.Had this 

equation been applicable for calculating light absorption 

 by the oil, the coefficient should be the same for both injections and for all volumes of oil. The 

variation in coefficient has some trend in calculations for both injections. This could be explained by 

looking at figure 5. In that figure it can be seen that the intercept for lines fitted through the data points 

is not through the origin. What that intercept means was not concluded in this study, but it definitely 

affect the calculations. When the amount of oil in the tank is zero then the difference in exposure 

should also the zero. 

      When one of the coefficients is used to predict the length of oil in each pixel the highest value 

is 0.99 mm out of the theoretical maximum of approx. 3.6 mm. Whether this is a probable result is 

difficult to determine. The values could be close to the truth if the light is absorbed linearly by the oil. 

In figure 12 it can be seen that the same area has different exposure value depending on which 

way the tank is turned. Oil near the tank wall closer to the camera give higher difference in exposure 
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than oil at the wall close to the light panel. This means that the amount of glycerol and/or sand 

between the oil and camera will crucially affect the light intensity in a given pixel.  It is therefore 

impossible to use an equation which only takes oil absorption into account when calculating values for 

individual points in the system. There seem to be diffusion of light by the glycerol, which means that 

after the oil has absorbed light, media surrounding its continued path will contribute to the exposure 

captured by the camera. The loss of light for the tank as a whole is linear to injected volume of oil, 

which means each volume of oil still absorbs the same amount of light no matter where it is placed. 

An explanation to this could be that a 3D-effect caused by the placement. Oil placed further back in 

the tank spreads the loss of light over a bigger area than the oil placed close to the camera. 

It was not concluded whether an extrapolation of the light absorption curve calculated with 

cuvettes was possible. Table 4 shows that it cannot be used by its own to calculate the length of oil in a 

pixel.  

7. Conclusions 
The conclusions of this study are as follows: 

• By choosing liquids with similar refractive index, the light transmission technique can be 

simplified to the extent where exposure has a linear relationship to the amount of injected liquid. 

• The amount of oil in an individual pixel cannot be calculated by only taking the light absorption 

coefficient of the oil into account. But the total amount of oil in the tank could be predicted to 

some extent. 

• Calculation of the α-coefficient could be done by using this method but it should be further 

developed. 

• In its current form this method could be used for modeling CO2-trapping in natural sandstone. 

The modelling should not require exact predictions of injected volumes or exact amounts in each 

pixel. The model could become the primary method for modelling CO2-trapping at intermediate 

scale. 

• By developing the experiment and tank setup, the measurements done here could be confirmed. 

The problem with guaranteeing that all of the oil is in the picture taken is one problem that should 

be addressed. 
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Appendix 1 – Matlab code 

Example of calculations by equation 9 
% Requiring of images and cutting the image to only pertain the tank 
load('im20150509T144542.mat') 
I1 = imcrop(imageData, [9 113 1006 643]); 
I1 = double(I1); 
  
load('im20150509T151512.mat') 
I2 = imcrop(imageData, [9 113 1006 643]); 
I2 = double(I2); 
  
TotVol = 0 ; % Total Volume of oil in the picture 
x = size(I2); 
N = x(1) * x(2) ;  
S1 = zeros(size(I2)) ; 
 
Cou = 0 ; % Amount of pixels with value higher than 0 
Tot = 0 ; % Total grayscale change 
  
% Dimensions of visible tank and the pixel properties. 
L = 0.292 ; % Length 
H = 0.187 ; % Heigth 
W = 0.01 ; % Width 
Pi = 1009*640 ; % Pixels 
Sc = 1000000 ; % Scaling factor m3 to mL 
PixelVolume = (L*H*W/Pi)*Sc ; 
PixelArea = (L*H/Pi) ; 
TotI2 = 0 ; % Sum of ln(I/Is) 
  
OilVol = 2*10^(-6) ; % m^3 
 
% Compensation for screw holes. A mean of surrounding pixels is used. 
for i = 613:644 ; 
    for u = 407:427 ; 
    I1(i, u) = round(mean(I1(i, 428:434))) ; 
    I2(i, u) = round(mean(I2(i, 428:434))) ; 
    end 
    for u = 580:600 ; 
    I1(i, u) = round(mean(I1(i, 572:578))) ; 
    I2(i, u) = round(mean(I2(i, 572:578))) ; 
    end 
end 
  
% Calculation of the Alpha constant or volume of oil in tank, depending 

on which of the codestrings is active in the second part of the loop. The 
first part of the loop remove pixels which have a grey value difference 
under 12. 

for i = 1:N ;   
Ipo = I2(i) ; 
Is = I1(i) ; 
if abs(Is - Ipo) < 12 ; 
     I2(i) = I1(i) ; 
end 
% S1(i) = (log(I2(i)/I1(i)))/(Alpha4); 
% TotVol = TotVol + S1(i)*PixelVolume ; 
S1(i) = (log(I2(i)/I1(i))) ; 
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TotI2 = TotI2 + S1(i); 
end 
  
Alpha2 = (TotI2*(PixelArea/OilVol))/100 
 

Example of calculations by equation 10 
tic 
load('im20150509T144542.mat') 
I1 = imcrop(imageData, [9 113 1006 643]); 
I18int = I1; 
I1 = double(I1); 
 
load('im20150509T161733.mat') 
I2 = imcrop(imageData, [9 113 1006 643]); 
I28int = I2; 
I2 = double(I2); 
 
TotVol16 = 0 ; % Total Volume of oil in the picture 
x = size(I2); 
N = x(1) * x(2) ;  
S1 = zeros(size(I2)) ; 
  
  
L = 0.292 ; % Length 
H = 0.187 ; % Heigth 
W = 0.01 ; % Width 
Pi = 1009*640 ; % Pixels 
Sc = 1000000 ; % Scaling factor m3 to mL 
PixelArea = (L*H/Pi) ; 
 
for i = 613:644 ; 
    for u = 407:427 ; 
    I1(i, u) = round(mean(I1(i, 428:434))) ; 
    I2(i, u) = round(mean(I2(i, 428:434))) ; 
    end 
    for u = 580:600 ; 
    I1(i, u) = round(mean(I1(i, 572:578))) ; 
    I2(i, u) = round(mean(I2(i, 572:578))) ; 
    end 
end 
  
  
for i = 1:N ;   
Ipo = I2(i) ; 
Is = I1(i) ; 
if abs(Is - Ipo) < 12 ; 
     S1(i) = 0 ; 
else 
o = log(I2(i)/I1(i)); 
fun = @(x) Dubbel(x,c); 
S1(i) = fzero(fun, 0.1); 
TotVol16 = TotVol16 + S1(i)*PixelArea*10000 ; 
end 
end 
  
disp(TotVol16) 
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