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ABSTRACT 

 

EXPERIMENTAL AND NUMERICAL INVESTIGATION  

OF THE EFFECTS OF PROPANE AND BUTANE MIXTURES  

ON THE MINIMUM MISCIBILITY PRESSURE (MMP) OF CRUDE OIL 

 

 

 

 

Soylu, Mehmet 

Master of Science, Petroleum and Natural Gas Engineering 

Supervisor : Assist. Prof. Dr. Betül Yıldırım 

Co-Supervisor: Assoc. Prof. Dr. Çağlar Sınayuç 

 

 

August 2025, 194 pages 

 

Given its implications for energy security and availability, increasing oil production 

from reservoirs is of critical importance. Considering the rising CO₂ emissions and 

their environmental impacts, using CO₂ for enhanced oil recovery (EOR) is a 

promising approach because it enables CO₂ sequestration while increasing the 

availability of energy resources.   

During EOR applications, CO2 may be injected into the reservoir in miscible or 

immiscible states depending on the reservoir and oil properties. While miscible 

injection is preferred for higher recoveries, it may not be possible where the 

minimum miscibility pressure (MMP) of CO2 with the oil is exceedingly high. In 

such cases, mid-weight hydrocarbons (C3-C7) such as propane and butane mixtures 

may be used to reduce the MMP. 

This study has combined theoretical, experimental, and modeling approaches to 

evaluate the impact of co-injecting propane and butane mixtures with CO2 on the 

reduction of MMP. After the theoretical research, slim tube tests have been 

performed to determine the MMP of the oil as 204 bars, which has been verified via 

Ahmadi and Johns (2011) method as 206.89 bars in FluidModeler and 207.65 bars 
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in Eclipse300 compositional simulation through Petrel. Due to its greater flexibility, 

the Eclipse300 simulation was preferred to investigate the effect of LPG, and the 

impact of co-injecting two LPG compositions with CO₂ at varying mole percentages 

(0–100%) was examined. Findings suggested co-injecting 0-17 mole% LPG with 

CO2 resulted with the highest amount of MMP reduction per unit LPG with 

approximately 50% reduction at 17 mole%. 

Keywords: Enhanced Oil Recovery (EOR), CO2 Sequestration, Miscibility, Slim 

Tube Tests, Minimum Miscibility Pressure (MMP) 
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ÖZ 

 

HAM PETROLÜN MİNİMUM KARIŞABİLİRLİK BASINCI (MMP) 

ÜZERİNE PROPAN VE BÜTAN KARIŞIMLARININ ETKİLERİNİN 

DENEYSEL VE NUMERİK OLARAK İNCELENMESİ 

 

 

Soylu, Mehmet 

Yüksek Lisans, Petrol ve Doğal Gaz Mühendisliği 

Tez Yöneticisi: Dr. Öğr. Üyesi Betül Yıldırım 

Ortak Tez Yöneticisi: Doç. Dr. Çağlar Sınayuç 

 

 

Ağustos 2025, 194 sayfa 

 

Enerji güvenliği ve erişilebilirliği açısından kritik öneme sahip olan rezervuarlardan 

petrol üretiminin artırılması için çeşitli yöntemler uygulanabilmektedir. Artan 

karbondioksit (CO₂) emisyonları ve bunların çevresel etkileri dikkate alındığında, 

CO₂’nin artırılmış petrol üretiminde (EOR) kullanımı, hem CO₂’nin yeraltında 

depolanmasını sağlaması hem de enerji kaynaklarının erişilebilirliğini artırması 

bakımından umut verici bir yöntemdir.  

EOR uygulamaları sırasında CO2,  petrolün ve rezervuarın özelliklerine bağlı olarak, 

karışabilir (miscible) veya karışmaz (immiscible) halde rezervuara enjkete 

edilebilmektedir. Daha yüksek geri kurtarım oranlarına izin verdiğinden karışabilir 

enjeksiyon yöntemi tercih edilse de karışabilirliğin elde edilmesi için gereken 

CO₂'nin petrol ile minimum karışabilirlik basıncı (MMP) çok yüksek olduğunda bu 

yöntem mümkün olmayabilir. Bu gibi durumlarda, MMP'yi azaltmak için propan ve 

bütan karışımları gibi orta ağırlıklı hidrokarbonlar (C3-C7) kullanılabilir. 

Bu çalışma, MMP'nin azaltılması üzerinde propan ve bütan karışımlarının CO₂ ile 

birlikte enjekte edilmesinin etkisini değerlendirmek için teorik, deneysel ve 
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modelleme yaklaşımlarını birleştirmiştir. Teorik araştırmanın ardından, petrolün 

MMP'si ince tüp testi (slim tube test) ile 204 bar olarak belirlenmiş ve bu değer, 

Ahmadi ve Johns (2011) yöntemi ile FluidModeler'da 206,89 bar, Petrel üzerinden 

yapılan Eclipse300 bileşim simülasyonunda ise 207,65 bar olarak doğrulanmıştır. 

Sunduğu esnekliğin daha fazla olması sebebiyle Eclipse300 simülasyonu LPG 

etkisini incelemek için tercih edilmiş; iki farklı LPG kompozisyonunun  CO₂ ile 

birlikte farklı mol yüzdelerinde (%0-%100) enjekte edilmesinin MMP üzerine etkisi 

incelenmiştir. Bulgular, her iki LPG kompozisyonu için de %0–%17 mol LPG’nin 

CO₂ ile birlikte enjekte edilmesinin, birim LPG başına en yüksek MMP 

düşüşünüsağladığını ve %17 mol seviyesinde MMP değerinde yaklaşık %50’lik bir 

azalma elde edildiğini göstermiştir. 

Anahtar Kelimeler: Geliştirilmiş Petrol Geri Kazanımı (EOR), CO2 Depolaması, 

Karışabilirlik, İnce Tüp Testleri, Minimum Karışabilirlik Basıncı (MMP) 
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CHAPTER 1  

1 INTRODUCTION  

Technological advancements and rapid industrialization typically require more 

energy to meet demand. At present, a significant portion of energy production is 

dependent on crude oil and natural gas. According to forecasts by the IEA in 2025, 

oil demand is expected to rise in the future (IEA, 2025). Nonetheless, typically, only 

10% of the oil in a reservoir can be retrieved using primary recovery. This figure can 

rise to 15-40% via secondary recovery with waterflooding and 40-60% through 

enhanced oil recovery (EOR) techniques (SLB, 2025). Given the aging of oilfields, 

increasing recoverable reserves by applying EOR methods is critical. 

An adverse impact observed in recent history is the increase in global temperatures, 

and estimates show that global temperatures have increased by around 1.5 oC 

(Pereira et al., 2022). A brief evaluation of the recent reports provided by the United 

Nations Environmental Programme (UNEP) shows that this temperature increase is 

related to the increased greenhouse gas (GHG) emissions caused by a breadth of 

anthropogenic actions (UNEP, 2021, 2022). Among global GHG contributors, the 

most significant contributor could be named as CO2 (Lickley et al., 2020; Saint-

Vincent & Pekney, 2019). The monthly and mean carbon dioxide globally averaged 

over marine surface sites measured by the National Oceanic and Atmospheric 

Administration (NOAA) is available for public view, and their recent data illustrates 

a broad and up-to-date view of the current carbon dioxide fraction in our atmosphere: 
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Figure 1.1: Recent global monthly CO2 mean measurements (Lan et al., 2025) 

 

Figure 1.2: Global monthly CO2 mean measurements between 1980-2021 (Lan et al., 

2025) 
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In account for the increasing CO2 in the atmosphere, strategies that could reduce the 

incremental CO2 emissions without harming the energy security become essential. 

EOR, in this regard, attracts special attention as it not only creates a position where 

CO2 can be stored in underground reservoirs but also increases oil recovery from the 

reservoirs to make the operation more economically applicable. 
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CHAPTER 2  

2 THEORETICAL INFORMATION 

2.1 Introduction 

Oilfield development and production phases commonly include multiple stages, 

namely the primary, secondary, and tertiary oil recovery. The primary recovery 

typically refers to an artesian reservoir where the oil is produced purely with the 

inherent energy of the reservoir. The driving energy in this period may be derived in 

numerous forms, such as water drive, dissolved gas drive, rock and fluid expansion, 

gravity drainage, gas cap drive, or a combination of the aforementioned mechanisms.  

When the natural energy of the reservoir is not enough to carry the oil to the surface, 

the secondary recovery period may begin, and the pressure of the system may be 

supported without altering the chemical properties of the oil in the reservoir, such as 

in the case of waterflooding. The fluid used to flood the reservoir both maintains the 

pressure and displaces the reservoir oil towards the nearby production wells. However, 

once the injected fluid breaks through the production wells, production significantly 

decreases, and this stage also becomes uneconomical when the production is no longer 

cost-effective due to increased reinjection costs and decreased oil recovery. 

According to the estimates shared by the US Office of Fossil Energy and Carbon 

Management, primary recovery can recover around 10% of the oil, and the secondary 

recovery may recover 20-40% of the original oil in place (OIIP) (US Department of 

Fossil Energy and Carbon Management, 2025). EOR may be applied at this stage to 

increase recovery further. At this stage, the injected fluids typically both improve the 

natural energy of the reservoir and interact with the oil to increase the oil recovery. In 

the simplest sense, the injected fluid will aim to increase the capillary number and 

decrease the mobility ratio by reducing the interfacial tension (IFT) and capillary 

forces, decreasing the viscosity of the oil, altering the wettability of the system, or 

upgrading the components of the reservoir oil to become lighter. In all EOR 
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applications, some form or a combination of the aforementioned effects is aimed, and 

the overarching goal is to maximize the overall oil displacement efficiency by altering 

the microscopic displacement efficiency Ed and the macroscopic displacement 

efficiency Ev: 

 Ὁ ὉὉ (2.1) 

2.2 Microscopic And Macroscopic Displacement Efficiencies 

Microscopic and macroscopic displacement efficiencies describe the displacement 

seen in the three-dimensional structure of the reservoir. Microscopic displacement, as 

the name implies, defines the sweep at a pore scale, and Hirasaki noted that pore-level 

displacement is affected by multiple factors such as the interfacial tension, surface 

tension, wettability, capillary pressures, and relative permeabilities in the system 

(Hirasaki G., 2008). The microscopic displacement efficiency will be reflected on the 

residual oil saturation in the reservoir, and affect the recovery at a pore level. 

 

Figure 2.1: Schematic of trapped oil “blob” (Hirasaki G., 2008) 

A trapped oil blob, which may depict the residual oil saturation in a reservoir, needs 

to overcome the capillary entry pressure of the corresponding pore throat to pass 

through a pore. As highlighted by Hirasaki, the criterion for mobilizing the trapped 

blob depends on the capillary number, which is defined as the ratio of viscous to 

capillary force ratio as shown in (2.2), where ό denotes the Darcy velocity of 

displacing fluid (m/s), μ is the displacing fluid viscosity (Pa∙s), and σ is the interfacial 

tension between oil and displacing fluid (N/m) (Hirasaki G., 2008). When the concern 
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is mobilization of the trapped oil, the mobility ratio also plays a key role as it 

determines the favorability of the displacement. 

 ὔ
ό‘

„
 (2.2) 

 

 

Figure 2.2: Microscopic (a) and macroscopic (in terms of areal (b) and vertical(c)) 

displacement efficiencies, (Lyons et al., 2016) 

As noted by Lyons et. al. in 2016, the macroscopic displacement efficiency considers 

the volumetric sweep efficiency, and is composed of areal (or pattern) displacement 

efficiency Ὁ and vertical (or invasion) sweep efficiency Ὁ as: 

 Ὁ ὉὉ (2.3) 

Lyons et al. highlighted that the areal efficiency depends on the flooding pattern and 

the mobility ratio, and the vertical displacement efficiency depends on the stratification 

and permeability distributions (Lyons et al., 2016). It is also noteworthy to highlight 

that when the permeability is assumed to be uniform, Lyons’ findings on waterflooding 

may be extended to gas flooding as the gas flooding will be a function of the viscosity 

contrast (which affects the mobility ratio and affect the occurrence of viscous 

a) 

b) 

c) 
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fingering) and the density contrast (as the gas traverses upwards and affects the 

displacement). 

Evaluating the microscopic and macroscopic displacement efficiencies is key for 

establishing an understanding of EOR processes not only because these phenomena 

determine the residual oil saturation in the field but also because the injected slugs will 

be subject to them. As one or multiple slugs may be injected in EOR studies, both 

microscopic and macroscopic displacement efficiencies play a pivotal role in 

determining the mechanisms of recovery. 

2.3 Overview Of EOR Methods 

Enhanced oil recovery studies focus on increasing the oil recovery from the reservoir 

by altering the chemical or physical properties of the reservoir fluids. While the 

common correlation is drawn to synonymize EOR with the tertiary recovery, EOR 

methods may be applied in earlier periods as well. The term "Improved oil recovery 

(IOR)" is also used to highlight that EOR methods are not limited to the tertiary 

recovery period, and some of them may be implemented at earlier stages. However, 

both terms cover the same methods, and both imply that the recovery mechanism 

includes altering the chemical or physical properties of the oil. 

Multiple EOR methods exist in the literature, and the main distinction is made by 

differentiating whether a method is thermal, such as in-situ combustion or steam 

injection, or non-thermal, such as miscible gas injection. Commonly, thermal methods 

are used for heavier oils, and non-thermal methods are used for lighter oils. 

2.3.1 Thermal EOR methods 

Thermal methods aim to either reduce the viscosity of or upgrade the chemical 

composition of the reservoir oil by injecting hot fluids into the reservoir. 

Steam flooding is one of the most advanced thermal methods, and the procedure is 

commonly applied to heavy oil reservoirs. When using steam, the steam may be 

continuously flooded in steam flooding or may be used to stimulate the reservoir in 
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cyclic steam injection. In steam flooding, the injected steam heats the near-wellbore 

area, and the steam zone propagates towards the production wells, reducing the 

viscosity (and therefore making the mobility ratio more favorable) to increase the 

sweep efficiency. As noted by Trebolle et al. in 1993, the steam soak stimulation, also 

known as the cyclic steam injection, was accidentally discovered in 1959 in the Mene 

Grande field of Venezuela when a steam injection well had to be backflowed to relieve 

the reservoir pressure (Trebolle et al., 1993). Trebolle et al.'s study highlights that the 

steam injection well that was backflowed had more than 100 bbl/d of flowrates, which 

was a significant increment when the fact that unstimulated wells had 3-10 bbl/d was 

considered (Trebolle et al., 1993). In time, cyclic steam injection gained the name 

"Huff'n'puff" process, referring to the fact that steam is first injected into the reservoir, 

and the reservoir is allowed to produce back to the surface. As noted by Trebolle et al., 

the main effect here is the reduction in oil viscosity, yet other minor effects, such as 

changes in surface tension and alterations in capillary pressures, wettability, and 

relative permeability also play a role (Trebolle et al., 1993).  

Another thermal technique is in-situ combustion, which is sometimes referred to as 

fireflooding. This method has its roots in the exothermic nature of oxidation reactions. 

As noted by Cheih in 1982, this method was first applied in the mid-1930s and is 

especially useful for heavy oil reservoirs (Chu, 1982). When oxidative fluids such as 

air or other oxidative compositions are injected into the reservoir, the heavy oil in the 

reservoir is burned to generate heat, which upgrades the oil in situ and increases the 

recovery. When applied, the generated flame front will propagate through the reservoir 

with a very high thermal efficiency, and a significant viscosity reduction will be 

obtained. 

Since thermal methods rely on heat energy, their main problems are related to heat 

losses. Steam floodings are commonly limited to shallow reservoirs, and have a depth 

limitation. Other problems may be related to the injectivities of steam or air, and the 

associated sweep efficiencies. 
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2.3.2 Non-Thermal Methods 

Non-thermal methods are mainly divided into three categories: gas injection, chemical 

flooding, and microbial processes. The main aim of non-thermal methods is to change 

the interfacial tension, capillary effects, and mobility ratio in the reservoir to increase 

production and sweep efficiency. 

Gas flooding may be miscible, near-miscible, and immiscible depending on the 

reservoir and oil properties. The main drive mechanisms include the vaporization of 

oil and the condensation of gas, and the effects are the reduction of the viscosity and 

interfacial tension affecting the oil. Various gases, such as CH4, N2, or CO2, may be 

used in gas flooding. Air or other oxidative gases are typically not preferred in non-

thermal gas flooding as they oxidize the hydrocarbons in the reservoir in a series of 

exothermic reactions. In miscible flooding, oil and the injection gas form a single 

phase, and the interfacial tension affecting the oil becomes zero. However, this is not 

always possible, as the minimum miscibility pressure of the oil with the injection gas 

may be too high. In such cases, immiscible or near-miscible flooding may be applied. 

In immiscible flooding, the main mechanisms are related to the interaction of injection 

gases with the oil and may include the reduction of oil viscosity, swelling of oil, gas 

drive, and extraction of lighter components. 

Chemical flooding methods are centered around chemical reagents that increase the 

capillary number and decrease the mobility ratio to increase the displacement and 

sweep efficiencies. Examples of such methods may be alkaline surfactant flooding 

(ASP), polymer flooding, micellar flooding, or gel injection. 

The main aim of alkaline surfactant flooding is to lower the interfacial tension and 

alter the wettability for more effective oil extraction. The main driving mechanisms, 

therefore, include emulsification and entrainment of oil, IFT reduction, and wettability 

alteration. The surfactant will enhance the interactions between the phases to reduce 

the IFT, and the alkaline is used to prevent the surfactant from being adsorbed onto 

the grain surfaces and, therefore, reduce the surfactant cost. The alkaline surfactant 

injections may be coupled with polymers to enhance the viscosity of the flood and 

improve the mobility ratio. When alkaline surfactant injection is carried out with 
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polymers, it is referred to as alkaline surfactant polymer (ASP) flooding, and this flood 

aims to improve both the microscopic and macroscopic recovery efficiencies. 

Polymer flooding aims to increase the flood viscosity to improve the mobility ratio, 

reduce viscous fingering, and increase the sweep efficiency. In 2010, Seright 

investigated the potential of polymer flooding for viscous oils by utilizing fractional 

flow equations and noted that the viscosity of the flood typically increases by the 

square of polymer concentration (Seright, 2010). Seright's study notes that hydrolyzed 

polyacrylamides (HPAMs) and Xanthan Gum are commonly used polymers and 

highlights that injectivity limitations impose a higher hindrance to polymer floods than 

the cost of the operation. As the polymers enhance the mobility ratio, polymer floods 

increase the displacement efficiency by reducing the viscous fingering. In 2017, 

Sandeep Rellegadla et al. investigated EOR applications and noted that while 77% of 

polymer-including floods are polymer floods, the remaining 23% are ASP operations 

that also include surfactants (Rellegadla et al., 2017). 

Gel injections are typically carried out to eliminate thief zones and improve sweep 

efficiencies. Cross-linked polymers are added to form a special gel, which would be 

injected into the reservoir to block the high permeability channels or layers and force 

the following injections into lower-permeability zones that remain unproduced due to 

channeling. 

Noted by Haddad et al. in 2023, microbial EOR processes rely on microorganisms and 

their metabolic byproducts to alter the wettability, IFT, or viscosity of oil and water 

while also causing emulsification, biodegradation, selective plugging, or rock 

dissolution (Haddad et al., 2023). In their study, Haddad et al. used bacterial cells and 

performed imbibition and core flood tests. They showed that the presence of bacterial 

cells enhanced the changes in wettability, and the biosurfactants generated by the 

bacterial strains reduced the IFT in the core floods to increase the oil recovery from 

the core. Liu et al., in 2022, worked with bacillus subtilis with a fabricated microfluidic 

chip to evaluate the impact of the bacterial presence and noted that the bacteria might 

be used to enhance the IFT at a micro or nanoscale. Notwithstanding, while promising, 

microbial EOR is still a maturing technology, and it accounts for a small fraction of 

the present EOR applications. 
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2.4 CO2 As An Injection Fluid For EOR 

Carbon dioxide (CO2) appears as a colorless and odorless gas at atmospheric 

temperature and pressure conditions. It is heavier than air, and while it is non-toxic to 

humans, it may cause asphyxiation in high concentrations in closed environments. It 

is a greenhouse gas, and due to the vast amounts of emissions worldwide, CO2 is the 

most significant contributor to the global warming. Under atmospheric conditions 

(1.01 MPa, 0 oC), CO2 exhibits the following physical properties: 

Table 2.1: Physical properties of CO2 

   Molecular Weight (g/mol) 44.010 

Specific Gravity 1.529 

Density (kg/m3) 1.950 

Viscosity (mPa/s) 0.0137 

 

Injection of CO2 has been proposed by Whorton and Brownscombe in 1952, but the 

research has been ongoing throughout the years. To understand the behavior of CO2 

within the reservoir, it is essential to evaluate the phase behavior of the CO2. 

 

Figure 2.3: Phase diagram of CO2 (Petrucci et al., n.d.) 

From Figure 2.3 it is seen that CO2 has a critical point of 30.98 oC and 72.79 atm 

(1069.72 psia). As such, it may be denoted that CO2, under most reservoir and injection 
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conditions, behaves as a supercritical fluid. The CO2, when injected into the reservoir, 

will perform complex interactions with the reservoir oil, and may perform miscible or 

immiscible displacement. As the presence of miscibility heavily influences the success 

of the EOR applications, understanding the key concepts affecting the miscibility and 

corresponding drive mechanisms is essential for a successful EOR application. 

2.4.1 The Concept Of Miscibility, Oil-Gas Drive Mechanisms, And Ternary 

Diagrams 

The concept of miscibility and the drive mechanisms affecting the recovery may be 

effectively depicted via the ternary diagram. Discussed by Orr (2005), such diagrams 

consider three mole, volume, or mass fractions to represent a binary mixture. The top 

corner will typically represent the lightest fraction, and the bottom-left corner will be 

used to denote the heaviest fraction. An example ternary diagram is illustrated below: 

 

Figure 2.4: Generalized representation of ternary diagram (Orr, 2005) 

The ternary diagrams are constructed such that any composition consisting two of the 

three components may be represented within the line between the corresponding two 

component edges, and any composition with three components may be expressed 

within the triangle. When Figure 2.4 is considered, the two-phase region is bounded 

by the liquid and vapor phase composition loci, where the combined curve is expressed 

as a binodal curve. Within the curve, tie lines exist to denote points of identical 

liquid/vapor compositions. 
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When calculated with Peng Robinson EOS, such diagrams can be used to represent 

hydrocarbons with acceptable accuracy (Orr, 2005). The light fractions in such a 

ternary diagram are commonly methane, carbon dioxide, or nitrogen. In contrast, 

intermediate fractions are limited to C2-C6; the remaining C7+ hydrocarbons are 

denoted as heavy fractions. To illustrate the potential interactions between the injection 

gas and reservoir oil, the following diagram may be proposed: 

 

Figure 2.5: Ternary diagram representing hydrocarbons and the drive mechanisms 

(Adapted from Orr, 2005) 

In Figure 2.5, the following processes may be seen: 

¶ In path 1→2, the displacement will be immiscible as the path from the light 

components, which denotes the injection gas, will pass through the two-phase 

region. 

¶ When the reservoir oil is rich in intermediate components (such as light oils), 

the path 1→1’→4 will be followed. In such a case, the injected light fractions 

will strip the lighter fractions from the reservoir oil, enriching the gas 

composition. In this case, the injected gas will gradually be enriched with 

intermediate components, and miscibility will eventually be achieved due to 
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the enrichment of the gas. This mechanism is referred to as the “Vaporizing 

Gas Drive”. 

¶ If the reservoir oil is heavy (specifically, poor in intermediate compounds), 

injection of purely light compound will follow the path 1-2 again. However, 

after altering the gas composition by adding more intermediate compounds, the 

path may be altered to 2→2’→3. In this case, the intermediate compounds in 

the injection composition will condense into the oil, effectively increasing the 

intermediate components in the oil. This, in return, will make it easier for oil 

to become miscible with the injection gas. This mechanism is commonly 

referred to as “Condensing Gas Drive.” 

¶ If reservoir and injection gas composition are favorable, direct miscibility may 

be observed by completely avoiding the two-phase region. An example of this 

may be seen in path 4→5, referred to as the “First-Contact Miscible Gas 

Drive”. 

As mentioned previously, miscibility may be achieved in a single contact between the 

injection gas when the compositions are favorable (i.e. path 4→5 in Figure 2.5). In 

such cases where direct miscibility is observed, the process is termed to be “First 

Contact Miscible (FCM). 

When the compositions are not favorable enough to allow for FCM, the miscibility 

may be established through mass transfers between the two phases. When the gas 

encounters oil in the porous medium, it contacts the oil and causes a reduction in the 

surface tension and viscosity of the oil, thereafter leading to swelling of the reservoir 

oil. The combination of these effects enhances the flowing characteristics of the oil. 

Due to the mass transfer between the two phases, vaporizing drive, condensing drive, 

or condensing/vaporizing gas drive may be established for multiple contact miscibility 

(MCM). As mentioned above, vaporizing gas drive or condensing gas drive may be 

achieved depending on the oil and gas compositions.  

The condensing gas drive features the enrichment of the reservoir oil in terms of the 

intermediate component to form a lighter oil that can become miscible. Since the 

enriched oil has lower mobility compared to the injection gas, it is comparatively 

slower, and it repeatedly encounters the fresh injection gas multiple times. As seen in 
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the path 2→2’→3, the oil will become enriched over time and eventually become 

miscible with the injection gas. As such, the oil composition is repeatedly improved 

with the intermediate components in the injected gas to the point where miscibility is 

developed at the trailing edge of the displacement front. 

Contrary to the condensing gas drive, vaporizing gas drive involves the evaporation of 

intermediate compounds from the reservoir oil. Upon multiple contacts between the 

oil and the gas, the gas composition is repeatedly enriched via the path 1→1’→4 to a 

point where a miscible transition zone is formed between the two phases.  

When neither the oil nor the gas has sufficient amounts of intermediate compounds to 

enable miscibility, significant mass transfer occurs between the two phases. Both 

vaporizing and condensing drive mechanisms are seen together in such environments, 

and while the initial encounter of the injection gas strips lighter fractions of the 

initially-encountered reservoir oil (thereby enriching the gas via vaporizing gas drive), 

the now-enriched gas will condense the intermediate compounds at later interactions 

with the reservoir oil (hence performing condensing gas drive). Such a mechanism for 

MCM may be referred to as Vaporising/Condensing gas drive, and the miscibility will 

occur between the vaporizing and condensing drive zones, somewhere between the 

trailing and leading edges of the displacement. 

While the aforementioned drive mechanisms may be seen at numerous reservoirs and 

EOR applications, the most significant parameters affecting the interactions between 

the CO2 and the reservoir oil are temperature and compositions of the oil and the 

injection gas. To this end, the term minimum miscibility pressure (MMP) may be 

introduced to act as the selection criteria representing the complex and dynamic 

interactions identifying the miscibility between the oil and the injection gas. 
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CHAPTER 3  

3 LITERATURE SURVEY 

Gas injection, or more specifically, CO2 injection within the scope of EOR 

techniques, is a key application that not only creates a viable carbon storage 

alternative but also increases the economic feasibility of CO2 storage with 

established technological infrastructure. When injecting gas into an oil reservoir, the 

ideal case is to develop a miscibility between the injection gas and the reservoir oil. 

However, the minimum miscibility pressure (MMP), which is defined as the pressure 

point where the gas and oil remain miscible at all portions, may need to be lowered 

to be applicable, which could decrease the efficiency of gas injection projects. On 

this basis, the determination of the MMP is a vital aspect of a successful gas injection 

project. To this end, this chapter will aim to review the present literature on the 

available methods for the determination of MMP. 

3.1 Minimum Miscibility Pressure (MMP) Of CO2-Oil systems 

The MMP is defined as the pressure above which the injected gas (commonly CO2) 

becomes miscible, thereafter forming a single phase with the reservoir oil to reduce 

the capillary pressure to negligible values (Holm & Josendal, 1974). The MMP is a 

vital parameter for CO2 EOR projects and commonly serves as the main limiting 

factor for miscible CO2 displacement applications. The key concerns on the MMP 

are mainly centered around MMP being too high for practical applications, and the 

main limitations are (1) having the MMP being higher than the reservoir pressure, 

effectively increasing the economic difficulties associated with the application, and 

(2) the MMP being higher than the fracture pressure of the reservoir to significantly 
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lower the viability of miscible displacement. To this end, MMP is a vital design 

parameter and must be accurately determined. 

In the literature, numerous methods exist to determine the MMP. The slim tube test 

is the most widely accepted method, and the test method has been refined over time 

to gain its industrial acceptance. While the test shares similarity to the actual gas 

injection process in oil reservoirs, and simulates a dynamic displacement process, it 

is typically too expensive or time consuming. Moreover, conducting the slim tube 

test requires large amounts of oil, and may not be possible without an acceptable 

amount of the sample.  

Christiansen et al. (1987) have developed the rising bubble apparatus (RBA) and 

enabled the MMP to be inferred by visually looking at a gas bubble injected from 

the bottom of an oil column and looking at the point where the gas bubble disappears 

before reaching to the top of the column (Christiansen et al., 1987). Since the porous 

medium is not present, this method, despite being relatively straightforward and 

rapid, may not represent the MMP within a reservoir as the pore structure affects the 

miscibility condition. 

Rao (1997) proposed the Vanishing Interfacial Tension (VIFT) as a different 

alternative (Rao, 1997). In VIFT, capillary rise in thin tubes is measured as a function 

of pressure to extrapolate the pressure corresponding to obtain zero capillary height. 

Similar to RBA, this method does not consider the effects of the porous medium and 

may not fully represent the combined drive mechanisms commonly seen in 

reservoirs. For oils in Türkiye, Türkmenoğlu and Önel (2025) investigated the MMP 

of three Turkish oils using VIFT method, and tested its viability on viscous crude 

oils. Their study highlighted that VIFT could be used to test the effect of temperature, 

chemical addition, and gas type on MMP of crude oils. 

Nguyen et al. (2015) proposed the use of fast-fluorescence-based microfluidic 

measurements to determine the MMP, where the measurement approach relies on 

the fluorescence of crude oils (Nguyen et al., 2015). Continuously generated CO2 

bubbles are mixed within the microchannels of a microfluidic chip, and the shape of 
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the bubble is determined based on the fluorescence of the crude oil. Similar to RBA, 

increasing pressure results in increased mixing between the CO2 bubble and the oil, 

and the pressure at which the gas bubble disappears is considered the MMP. While 

this test may take less than 30 minutes, it requires precisely manufactured 

microfluidics chips, and the MMP may be misinterpreted due to the visual nature of 

the interpretation, if the visual interface disappears or becomes hard to identify 

before reaching the miscibility condition. 

Liu et al. (2015) argued that X-ray computerized tomography (CT) scanners could 

be used to determine the MMP and study CO2/n-decane systems. Due to the linearity 

between the intensities of the CT images and the density of the object, a miscibility 

point could be delineated at the point where the intensities of the two phases become 

equal, indicating that only a single phase exists (Liu et al., 2015). Despite the simpler 

experimental procedures and shorter experiment timespans, CT technology 

commonly accommodates high capital costs, and capable CT devices may not be 

available for researchers. Moreover, the health risks associated with the radiation 

emitted by CT should be considered with this method. 

In 2016, Liu et al. investigated the viability of MRI for MMP determination and 

argued that since MRI provided information on the density of protons contained in a 

liquid, MRI intensity would decrease with increasing dissolution of CO2 into the oil 

(Liu et al., 2016). They argued that since the MRI intensity almost becomes zero at 

the point where the interfacial tension becomes zero, which defines the point of 

MMP, MRI could be used to evaluate the miscibility of CO2-Hydrocarbon systems. 

While this test is rapid, accurate and considers the effects of a porous medium, MRI 

technology is expensive and requires special operation knowledge. Moreover, the 

MRI devices need to be highly precise, and the test mechanism necessitates static 

test conditions.  

Czarnota et al. (2017a) proposed utilizing acoustically monitored separators to 

monitor the sonic response of the CO2-Oil system and argued that MMP could be 

determined as the point where no acoustic signal is observed at the phase boundary 

between CO2 and oil (Czarnota et al., 2017a). However, this test does not account 
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for the impact of the porous medium on MMP, and Liu et al. (2015), alongside many 

other authors in the literature, have argued that MMP is affected by the porous 

medium, with decreasing pore radius increasing the MMP.  

In another study, Czarnota investigated the correlation between the MMP and 

pressure increase by connecting two pressure vessels containing CO2 and oil, 

pressuring both cells simultaneously, and proposed a rapid pressure increase (RPI) 

method (Czarnota et al., 2017b). During the pressurization, the volume of the 

accumulators is measured, and MMP is defined as the point where pressure 

increment will sharply increase with respect to the change in volume. While this test 

is rapid as well, it may only be performed for a specific oil-gas ratio, assumes static 

test conditions, and is questionable in accuracy, considering that it neglects the 

impact of the porous medium on MMP. 

Cui et al. (2022) investigated the shapes of oil droplets to determine the MMP of oils 

and argued that while oil commonly swells upon interacting with CO2 at low 

pressures, a shrinkage starts to occur instead of swelling (Cui et al., 2022). The 

authors thereafter note that two contacting phases will gradually merge into a single 

phase above MMP, and this pressure could be determined by accurately measuring 

the oil volume. They proposed the Oil Droplet Volume Method (ODVM) and argued 

that a sophisticated droplet shape analyzer could prove valuable in characterizing 

MMP and diffusion processes between CO2 and oil. While this test is also rapid it 

does not account for the effect of porous medium, and may not fully represent the 

drive mechanisms seen in the reservoir. 

 

 



 

 

 

Table 3.1: Advantages, disadvantages, and working principles of MMP measurement methods 

Method Advantages Disadvantages Working Principle 

Slim Tube Test 

•Accounts for the porous 

medium effects 

•Can represent the combined 

drive mechanisms 

•Tested and refined through 

history, and is globally accepted 

to be accurate and reliable 

•Too expensive for most cases 

•Tests can take up to many weeks of time 

•Large amounts of oil are required 

• A thin and spiral tube packed with sand will represent 1-D flow in 

porous medium, which will be saturated with oil, and then flooded 

with CO2. Numerous tests will be performed, and the MMP will be 

determined at the break point from Recovery vs. Pressure plot. 

Rising Bubble 

Apparatus (RBA) 

•Tests are relatively 

straightforward and rapid 

•Small amounts of fluid are 

required 

•The test does not consider the effect of 

porous medium 

•May not fully represent the combined drive 

mechanisms 

• Gas will be bubbled through an oil column, and the behavior of 

the fluids will be visually analyzed. The pressure where the bubble 

disappears in the oil is considered to be MMP. 

Vanishing IFT (VIT 

& VIFT) 

•Test is rapid and visible 

•Not much fluid is required 

•The test does not consider the effect of 

porous medium 

•Near-Miscibility region may not be 

accurately represented 

•May not fully represent the combined drive 

mechanisms  

•May not fully represent the combined drive 

mechanisms 

•In the capillary rise method, the capillary rise in thin tubes is 

measred as a function of pressure to extrapolate MMP. The pressure 

where the capillary height is zero is determined as MMP. 

X-Ray 

Computerized 

Tomography (CT) 

•The test is rapid, reliable, and 

accurate 

•Accounts for the effect of 

porous medium 

•Equipment costs are exceedingly high if CT 

is not readily present 

•CT must be highly precise 

•A Sufficient CT setup must be established to 

prevent potential health hazards due to 

radiation 

•Flowing conditions are generally not 

simulated 

•Oil and gas will be injected into a cell, and the pressure will be 

continually increased. At MMP, the phase boundary will disappear, 

and this will be visible on CT images. 
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Table 3.2: Advantages, disadvantages, and working principles of MMP measurement methods (cont.d) 

Method Advantages Disadvantages Working Principle 

Fast 

fluorescence-

based 

microfluidics 

•The test is rapid and can 

determine MMP at 

nanoscales 

•Dynamic tests are 

performed 

•Low amounts of fluid are 

required 

•The tests need highly precise microfluidic chips to be 

manufactured 

•High cost 

•MMP may be misdiagnosed if the phase boundary 

becomes hard to identify 

•Gas bubbles will be sent into microfluidic chips, and the fluorescence of the oil will be 

used to determine the phase boundary between the phases. As the pressure is increased, 

the gas bubble will interact with the oil, and phase boundary will disappear. The 

pressure where the phase boundary cannot be identified is considered to be MMP. 

Magnetic 

Resonance 

Imaging (MRI) 

•The test is rapid, reliable, 

and accurate 

•Accounts for the effect of 

porous medium 

•Equipment costs are exceedingly high if MRI  is not 

readily present 

•MRI must be highly precise 

•Dynamic conditions commonly cannot be tested 

•Gas and oil will be inserted into a cell, and the pressure will be increased gradually. 

The MRI will scan for the proton density in the liquid, and the phase boundary will be 

visible until the MMP is reached. The pressure where the MRI intensity approaches 

zero is considered as MMP. 

Sonic Response 

Measurement 

(SRM) 

•Tests are relatively 

straightforward and rapid 

•Small amounts of fluid are 

required 

•The tests do not consider the effect of porous medium 

and may not represent the combined drive mechanisms 

•The results may not represent the accurate MMP 

•Dynamic conditions cannot be tested 

•An acoustically monitored separator will be used to evaluate the sonic response of the 

liquid-solid system between CO2 and oil. The surface contact will reflect a specific 

sound wave before the miscibility is achieved. At the MMP the surface contact will 

disappear, and the point where no sound wave returns from the surface contact is 

recorded as MMP. 

Rapid Pressure 

Increase (RPI) 

•Tests are relatively 

straightforward and rapid 

•Small amounts of fluid are 

required 

•The tests do not consider the effect of porous medium 

and may not represent the combined drive mechanisms 

•The results may not represent the accurate MMP 

•Dynamic conditions cannot be tested 

•Two cells will be connected, and gas and oil will be mixed by rapidly increasing the 

pressure of both cells. At the MMP, the pressure will sharply increase after the 

formation of a single phase. The point where a volume increment results with a sharp 

change in pressure is recorded as MMP. 

Oil Droplet 

Volume 

Measurement 

(ODVM) 

•Tests are relatively 

straightforward 

•Small amounts of fluid are 

required 

•The tests do not consider the effect of porous medium 

and may not represent the combined drive mechanisms 

•Dynamic conditions cannot be tested 

•Sensitive devices that can accurately measure the oil 

volume are required 

•If the oil volume can be accurately measured, the volume of an oil droplet could be 

investigated to see the transition from the oil swelling (seen below MMP) and oil 

shrinkage. Above MMP, oil will become miscible, and the oil droplet will gradually 

reduce in volume and disappear. The point where the oil droplet disappears is recorded 

as MMP. 
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3.2 Displacement Tests With Slim Tube Tests 

The slim tube test is the industrial standard for determining the MMP, and the test 

consists of two components: the setup configuration and the packing material's 

properties within the slim tube. In essence, the slim tube test employs a long (2-45m), 

small-diameter (0.1-1cm) coiled steel tube that is filled with granular or particular 

material to simulate a porous medium. Over time, both the properties of the slim tube 

and the packing material have undergone changes, leading to the evolution of current 

slim tube setups. 

In earlier research, Stone and Crump investigated the impact of gas composition on 

light and heavy crude oils using the slim tube experiment (Stone et al., 1956). Their 

study utilized a slim tube with a porosity of 38%, a permeability of 9.5 Darcy, a 

length of 8 feet, and an internal diameter of 0.53 inches. Since slim tube tests involve 

multiple test points with identical setups, reservoir cleaning was performed as a 

preparation before each test, followed by system re-saturation after sand cleaning. 

Their results revealed that condensing gas led to higher recoveries compared to 

equilibrium gas drives, with the anticipated increase in recovery being a function of 

the reservoir oil's swelling caused by the condensing gas. 

Yarborough (1970) performed slim tube tests to explore the impact of liquefied 

petroleum gas (LPG) addition on miscibility(Yarborough, 1970). Specifically, the 

study focused on LPG slug flooding. The findings revealed that while LPG slugs 

exhibited no challenges in achieving miscibility with crude oils, elevated pressures 

exceeding 1100 psia (and varying further based on gas composition, particularly 

lighter fractions like N2) were necessary. Additionally, an investigation into the 

feasibility of utilizing enriched gas in lieu of LPG slugs was conducted. The 

experimental setup involved packing 16 AGS Ottawa sand particles into a 22-foot 

length of 0.18-inch inner diameter stainless steel tubing. Notably, this tubing length 

exceeded that of many prior studies, as reported by the authors. 
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Following Yarborough's work, Jacobson (1972) performed slim tube displacement 

tests to assess the influence of acid gases within the context of miscibility(Jacobson, 

1972). Specifically, the focus was on understanding the behavior of sour gas systems. 

The slim tube was significantly elongated to 40 feet, maintaining an internal radius 

of 0.25 inch. The experimental matrix employed 200 mesh fine glass beads as the 

packing material, while the displaced fluid originated from a high-gravity pinnacle 

reef reservoir in northwestern Alberta. Noteworthy findings emerged: the extended 

length of the slim tube demonstrated significant effects. Notably, H2S contributed 

more significantly to crude oil miscibility than an equivalent volume of ethane, 

whereas CO2 exhibited a lesser impact on a volume basis. 

In late 1974, Holm and Josendal worked with the thin tube test to evaluate the 

displacement mechanisms of CO2 and oil (Holm & Josendal, 1974). In their setup, 

they used thin tubes with an ID of 0.232in, and their packing material was No.60 

Crystalline sand. Two slim tubes were used in their study, and their lengths were 48ft 

and 84ft, respectively. The slim tubes were immersed in a constant temperature bath 

to maintain the temperature. In their study, the authors confirmed that CO2 can 

enhance oil recovery from porous rock through solution gas drive, oil swelling, oil 

viscosity reduction, and miscible effects, but it cannot provide direct miscibility like 

LPG at practical reservoir pressures. However, the authors also noted that CO2 

injection does not depend on the presence of intermediate (C2-C4) fractions in the 

oil. The authors noted that for oils above 20 API at flooding temperatures below 

about 30oF, extraction of hydrocarbons occurs between 1000 and 2000 psi. They 

reported that while methane increases the optimum injection pressure if present in 

the injection gas, the presence of methane in the reservoir oil does not significantly 

affect recoveries. They presented a simple correlation for determining optimum 

displacement conditions in wet sands, preferably with oil and water (Holm & 

Josendal, 1974). 

In 1980, Yellig and Metcalfe combined identical heavy (C7+) fractions with 

different proportions of light fractions (C1, N2, CO2) and intermediate (C2-C6) 

fractions to evaluate the effect of composition on the CO2 MMP for an oil (Yellig & 
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Metcalfe, 1980). The authors have prepared different compositions with the 

aforementioned three fractions and evaluated the impact of changing temperature 

and composition by testing the MMP at 35, 48, 66, and 89oC. The slim tube used in 

their experiment was inspired by Smith and Yarborough's description, and the 

researchers used a 1/4in (6.3mm) OD slim tube with 12.2m in length. The slim tube 

featured 160-200 mesh sand as the packing, and the tube had 85 cc of pore volume. 

In the study, authors remarked that slim tube tests were performed satisfactorily for 

MMP determination, and their results highlighted that increasing temperature had a 

significant impact on the CO2-MMP, and increasing temperatures resulted in a 15 

psi/F of an MMP increase over the range of 95-192 oF. In contrast to the temperature 

limitations, the authors observed that changing composition had comparatively 

lower impacts on the MMP at a fixed temperature with minor changes in the 

composition. 

Johnson and Pollin (1981) remarked slim tube tests simulate a well-mixed flowing 

system and used the slim tube test to test the CO2 miscibility in various settings 

(Johnson et al., 1981). The slim tube they used featured a 0.635cmx15m stainless 

steel column with 100-140 mesh glass beads connected to an accumulator. The 

average porosity and permeability are 34% and 14 Darcies, respectively. The authors 

first tested the CO2-MMP for pure alkanes (n-C10, N-C13, N-C16, N-C20) as a 

binary system, and evaluated an equimolar mixture of N-C10 and N-C16. They noted 

that MMP did not change significantly with changing displacement rates and 

remarked that complex phase behavior in low-temperature oil-CO2 systems 

thereafter affects the slim tube recoveries. Moreover, their study also highlights that 

increasing N2 concentration in the injected CO2 created a linear increase of 6.9 and 

9.7 MPa/mole% of N2 for the two oils used in the study, respectively. 

Mungan (1991) has also performed slim tube tests with pure CO2 and hydrocarbon 

gas (C1-C5) mixtures to evaluate the miscibility condition for crude oil samples 

(Mungan, 1991). They have worked with a slim tube that is 15m long with a 0.6cm 

diameter, and their setting featured 20% porosity, 250md permeability, and 85 cc 

pore volume. Their tests did not feature any connate water effects on the slim tube 
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tests, and they used the following three criteria to define the miscibility condition: 

(1) recovery of 85% or more OOIP at the time of solvent breakthrough, (2) Single 

phase solvent flow at the outlet, and (3) at least 95% recovery at 1.2 pore volume 

(PV) of solvent injection. The authors also used a Berea sandstone core to evaluate 

the miscibility. While the authors obtained close results from the two tests, the core 

resulted in a higher MMP for the same oil-solvent conditions. The author remarked 

that while obtaining a 95% recovery would be a definite indication of miscibility, the 

reverse cannot be said, and miscibilities may also be observed at recoveries smaller 

than 95%. In their results, the authors observed that methane was not miscible with 

the oils at 2300 psia, and CO2 was miscible with lighter oils. Aside from this, the 

authors remarked that CO2 would increase the oil recovery to some degree regardless 

of the miscibility condition due to oil swelling and viscosity reduction. 

Jaubert et al. (1995) studied cubic equation of state (EOS) models to characterize ten 

crude oils (Jaubert et al., 1995). They have used swelling tests, multi-contact tests, 

slim tube tests, and minimum miscibility enrichment tests. Their slim tube was 8-

12m in length, with an internal diameter of 0.635 cm. The tube was packed with 

glass beads with a diameter of 0.0063 cm and featured a porosity of 38%. Their 

results showed that despite having equations of state that can characterize the oils, 

the experimental measurements of MMP differed from predicted values. The authors 

argued that while one possible explanation for the discrepancy could be named the 

inability of Peng Robinson EOS to correctly predict the critical point of complex 

mixtures, another explanation could be due to the presence of near miscible 

displacement. They argued that when near miscible displacement is present, the 

break-over point in the recovery curve may not always display thermodynamic 

miscibility, and 20% uncertainty could be acceptable in the determination of the 

thermodynamic MMP of the oils. 

In 2010, Bui et al. studied the effects of near-miscible tests. The authors have used a 

slim tube of 40 ft with an internal diameter of 0.24 in., and their system had pore 

volumes and permeabilities of 128cc (equating to a porosity around 36%) and 4900 

md, respectively (Bui et al., 2010). In their study, the authors used an oil recovery of 
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at least 90% at 1.2 hydrocarbon pore volume (HCPV) as the MMP criterion to test 

the Arbuckle oil from Kansas. The authors estimated the MMP as 1350 psig at 110 

oF and 1650 psig at 125 oF, and since the MMP was higher than the fracture gradient 

of the field, they evaluated near-miscible displacement conditions below the MMP. 

They noted that even with near-miscible conditions (P>1100 psig for their oil), the 

oil viscosity could be reduced by a factor of five due to the dissolution of CO2, and 

the recovery efficiency could be relatively high. 

Amao et al., in 2012, argued that the most commonly used 1.2 PV of injection 

volume criterion would not be sufficient due to the fact that the volume of the CO2, 

even at supercritical conditions, was heavily dependent on the experimental pressure 

(Amao et al., 2012). To this end, authors have proposed two alternative methods, 

namely the instantaneous recovery rate (where the recovery is calculated for definite 

time steps) and the maximum oil recovery reate (where the maximum recovery rate 

is plotted as a function of pressure, and the highest pressure value is recorded as the 

MMP). Authors have used a slim tube of 0.25 in diameter with an unspecified length 

and slim tube pore volume, and  they argued that these methods could also be 

applicable to determine the MMP. However, the authors noted that they have applied 

the standard methodology of plotting the recovery vs. pressure plot and obtaining the 

point of slope transition to determine the location of the MMP. Since the authors 

have not completely utilized the data in the low-pressure region, there are 

ambiguities in the exact location of the MMP. 

Zhang and Gu (2015) evaluated the oil recovery factor (ORF) and break-over 

pressure (BOP) as their criteria for determining the MMP of oil-CO2 systems, and 

they performed five slim tube and core flooding tests (Zhang & Gu, 2015). The 

authors noted that the ORF criterion might not be accurate when the slope change is 

not sharp enough and defined the BOP criterion as determining the point where the 

incremental recovery per incremental pressure reaches an arbitrarily chosen low 

threshold value. The cubic regression curve of the slim tube test results could then be 

used to evaluate the BOP. As their experimental setup, the authors have used a slim 

tube of 12.2m and 0.457cm internal diameter filled with Ottawa silica sands with a 
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porosity of 41.0%, representing a pore volume of 81.7cc. The authors argued that 

purely relying on a set recovery value is not correct, and when applying the ORF 

method, linear or quadratic extrapolation is more accurate. Additionally, when 

applying the BOP criterion, a lower threshold slope value is more accurate for MMP 

determination, and the MMP is better given in a range of pressures rather than a 

definite pressure point. 

Adel et al (2016) discussed the effects of the injection rate on the slim tube accuracy 

and the required slim tube length to obtain accurate results, and argued that the slim 

tube length could be significantly shortened if the injection rate for the CO2 remained 

low (Adel et al., 2016). They used two different slim tubes with an internal diameter 

of 0.25 in, thickness of 0.063in packed with Ottawa sand. The slim tubes used in the 

study are 20ft and 80ft, respectively. Authors report that when the injection rate is 

kept at 0.06 cc/min during 2 PV of CO2 injection, the slim tube measurements are 

close with 20ft and 80ft tests. The shorter slim tube resulted with slightly higher 

MMP values, and the authors remarked that the slim tube length could be shortened 

with significantly reduced injection rates to shorten the test time if the MMP of oil 

is estimated to be lower than 2000 psi. As the error increased with increasing MMP 

of oil, authors recommended to exert caution with shorter slim tubes with heavy oils. 

3.3 Reduction Of MMP Via LPG As Miscible Solvent Addition 

In reservoirs with high MMP values, miscible displacement may not be possible until 

the MMP between the oil and CO2 is reduced. Accordingly, numerous scholars have 

investigated ways of reducing the MMP. One of the most prominent methods of 

MMP reduction may be injections of miscible solvents into the reservoir. The 

reduction in MMP may thereafter be measured via various methods, such as the slim 

tube test.  

Bon et al. (2005) have observed that hydrocarbon fractions such as C5+ may be added 

to the injection gases to decrease the MMP (Bon & Sarma, 2005). They worked on 

an oil sample from Cooper Basin in Central Australia, and used rising bubble 
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apparatus to test for both pure CO2, and a synthetic gas containing 80% CO2, 15% 

methane, minor fractions of ethane, propane, and butane compounds, and 0.3% -

1.5% of C5+. In their study, they observed that C5+ was more effective at reducing 

the MMP than expected, and suggested that gases with C5-C11 fractions should be 

investigated for MMP reduction. 

Jeong and Lee (2016) evaluated the injection of LPG by performing a simulation in 

CMG-GEM simulator, and argued that oil recoveries could be enhanced by LPG 

addition and injecting colder CO2 into the reservoir (Jeong & Lee, 2016). Their 

findings concur with the existing literature as MMP is temperature-dependent, and 

injecting colder fluids will cool the near-wellbore region to decrease the MMP in the 

vicinity of the wellbore. They noted that CO2-LPG mixture injection as enriched gas 

increased the performance even at elevated temperatures, and highlighted that 

cooling the injection gas enhances the recovery. The cooling effect was to have an 

inverse correlation with the amount of heat transfer between the surrounding 

formations. 

Sardari (2017) followed a simulation approach to MMP reduction and used one-

dimensional slim tube simulations to investigate the impact of adding various 

compounds (Sardari et al., 2017). Their study notes that the addition of (C2-C6) 

intermediates decreased the MMP, while the addition of C7+ content in the injected 

gas stream decreased the recovery. In the study, heavy-intermediate compounds (C5-

C6) were found to be more effective than the light ends (C3-C4). They also remarked 

that adding aromatic solvents such as toluene or xylene significantly increased the 

recoveries. In the simulation, the main injection gas the authors worked with 

contained significant amounts of methane, and the authors have started from the 

initial concentration of (C2+CO2) percentage of 19.39%, which, then was increased 

with 10% intervals until 99.39%. In general, the authors have investigated the 

CO2+C2 over 20-100%, C3+C4 within 15-70%,  C5+C6 between 4-25%, and C7+ 

within 1-5%.  As the common points for both LPG components and solvents such as 

toluene and xylene, the authors selected 5-15 mol% of miscible solvents added to the 

injection gas. However, while experimental studies have been used to calibrate the 
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model, experimental methods, such as a slim tube test, to measure the MMP were 

not used to validate the capability of the proposed model in obtaining the correct 

MMP. 

Choubineh et al. (2019) investigated the impact of nitrogen (N2), methane (C1), 

ethane (C2), and propane (C3) impurities to assess the impact of impurities on CO2 

MMP by utilizing Schlumberger PVTi and ECLIPSE software (Choubineh et al., 

2019). In the study, Soave-Redlich-Kwong EOS was used to model the PVT 

properties of the oil, and the Eclipse reservoir simulator was used to perform slim 

tube simulations. The authors noted that increasing C1 and N2 fractions significantly 

increased the CO2 MMP; increasing C2 content did not have a significant impact, 

whereas small additions of C3 may significantly decrease the CO2 MMP, within the 

evaluated range of 0-30% of the respective gas co-injected with the CO2. The authors 

also evaluated mixtures of contaminants to CO2 and noted that adding equal 

percentages of C1 negated the beneficial effects of equivalent amounts of C3. The 

study concluded that while C1 and N2 increased the MMP significantly in all 

concentrations, C2 did not significantly impacted and C3 notably decreased the 

MMP between 0-30%. The effect of ethane was found to be minimal between 0-

10%.  

Ryan et al. (2022) obtained findings in discord with the aforementioned results. The 

authors worked with Bakken and Duvernay oils and investigated the MMPs of CO2, 

CO2-SO2, methane, ethane, and propane gases (Ryan et al., 2022). The authors have 

evaluated the interfacial tension of oil-gas systems and utilized the vanishing IFT 

(VIFT) method to estimate the MMP. Their findings show that ethane may also be 

used to lower the CO2 MMP with oils. Moreover, the authors have noted that SO2 

may also be a viable alternative to reduce the oil MMP, as they observed a 4.9% 

decrease in MMP in CO2-SO2 systems. Based on the results, the most prominent 

additive within the aforementioned list is observed to be propane.  As the study only 

considered the interactions between oils and the surrounding phases, they may not 

account for the impact of the porous medium on MMP, and the findings do not reflect 
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the impact of potential asphaltene precipitation or slow movement of oil through 

reservoir rocks. 

Rashidi et al. (2023) took a modeling approach to evaluate the impact of injecting 

Naptha, LPG, and NGL (Rashidi et al., 2023). The authors have simulated gases 

enriched with the aforementioned three selections, and used injections of three sets 

of enriched gases at different GOR values (1.25, 2.5, and 5 Mscf, with the overall 

C1 fraction being near 95% at all injection sets) for each alternative. During the 

simulations, Naptha was found to be more effective at reducing the MMP than LPG 

or NGL. As the naptha authors used contains significant amounts of heavy-

intermediate compounds such as pentanes and hexanes, this result was expected. 

Moreover, the LPG authors utilized had much less impact on the composition 

percentages, and a significant fraction of the LPG is seen to contain ethane. While 

ethane may also have an impact on MMP, the LPG authors utilized featured more 

than 90% ethane, which is not characteristic for many of the LPG samples available 

in the field. As heavier fractions have a higher impact on MMP, the impact of LPG 

may be under-explored in this study.  

In brief, while the current literature is more focused on alcohols or surfactants as 

additives, the current literature suggests that MMP may be reduced via addition of 

hydrocarbon fractions such as LPG. Moreover, despite many LPG samples contain 

significant fractions of C3-C4, the existing literature does not feature many studies 

analyzing the impact of these fractions. 

3.4 Analytical Determination Of MMP 

While MMP may be determined with the highest accuracy in experimental settings, 

it is vital to note that experimental methods themselves come with inherent 

inaccuracies, and they are prone to human error. As MMP is a dynamic process, it 

may be affected from multiple parameters such as the heterogeneity of the 

composition in the field, changes in the injected gas composition throughout the oil-

CO2 interface, and the temperature distribution. Moreover, experimental methods 
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may be costly and time consuming, and they may not always be feasible to perform. 

To this end, many scholars have investigated methods of modeling the MMP based 

on the vital parameters affecting the process through empirical correlations and 

theoretical calculation methods due to their cost-effective and rapid response times. 

The main approaches seen in the present literature include empirical correlations, 

equation-of-state (EOS) approaches, and Artificial Intelligence Algorithm (AIA) 

approaches. The following will include an overview of the aforementioned 

approaches seen in the literature.  

3.4.1 MMP Determination Via Empirical Correlations 

Many researchers have proposed correlations to predict the CO2-oil MMP since the 

1970s. The earlier correlations were based on graphical representations and 

analytical correlations based on temperature. Later studies accounted for the oil 

composition as well to more accurately determine the MMP. Below is a list of some 

of the common correlations seen in the literature. 

In the early work by Holm and Josendal (1974), a graphical correlation was 

established to indicate that MMP was dependent on the temperature and molecular 

weight of the C5+ fraction. The correlation covered a range of 180-240 g/mol, and 

was applied to six crude oil samples. 

 

Figure 3.1: Correlation for predicting the MMP in CO2 injection (Holm & 

Josendal, 1974) 
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Cronquist (1978) worked with different oils of API gravity between 23.7 and 44 API, 

and tried to develop a correlation that also considered the impact of volatile fractions. 

The temperature at which the authors worked ranged between 21.67 to 120 oC, and 

their tested experimental MMP values were between 7.4 and 34.5 MPa. The study 

noted that if the MMP was below the bubble point of the reservoir, the bubble point 

pressure was to be taken as the MMP condition, and the following correlation was 

proposed to obtain the MMP: 

 ὓὓὖ πȢρρςχzρȢψὝὶ σςπȢχττπςφπȢππρρπσψὓὡὅυ πȢππρυςχωὠ (3.1) 

Where MMP was presented in MPa, Tr is the reservoir temperature in Celsius, 

MWC5+ is the molecular weight of C5+ compounds, and V addresses the volatile (C1, 

N2) percentage in the reservoir. 

Yellig and Metcalfe (1980) worked on live and dead oils and plotted their MMP 

results versus temperature (Yellig & Metcalfe, 1980). They noted that MMP 

increased by 15psia/oF in their range of investigation, and proposed a correlation 

between the MMP and the reservoir temperature between the range 95-190oF. In 

their correlation, the impact of compositional variation of the crude oil was not 

addressed, and presented a major source of error.  

 

Figure 3.2: Graphical representation of the effect of temperature on MMP (Yellig 

& Metcalfe, 1980) 

 
ὓὓὖ ὴίὭ ρψσσȢχρχςȢςυρψπυυὝ πȢπρψππφχτὝ

ρπσωτωȢωσ

Ὕ
 

 

(3.2) 
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Glaso (1985) performed experiments on North Sea oil reservoirs, and derived a 

correlation to predict the MMP of the reservoir as a function of the reservoir 

temperature and the molecular weight of intermediate (C2-C6) and heavy (C7+) 

fractions . Their correlation is valid for pure CO2 injection, and is given by: 

¶ For for C2-6 > 18 %, 

 ὓὓὖ ψρπσȢτπτὓ ρȢχππzρπὓ Ȣ Ὡ Ȣ Ȣ
Ὕ (3.3) 

 

¶ For for C2-6 < 18 %, 

 
ὓὓὖ ςωτχȢψ σȢτπτὓ ρȢχππzρπὓ Ȣ Ὡ Ȣ Ȣ

Ὕ ρςρȢρὅ  

 
(3.4) 

For CO2 injection, the above equations were found to have an average deviation of -

4.41% from the experimental values with a standard deviation of 11.65 in the range 

of 900-4400 psi. 

Alston et al. (1985) evaluated numerous oil samples ranging from 90-243, 

volatile/intermediate ratios of 0.14-13.61, and C5+ molecular weights of 169.2-

302.5(Alston, 1985). The authors performed slim tube tests on various oil samples 

within these ranges and supplemented their dataset with the existing literature. The 

study argued that C5+ content could also be a viable indicator of miscibility, and it 

considered the impact of volatile content, C5+ molecular weight, and temperature to 

propose a correlation. The authors have developed two models to estimate the MMP 

with pure CO2 as the displacement fluid. Moreover, the authors have also proposed 

a correction factor to account for the impurities in the CO2 stream during 

displacement by using Kay's mixing rule to obtain the pseudocritical temperature of 

the impure stream to generate a weighted average critical temperature of the solvent. 

For this study, authors noted that 585 oR was used as the apparent critical temperature 

of H2S and C2 because they both act to enhance the MMP similarly, and directly 

using the critical temperatures of the gases would correspond to ethane having nearly 

equal effect to CO2 in terms of MMP reduction, while the impact of the H2S would 
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be overestimated. To this end, a correction factor was proposed to be used in both 

stock tank and live oil conditions, and the correlations are as follows: 

 
ὓὓὖ ψȢχψzρπ ὝzȢ ὓ Ȣ

ὼ

ὼ

Ȣ

 ὒὭὺὩ ὕὭὰ ὧέὲὨὭὸὭέὲί 

 

(3.5) 

 

 

ὓὓὖ ψȢχψzρπ ὝzȢ ὓ Ȣ  ὛὸέὧὯ ὝὥὲὯ ὕὭὰ ὧέὲὨὭὸὭέὲί 

 

(3.6) 

 
Ὕ ύὝ τυωȢχ 

 

(3.7) 

 
Ὂ

ψχȢψ

Ὕ

Ȣ ᶻ
Ȣ

 

 

(3.8) 

 
ὓὓὖ ὓὓὖ Ⱦ Ὂz  

 

(3.9) 

 

Yuan (2004) has developed a correlation based on data available from nine oil 

samples, and improved it with the experimental data from 41 slim tube tests (Yuan, 

2004). Their model has the reservoir temperature, intermediate (C2-C6) and heavy 

(C7+) fractions as its inputs, and is given as follows: 

 

ὓὓὖ ὥ ὥὓ ὥὖ ὥ ὥὓ
ὥὖ

ὓ
Ὕ          

ὥ ὥὓ ὥὓ ὥ ὖ Ὕz  

 

(3.10) 
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The ὓ  term denotes the molecular weight of C7+, ὖ  is the total molar 

percentage of C2-C6 compounds in the mixture, and T is the reservoir temperature.  

Where the coefficients ὥto ὥ  are obtained through the regression of 70 analytical 

and 41 experimental test data, and are given: 

The temperature range of Yuan correlation was 71-300F, whereas the average error 

was obtained as 11.9%.  

Emera and Sarma (2005) argued that genetic algorithms would be viable methods 

for optimizing the coefficients for the correlations in the literature and tried to 

optimize the coefficients of Alston et al., Glaso, and Cronquist, Yellig, and Metcalfe 

correlations (M.K. Emera & H.K. Sarma, 2005). After testing numerous models, the 

authors decided to use a power-law type equation that is quite similar to Alston et 

al.'s previous work and proposed modifying their correlation with respect to the 

bubble point of the oil. Their application of a genetic algorithm indicated that their 

model would be enhanced in accuracy if the experimental data is similar to the 

training data of the model, and their findings indicate that if the bubble point pressure 

is less than 0.345 MPa, the CO2-Oil MMP is based on reservoir temperature and the 

molecular weight of C5+ fraction.  

Emera and Sarma’s proposed correlation is given: 

¶ For oils with Pb> 0.345 MPa: 

 ὓὓὖ χȢτστωχρzπ ρȢψz Ὕ σςȢ ὓὡ Ȣ
ὢ

ὢ

Ȣ

 (3.11) 

¶ For oils with Pb< 0.345 MPa, with zero volatile fraction, but non-zero 

intermediate content: 

¶ ὥ ρȢτφστzρπ 

¶ ὥ πȢφφρςzρπ 

¶ ὥ τȢτωχωzρπ 

¶ ὥ ρȢρφφχzρπ 

¶ ὥ ψȢρφφρzρπ 

¶ ὥ ρȢςςυψzρπ 

¶ ὥ τȢπρυςzρπ 

¶ ὥ ωȢςυχχzρπ 

 

¶ ὥ πȢςρσωzρπ 

 

¶ ὥ ρȢςψψσzρπ 
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 ὓὓὖ χȢτστωχρzπ ρȢψz Ὕ σςȢ ὓὡ Ȣ
ρ

ὢ

Ȣ

 (3.12) 

¶ For oils with Pb< 0.345 MPa, with zero volatile and intermediate content: 

 ὓὓὖ χȢτστωχρzπ ρȢψz Ὕ σςȢ ὓὡ Ȣ  (3.13) 

Fathinasab and Ayatollahi (2016) argued that genetic programming methods could 

be utilized to generate a constrained multivariable correlation to determine the MMP, 

and used the publically available experimental data from the literature (Fathinasab 

& Ayatollahi, 2016). They have developed a model utilizing the reservoir 

temperature, molecular weight of C5+ content, volatile (N2 and C1) to intermediate 

(H2S, CO2, C2, C3, C4) ratio, and pseudocritical temperature of the injection gas as 

input parameters, and generated their model by first using genetic programming to 

perform a tournament-type selection to determine the most accurate structures, and 

then utilizing linear interactive and general optimizer (LINGO) to optimize the 

coefficients of their correlation. Their proposed model is as follows: 

 

 

ὓὓὖ ὃ ὄ ὅ Ὀ 

 

(3.14) 

Where: 

 
ὃ σȢρσυωωὙ υȢχψσχυυρzπὝ ψȢψπςψφςρzπὓὡ ςςȢυςσς 

 

(3.15) 

 
ὄ Ὑ χȢρσψπυτρzπὙ ςȢσςυσφχρzπὝ  

 

(3.16) 

 
ὅ ὓὡ ρȢωτφφρρzπὙ φȢςςυπςρzπὝ υȢχωυτυυρzπὝ  

 

(3.17) 

 Ὀ ψȢψψτψσφρzπὓὡ  (3.18) 

where T denotes the reservoir temperature (K) , MWC5
+ stands for the molecular 

weight of pentane plus fraction, Tcm represents pseudo critical temperature of the 

injection gas in K, and RVol/Interm is the ratio of molar fractions of volatile to 

intermediate contents with respect to the aforementioned definitions. 
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He et al. (2020) compared the analytical calculations and available correlations, 

namely Abbas, Kuo, Glaso, and Eakin correlations, and compared their results with 

the slim tube tests available in the literature (He et al., 2020). They used all 

correlations to calculate the MMP when the sufficient parameters were available, 

and measured their error relative to the slim tube tests. They noted that while Eakin 

correlation was the most reliable for most oils, even this correlation had significant 

error margins at certain oils. The authors then used temperature, molecular weight 

of heptane plus fraction in the oil, overall molecular weight, and molecular 

percentages of intermediates (C2-C6, CO2, H2S). They proposed the following 

correlation, and noted that within the limitations of heptane plus 183-302 g/mol, 

intermediate molecular weight of 30-44 g/mol, the molecular range of C1 ranging 

from 10 to 91%, molecular percentage of CO2 from 0-45%, molecular range of H2S 

ranging from 0-45%, and at reservoir temperatures between 90-330oF. 

 
ὓὓὖ ρστψσ

ρπππώ

ὓὕȢ ὓzὋȢ ὝzȢ
ρυςψυ

ρπππώ

ὓὕȢ ὓzὋȢ ὝzȢ
φπωςȢτ 

 

(3.19) 

Yu et al. (2024) performed slim tube tests on live oil samples containing nitrogen 

and methane and developed a correlation that could model the MMP with impure 

CO2 injection (Yu et al., 2024). The authors also used the publicly available data on 

impure injection streams from previous studies and developed a model with 15 

parameters using regression. While the model authors generated exhibits high 

accuracy within the tested experimental dataset, the gas compositions authors used 

are typically rich in methane in terms of the impurities and may not show the same 

level of accuracy during the co-injection of CO2 with intermediate components such 

as propane/butane or LPG. The equation the authors proposed is provided below: 

 

ὓὓὖ ρȢπψσὢ ςȢωρςὢ υȢφυπzὢ υȢυρχὢ

υȢωρχὢ
 
πȢχσωὢ ςȢττψὢ υȢσρχὢ

ρȢρσρὢ ςȢχρπὢ ςȢσψσὢ

υȢωρψὢ ρπȢςωυὢ ςυȢυχτ 

(3.20) 



 

 

 

Table 3.3 Summary of the correlations on MMP 

 Correlation 

Cronquist (1978) ὓὓὖ πȢρρςχzρȢψὝ σςȢ Ȣ Ȣ  

Yelling and 

Metcalfe (1980) 
ρψσσȢχρχςȢςυρψπυυὝ πȢπρψππφχτὝ

ρπσωτωȢωσ

Ὕ
 

Glaso (1985) ¶ For for C2-6 > 18 %, ὓὓὖ ψρπσȢτπτὓ ρȢχππzρπὓ Ȣ Ὡ Ȣ Ȣ
Ὕ 

¶ For for C2-6 < 18 %,ὓὓὖ ςωτχȢψ σȢτπτὓ ρȢχππzρπὓ Ȣ Ὡ Ȣ Ȣ
Ὕ ρςρȢρὅ  

Alston et al. 

(1985) 

ὓὓὖ ψȢχψzρπ ὝzȢὓ Ȣ
ὼ

ὼ

Ȣ

 ὒὭὺὩ ὕὭὰ ὧέὲὨὭὸὭέὲί 

ὓὓὖ ψȢχψzρπ ὝzȢὓ Ȣ ὛὸέὧὯ ὝὥὲὯ ὕὭὰ ὧέὲὨὭὸὭέὲί 

Emera and 

Sarma (2005) 

¶ For oils with Pb> 0.345 MPa: ὓὓὖ χȢτστωχρzπ ρȢψz Ὕ σςȢ ὓὡ Ȣ
Ȣ

 

¶ For oils with Pb< 0.345 MPa, with zero volatile fraction, but non-zero intermediate content: ὓὓὖ χȢτστωχρzπ ρȢψz Ὕ σςȢ ὓὡ Ȣ
Ȣ

 

¶ For oils with Pb< 0.345 MPa, with zero volatile and intermediate content: ὓὓὖ χȢτστωχρzπ ρȢψz Ὕ σςȢ ὓὡ Ȣ  

 

Fathinasab and 

Ayatollahi (2016) 

ὓὓὖ ὃ ὄ ὅ Ὀ 

Where: 

ὃ σȢρσυωωὙ υȢχψσχυυρzπὝ ψȢψπςψφςρzπὓὡ ςςȢυςσς 

ὄ Ὑ χȢρσψπυτρzπὙ ςȢσςυσφχρzπὝ  

ὅ ὓὡ ρȢωτφφρρzπὙ φȢςςυπςρzπὝ υȢχωυτυυρzπὝ  

Ὀ ψȢψψτψσφρzπὓὡ  

He et al. (2020) ὓὓὖ ρστψσ
ρπππώ

ὓὕȢ ὓzὋȢ ὝzȢ
ρυςψυ

ρπππώ

ὓὕȢ ὓzὋȢ ὝzȢ
φπωςȢτ 

 

Yu et al. (2024) 

ὓὓὖ ρȢπψσὢ ςȢωρςὢ υȢφυπzὢ υȢυρχὢ υȢωρχὢ
 
πȢχσωὢ ςȢττψὢ υȢσρχὢ ρȢρσρὢ ςȢχρπὢ ςȢσψσὢ

υȢωρψὢ ρπȢςωυὢ ςυȢυχτ 
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3.4.2 MMP Determination Via Equation-Of-State (EOS) Approaches 

Numerous scholars have researched methodologies for determining the 

Minimum Miscibility Pressure (MMP) in Carbon Capture and Storage (CCS) 

coupledf Enhanced Oil Recovery (EOR) operations. Given the potential 

unavailability or infeasibility of experimental studies and the challenges, such as the 

lack of accuracy or limitations of the applicability range associated with correlations, 

the proposal of an accurate approach for modeling the miscibility process becomes 

essential. Notwithstanding, the injection of CO2 into oil reservoirs involves the co-

occurrence of various intricate chemical processes, necessitating an equation of state 

capable of representing the behavior of water, oil, gas, and potential precipitates 

(such as salt or asphaltenes) within the reservoir. Equation of State (EOS) models 

may be a practical and feasible means of creating simulations to estimate the MMP 

in a cheap and available manner, which can then be extended to reservoir-scale 

models to assess the effectiveness of miscible displacement under various injection 

scenarios at field scales. To this end, a brief discussion of a selection of EOS 

approaches is provided. 

3.4.2.1 Van Der Waals (VdW) Equation Of State 

Van der Waals (1983) EOS is a relatively straightforward equation that serves as the 

basis as later and more prominent EOS approaches for CO2-MMP modeling. The 

EOS tries to overcome the assumptions of the ideal gas EOS, and introduces two 

new parameters to account for the volume occupied by the gas molecules (especially 

at higher pressures) and the attractive forces between the molecules. The final form 

of the EOS is given below: 

 
ὖ

ὙὝ

ὠ ὦ

ὥ

ὠ
 

 

(3.21) 
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The term ὦ serves to express the volume occupies by the gas molecules, and may be 

referred to as the repulsion parameter. , on the other hand, stands to include the 

impact of attractive forces. The parameters ὥ and ὦ may be determined for pure 

components with the characteristic that the value of the first and second order 

differential equations in P-V plane becomes zero. 

 ὥ
ɱὙὝ

ὖ
 (3.22) 

 
ὦ 

ɱὙὝ

ὖ
 

 

(3.23) 

Where ɱ  and ɱ  are 0.421875 and 0.125 for Van der Waals EOS.This equation 

may then be converted into a cubic form to be compatible with computerized 

simulations. 

3.4.2.2 Redlich And Kwong (RK) EOS 

Redlich and Kwong (1949) have tried to improve the attractive term  in Van der 

Waals EOS by changing the term to a temperature-dependent format as follows: 
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(3.24) 

Accordingly, the terms ὥ and ὦ are modified as well, and may be given: 

 ὥ
ɱὙὝȢ

ὖ
 (3.25) 

 ὦ 
ɱὙὝ

ὖ
 (3.26) 
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Where ɱ  and ɱ  are 0.42747 and 0.08664, respectively. This equation is typically 

represented in its cubic form in terms of the Z-factor, which is  and highlights 

the deviation from ideal gas behavior: 

 
ὤ ὤ ὃ ὄ ὄ ὤ ὃὄ π 

 

(3.27) 

Where: 

 ὃ
ὥὖ

ὙὝȢ
 (3.28) 
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(3.29) 

While the Van der Waals EOS shows the phase behavior for a single compound, RK 

EOS may be utilized to cover hydrocarbon mixtures. 

3.4.2.3 Soave-Redlich-Kwong (SRK) EOS 

Soave (1972) tried to improve the vapor pressure calculations of the RK EOS by 

modifying the original temperature term ЍὝ in the attractive effects by a temperature 

dependent and dimensionless term, which is defined as: 

 ὖ
ὙὝ

ὠ ὦ

ὥ‌

ὠὠ ὦ
 (3.30) 

 
‌ ρ ά ρ ЍὝ  

 

(3.31) 

The parameter m is defined as follows using the acentric factor proposed by Pitzer ‫ 

et al. (1955): 

 
ά πȢτψπρȢυχτ‫ πȢρχφ‫  

 

(3.32) 
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This EOS is also represented in a cubic form in terms of the real gas compressibility 

factor Z similar to RK EOS, but the parameters A and B are expressed as follows: 

 ὃ
ὥ‌ὖ

ὙὝ
 (3.33) 

 ὄ
ὦὖ

ὙὝ
 (3.34) 

 
ὤ ὤ ὤὃ ὄ ὄ ὃὄ π 

 

(3.35) 

3.4.2.4 Peng Robinson (PR) EOS 

Peng and Robinson (1976) improved the SRK EOS to more accurately 

estimate the behavior of hydrocarbon mixtures by proposing a two-constant equation 

that could estimate the liquid density and fluid properties near the critical point. 

 
ὖ

ὙὝ

ὠ ὦ

ὥ‌

ὠὠ ὦ ὦὠ ὦ
 

 

(3.36) 

Where ɱ  and ɱ  are 0.45724 and 0.07780, respectively. 

Similar to SRK EOS, PR EOS is commonly expressed in its cubic form in terms of 

the Z factor, which is the real gas compressibility factor indicating the deviation from 

ideal gas behavior. The cubic form of the equation is provided below: 

 ὤ ρ ὄὤ ὃ ςὄ σὄ ὤ ὃὄ ὄ ὄ π (3.37) 

 ὃ
ὥ‌ὖ

ὙὝ
 (3.38) 

 ὄ
ὦὖ

ὙὝ
 (3.39) 

A downside within the PR and SRK equations is that the molar volume of the 

liquid phase is not as accurate as the gas phase. The inaccuracy increases with the 

increasing molecular weight of the components, and becomes significant after C11 

and heavier components. Peneloux et al. (1982) proposed a correcting factor for this 
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phenomenon depending on the critical temperature, critical pressure, and acentric 

factor. While the volume shift process with this factor does not affect the pure 

components, it is important with hydrocarbon mixtures, and the corrected volumes 

are given as follows: 

 
ὠ ὠ ὧ 

 

(3.40) 

Where ὠ  is the volume corrected and ὠ  is the non-corrected molar 

volumes, and ὧ denotes the volume correction parameter. A more in-depth analysis 

may be obtained from Peneloux et al (1982)’s original work. 

Noted by Lee et al (2020), SRK EOS and PR EOS are two of the most widely 

used equations of state in the hydrocarbon industry. While they have similar forms, 

PR EOS is more complex than SRK EOS. Noted by Adewumi (2024), while SRK 

EOS performs better than PR EOS in polar systems, PR EOS is better suited for 

hydrocarbon systems and obtains better results for the liquid density calclations. 

Moreover, Yu et al. (2024)’s study highlighted that PR EOS may be used to classify 

the component models when working with slim tube simulation models to determine 

the MMP of oils.  

 

 

 

 

 

 

 

 

 



 

 

 

45 

CHAPTER 4  

4 STATEMENT OF PROBLEM 

Notable research has been conducted on the miscible displacement via CO2 and 

alteration of MMP; notwithstanding, not all methods are applicable in practical 

conditions, and while studies may exist worldwide, such studies may not reflect 

Turkish oils due to having different reservoir and fluid properties. Using CO2 for 

EOR has been a widely used and successful application worldwide, and miscible 

displacement is commonly preferred due to having higher recovery rates. However, 

for a miscible displacement to occur, the pressure must exceed the minimum 

miscibility pressure of the oil and the CO2, and this is commonly not possible due to 

excessively high MMP values. MMP may be reduced in numerous ways, and co-

injecting mid-weight hydrocarbons such as propane or butane with CO2 may be 

given as an example. Notwithstanding, while the most accurate experimental method 

for determining the MMP, as well as the reduction in the MMP by adding 

propane/butane mixtures, is the slim tube tests, the majority of the studies do not 

perform this test due to its expensive and time-consuming nature, and the ones that 

perform slim tube tests may not be representative of Türkiye. Moreover, the existing 

studies mainly perform thermodynamical calculations or slim tube simulations 

without comparing their results with a slim tube test on the said oil. As such, this 

study first aims to characterize an oil sample and find the MMP of a dead oil sample 

via slim tube tests, which will then be utilized to develop multiple-mixing-cell and 

slim tube simulation approaches to investigate the impact of  propane/butane 

mixtures on MMP reduction. 
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CHAPTER 5  

5 RESEARCH METHODOLOGY 

This study aims to elucidate the impact of co-injecting propane/butane-

containing mixtures with CO2 to reduce the MMP for Turkish oil reservoirs via 

numerical modeling methods and slim tube experiments to investigate the MMP of 

the oil. In the first stage, slim tube experiments have been performed at METU EOR 

laboratory, and the findings obtained from this test have been used to calibrate the 

fluid model. The fluid model have been constructed using FluidModeler 2021 from 

SLB, and multiple-mixing-cell method for MMP have been tested within the scope 

of this model. Using the tuned fluid data, Eclipse300 compositional simulator have 

been used to perform a slim tube simulation. The findings up to this point will aim 

to both verify the validity of each step, and provide a comparison of different 

methodologies and their comparative advantages. Later, the effect of LPG co-

injection have been tested using both the numerical model, and the slim tube 

simulation. A simplified workflow of the research methodology is given in Figure 

5.1. 
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5.1 Slim Tube Experiments 

5.1.1 Crude Oil Characterization 

5.1.1.1 Oil Mixture Preparation and Density Measurements 

The crude oil utilized in this study was sourced from the Petroleum Research Center 

at Middle East Technical University (METU-PRC). Because slim tube tests require 

large oil volumes, four crude oil samples from METU-PRC have been combined and 

thoroughly mixed to make a homogeneous mixture.  After a homogeneous mixture 

has been obtained, multiple 1-liter samples were taken to glass bottles and were 

thoroughly sealed for future experiments. The mixing ratios for the oils, and 

corresponding experimental data availability (e.g., CCE, PSAT) is given in Table 5.1. 

Table 5.1: Oil volumes in the mixture 

 Volume (L) Percentage (%) Data availability 

Oil A 13.06 45.76 + 

Oil B 11.29 39.59 - 

Oil C 2.66 9.32 - 

Oil D 1.52 5.33 - 

 

The density of this mixture was measured twice to also check for the repeatibility of 

the experiment using the Anton Paar DMA 4500 densitometer at METU-PRC with 

respect to TS EN ISO 12185 method, yielding values of 0.85713 g/cc and 0.85714 

g/cc at 22.48°C, respectively.  
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5.1.1.2 Oil Compostion 

The oil mixture was then analyzed in Turkish Petroleum Research and Development 

Center Reservoir Technologies Directorate, and its composition was determined 

through chromatography. The oil composition is given in Table 5.2. 

Table 5.2: Composition of the oil used in the study 

Component Molecular Weight (g/mol) Mole (%) 

N2 28.01 0 

CO2 44.01 0 

H2S 34.08 0 

C1 16.04 0 

C2 30.07 0 

C3 44.1 0 

n-C4 58.12 0.31 

i-C4 58.12 0.46 

n-C5 72.151 1.02 

i-C5 72.151 1.36 

C6 86.18 4.85 

C7 96 6.65 

C8 107 7.99 

C9 121 9.15 

C10 134 8.21 

C11 147 6.7 

C12 161 6.23 

C13 175 5.38 

C14 190 4.49 

C15 206 4.27 

C16 222 3.86 

C17 237 3.27 

C18 251 2.98 

C19 263 2.39 

C20 275 1.95 

C21 291 1.77 

C22 305 1.56 

C23 318 1.35 

C24 331 1.2 

C25 345 1.12 

C26 359 0.98 

C27 374 0.95 

C28 388 0.91 

C29 402 0.88 

C30 416 0.71 

C31 430 0.64 

C32 444 0.58 

C33 458 0.54 

C34 472 0.41 

C35 486 0.39 

C36+ 623.21 4.49 
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To analyze the paraffinic and aromatic components in the oil mixture, a gas 

chromatography with mass spectrometry (GCMS) has been performed on the oil 

between the C1-C10 fraction. The GCMS spectra is shown in Figure 5.2, whereas 

the complete set of GCMS results may be obtained from Appendix Table B-1 and 

Appendix Table B-2. Note that the GCMS peak corresponding to n-octane is not 

visible, and the corresponding retention time interval is present on the spectra. Since 

toluene had to be used to dilute the sample for GCMS, the solvent peak overlapped 

with the octane peak, and the corresponding solvent peak was omitted to make the 

remaining data visible. 

 

Figure 5.2: Peak intensity (y-axis) vs. retention time (min) spectrum obtained by 

GCMS 

The GCMS results suggest that the majority of the identified compounds are 

paraffinic compounds, and aromatic components constitude of a smaller fraction in 

the sample. 
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5.1.1.3 Characterization Of The Oil Viscosity 

The viscosity of the oil used in the study has been measured in two methods. The 

two methods aimed to evaluate the temperature and the pressure dependent behavior 

of the viscosity individually, and the results have been presented in the following 

subsections. 

5.1.1.3.1 Temperature Dependence Of The Viscosity 

The temperature dependence of the viscosity is analyzed via a combination of 

experimental and empirical methodologies. 

The experimental method utilized Herzog HVM 472 Automated Kinematic 

Viscometer from METU-PRC to accurately measure the viscosity of the crude oil 

mixture at two different temperatures, namely 40 oC and 50 oC, respectively, using a 

capillary viscometer. With a capillary type of NTC5 with a capillary constant of 

0.060935 mm2/s2, two tests have been conducted for each temperature setting. Based 

on the flow times, the viscosity of the crude oil is measured at two temperatures. 

Table 5.3: Measurements of the flow times of the crude oil mixture at 40 oC 

Measurement Number Flow Time (seconds) Deviation 

1 115.97 -- 

2 115.66 -0.27% 

 

Table 5.4: Measurements of the flow times of the crude oil mixture at 50 oC 

Measurement Number Flow Time (seconds) Deviation 

1 97.96 -- 

2 97.69 -0.28% 
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With respect to the flow time measurements, the corresponding viscosities are listed 

as: 

Table 5.5: Viscosity measurements of the crude oil at 40 oC and 50 oC 

Temperature (oC) Viscosity (cSt) 

40 7.057 

50 5.961 

 

Empirical equations are typically investigated within two main branches: (1) 

equations requiring physical properties as their input, and (2), equations requiring a 

specific viscosity-temperature measurement result as reference.The present study 

will take ASTM (1981) or Walther (1931) Equation as its basis, and refer to 

Mehrotra's (1996) proposed correlation consisting of a double logarithm relationship 

between the viscosity and the measurement temperature. Seoud and Moharam (1999) 

also confirmed that the relationship between the viscosity and temperature modeled 

with a double logarithm, and proposed the following equation: 

 ÌÎÌÎὺ πȢψ ÌÎ ÌÎὺ πȢψ ὥÌÎ
Ὕ

Ὕ
 (5.1) 

Where ὺ represent a measured kinematic viscosity at the temperature Ὕ (oK), ὺ is 

the predicted kinematic viscosity at a temperature of T (oK), and ὥ is a constant of 

ὥ σȢχ. 

In their 2017 study, Kotzakoulakis and George used this approach as their basis, and 

verified that the double logarithm approach is a viable method for predicting the oil 

viscosity. They proposed modifying the constant ὥ  as a method of achieving 

increased accuracy. To this end, the available two viscosity measurements were thus 

employed to re-define the constant ὥ. The accuracy of this approach is further 

discussed in the following subsections. 
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5.1.1.3.2 Pressure Dependence Of Viscosity 

The viscosity of the oil was also measured with a permeable sand pack in accordance 

with Darcy's law. A 93 cm stainless steel tube with an internal radius of 0.311 cm 

was packed with highly homogeneous 70-80 mesh sand. Prior to packing, the sand 

was washed repeatedly with distilled water to remove dust and other fines, and was 

subsequently thoroughly dried. 

Once the tube was packed with the sand, its permeability was measured using Darcy's 

law with toluene. Toluene was chosen as the working fluid because it was readily 

available at high purities, matched known viscosity behaviour from the literature, 

was much easier to dry compared to water, and any small amount of residual toluene 

remaining in the sand pack was much less likely to interfere with the crude oil 

viscosity measurements due to relative permeability effects. To eliminate the effect 

of the volatility of toluene, test times were deliberately kept short and multiple 

measurements were taken to test the repeatability of the results. As the constructed 

sand pack was highly permeable, initial tests with toluene could not be performed at 

high pressures due to the limited amount of injection volume being depleted with the 

high flowrates encountered with toluene. The permeability was measured 0.432, 

0.77, 5.022, and 16.96 bar-g of inlet pressure with the outlet pressure was subjected 

to atmospheric pressure. The viscosity of toluene at the recorded test temperature 

was interpolated from Table 5.9. With the available information, the permeability of 

the sand pack was measured as 31.5 D. 

Using the average permeability of 31.5 D, the sand pack was used to evaluate the 

viscosity of the crude oil mixture at various pressures. The oil was tested at average 

system pressures of 5.45, 46.65, 70.8, 96.85, and 126.35 bar-g. 
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Table 5.6: Average viscosity measurements vs. test pressures 

Average Test Pressure (bar-g) Observed Viscosity (cP) 

5.45 14.0335 

46.45 35.0449 

70.8 42.5723 

96.85 48.603 

126.35 51.2527 

5.1.1.3.3 Cross-Correlation Of Pressure And Temperature Dependencies Of 

Viscosity 

As mentioned, the temperature behavior of the oil was evaluated with a capillary 

viscometer, and a double-logarithm approach was used to develop a correlation to 

estimate the oil viscosity. With the altered coefficient ὥ ςȢτρ, the viscosity at 

16.95 oC was estimated as 10.384 cSt. Using the density of 0.85713 g/cc, the dynamic 

viscosity is obtained as 8.9 cP at 16.95 oC. 

Conversely, the pressure dependence of the oil was measured at 16.95 oC at different 

pressures using Darcy’s Law. To cross-correlate the two methods, the developed 

correlation was used to estimate the viscosity at 16.95 oC, while an exponential 

equation was fitted to the experimental data to estimate the pressure at atmospheric 

pressure conditions. 
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Figure 5.3: Oil Viscosity vs. average test pressure based on sand pack 

measurements 

As can be seen from Figure 5.3, the experimental results indicate that the oil viscosity 

at the atmospheric pressure is 10.634 cP. Comparing the resulting viscosity using 

double logarithm approach was 8.9 cP, it was decided that the two viscosity values 

were close within acceptable limits, and the pressure-temperature behavior of the 

viscosity could be consistently modeled using the two approaches.  

5.1.2 Characterization Of The Slim Tube Properties 

The slim tube consists of three stainless steel tubes, each six meters in length, with 

an internal diameter of 0.245 in and an outer diameter of 3/8 in. The tube is filled 

with sand throughout the entire 18 meters, and the sand-filled spirals are connected 

to establish an 18 meter long coil of porous medium capable of simulating 1-D flow. 

y = -1E-05x2 + 0.0412x + 10.634
R² = 0.9994

0

10

20

30

40

50

60

0 200 400 600 800 1000 1200 1400 1600 1800 2000

O
il 

V
is

co
si

ty
 (

cP
)

Averege Test Pressure (psi)

Oil Viscosity at 16.95 oC



 

 

 

57 

5.1.2.1 Grain Size Distribution Of The Slim Tube Packing Material 

Prior to the slim tube tests, the slim tube spiral was packed with sand, and the particle 

size of the packing material was analyzed using RETSCH AS200 sieve analysis 

equipment at the METU Mining Engineering Department. The results of the particle 

size analysis are presented in Table 5.7.  

Table 5.7: Particle size distribution of the packing sand within the slim tube 

Mesh 

Interval 

Particle 

amount (g) 

Particle 

Fraction (%) 

70- 0 0.000 

70-100 3.13 14.484 

100-140 11.27 52.152 

140-200 6.21 28.737 

200-270 0.40 1.851 

270+ 0.60 2.776 

 

 

Figure 5.4: Sieve shaker used at METU Mining Engineering Department 
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5.1.2.2 Porosity Of The Slim Tube Packing Material 

Prior to porosity measurements, the slim tube was flushed with toluene to ensure that 

the pore space was devoid of any hydrocarbons. After the slim tube was cleaned, the 

remaining toluene was driven off from the pore space with the help of extended 

heating and periodical flushing with nitrogen gas aided by a vacuum pump.  

Once no additional toluene was being produced, the porosity of the slim tube was 

measured using Boyle's Law. Assuming there are no leaks, and the expansion 

remains isothermal, we obtain: 

Before expanding the gas: 
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(5.2) 

After Expanding the gas: 

 ὖ ὖ  Ǫ ὠ ὠ ὠ ὠ  (5.3) 

 

ὖὠ

ᾀ

ὖ ᶻὠ ὠ ὠ

ᾀ
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Hence, we solve the following equation for the unknown parameter using the Boyle’s 

Law, we obtain the grain volume, which is used to obtain the porosity: 
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(5.5) 

The real gas compressibility factor, z, has been obtained from N2 simulations at the 

corresponding pressure and temperature conditions within FluidModeler. The 

volume of the reference cell has been measured with pure water, and was obtained 

as 785cc, with an additional 7cc from the pipe extensions on the reference side. The 
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slim tube has a volume of 553.47cc, and with 9.82cc of additional pipe volume, the 

outlet volume becomes 563.3cc. 

The porosity of the slim tube has been measured in two parts. A small fraction of of 

sand has been sampled from the tube to verify no toluene or unexpected material 

remained in the sand. The volume of this fraction has been measured via a Teknotes 

94006 gas porosimeter, and the grain volume was obtained as 14.25cm3. For the 

remaining sand, nitrogen gas was expanded into the slim tube, and the volume of the 

sampled sand was subtracted to represent the actual pore volume in the slim tube. 

Five different measurements were taken, and the results are given in Table 5.8. The 

individual measurement data are included in Appendix Figure A-1 to Appendix 

Figure A-5. With the given measurements, the porosity of the slim tube was taken as 

the average of all measurements as 284.32 cm3. 

Table 5.8: Slim tube porosity measurement results 

Test No 
Pin 

(bar-g) 

Pfin 

(bar-g) 
Pore Volume (cc) Porosity 

1.00 46.60 33.50 284.95 51.48% 

2.00 46.30 33.40 281.16 50.80% 

3.00 33.30 23.90 286.50 51.76% 

4.00 23.60 17.00 281.67 50.89% 

5.00 15.80 11.30 287.34 51.92% 

 

In addition to gas porosity measurements, mass balance was utilized to calculate the 

pore volume of the slim tube. The dry weight of the slim tube was measured as 7550 

grams. When fully saturated with the crude oil used in the study at 25°C, the tube's 

weight increased to 7797 grams. Under saturation conditions, the density of the crude 

oil was determined to be 0.85714 g/cm³ using the METU-PRC densitometer. With 

the available information, the pore volume of the slim tube was estimated to be 

around 288.17 cm³. The results showed a difference around 1.3% between the 

gravimetric measurements and gas expansion experiments and this difference was 

accepted as it could be due to (1) small errors in the gas expansion experiments and 
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(2) insufficient cleaning of the residual oil inside the valves prior to weight 

measurements. 

5.1.2.3 Measurement Of The Slim Tube Permeability 

When fluids are injected into a porous medium such as the packing within the slim 

tube, they will flow through the pore spaces within the medium, and the flow rate for 

a certain pressure will be determined via the absolute permeability. The permeability 

of the slim tube has been experimentally determined via the Darcy’s Law: 

 
ή

ὃ

Ὧ

‘

Ўὖ

ὒ
 (5.6) 

Note that in the Darcy’s equation A is the cross-sectional area of the flow area in 

cm2, q is the total flow rate at cm3/s, k is the permeability in Darcy, ‘ highlights the 

fluid viscosity in cP, Ўὖ stands for the pressure difference in atm, and L denotes the 

length of the medium in cm. 

The permeability of the slim tube has been measured using toluene as the working 

fluid. The viscosity of the toluene has been retrieved from Anton Paar’s reference 

data taken with DMA 4500M Density Meter and Lovis 2000 ME Microviscometer 

(Anton Paar, 2025). The reference viscosity data for different temperatures is given 

in the following table, respectively: 

Table 5.9: Reference viscosity data for toluene (Anton Paar, 2025) 

Temperature 

(oC) 

Dynamic 

viscosity 

(cP) 

Kinematic 

viscosity 

(mm2/s) 

Density 

(g/cc) 

15 0.63 0.72 0.8713 

20 0.59 0.68 0.8667 

25 0.56 0.65 0.8621 

30 0.53 0.62 0.8574 

35 0.5 0.59 0.8527 
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The temperature was closely monitored during each permeability test, and any 

measurements were discarded if the temperature variation exceeded 0.1°C during an 

individual test. To evaluate the impact of toluene volatility on flow rate 

measurements, five test tubes were filled with toluene and left to evaporate freely for 

one hour. Evaporation was found to be negligible due to the limited surface area 

exposed, and the average test duration was recorded as one minute to further 

minimize measurement errors from evaporation. 

Given the potential impact of compressibility on flow rate readings from the ISCO 

Pump, the flow rate was manually measured using a graduated cylinder over a one-

minute interval for each test. To reduce human error and mitigate inaccuracies 

related to toluene volatility, each pressure stage was repeated ten times. 

To ensure the permeability values accurately represented the sand pack within the 

slim tube, measurements were conducted at pump pressures of 750, 1000, 2000, and 

3000 psi. For each test, inlet and outlet pressures, test temperatures, and flow rates 

were recorded. The fluid viscosity at the specific test temperature was determined by 

interpolation or extrapolation based on available data within the relevant temperature 

range using Anton Paar's reference data. 

A summary of the permeability measurements is provided in Appendix Table D-1. 

Based on the 40 permeability measurements given in, the corresponding 

permeability histogram is created in Figure 5.5: 
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Figure 5.5: Permeability histogram of the slim tube used in the study 

The permeability measures clearly indicate that the most commonly-measured 

permeability value resides in 619-624 md. Taking the average of all 40 

measurements, the permeability of the slim tube is obtained as 619.209 md. 

5.1.3 Materials And The Experimental Layout Used In The Slim Tube 

Experiments 

The slim tube displacement experiments were conducted at the METU Enhanced Oil 

Recovery Laboratory. 

The slim tube consists of three stainless steel tubes, each six meters in length, with 

an internal diameter of 0.245 in and an outer diameter of 3/8 in. The results of the 

particle size analysis are presented in Table 5.7.  

A sand filter is placed at the exit side of the slim tube to prevent sand from leaving 

the system. The effluent pressure within the system is maintained using a 

backpressure regulator, which is initially pressurized with nitrogen as a buffer 50 

bar-g and thereafter increased with additional water injection into the cell at later 
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stages. To prevent significant gas loss, the pressure within the backpressure regulator 

is reduced by bleeding off water from the lower connections. 

For the injection process, the setup includes a piston cell designed to successively 

inject toluene, crude oil, and carbon dioxide into the system, driven by pressure from 

an ISCO Syringe Pump. To regulate injection pressure and flow rates, all effluents, 

including the water injected into the backpressure regulator for pressure control, are 

injected into the slim tube using the ISCO pump and piston cells. 

Data is monitored using an ELIMKO data logger, four pressure transducers, and a 

thermocouple. Two of the pressure transducers are positioned before the slim tube, 

while the third is placed before the backpressure regulator at the oven’s exit side, 

and the fourth is located at the backpressure regulator to monitor applied 

backpressure. The thermocouple, positioned inside the oven, monitors ambient 

temperature. Heating within the oven is provided by an electric heater and distributed 

via air circulation using an external fan placed inside the oven. A control unit 

regulates the oven temperature, maintaining it at a set value with an allowable margin 

of error of ±0.5 ℃.  

A 3D slim tube model (a) and a flow diagram depicting the experimental setup (b) 

are provided in Figure 5.6. 
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Figure 5.6: 3-D (A) and 2-D (B) representation of the experimental set-up 

The experiment workflow and the specific duties of each piece of equipment are 

explained following Figure 5.6-b: 

1. ISCO pump, which can operate at pressures up to 258.55 bar, provides 

pressure support into the displacement cell. To ensure the volume injected by 

the ISCO pump equals the volume displaced within the cell, the air remaining 

in the system is purged before each experiment. 

2. V2 is mounted on the ISCO Pump and controls the inflow from the pump. 

3. V3 is connected to the inlet side of the displacement cell, and it is used to 

control the fluid input into the cell. It is also used to help purge the air within 

the connection between V2-V3. 
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4. The displacement cell has a maximum volume of 900cc and is filled with the 

oil (or the CO2) before each experiment stage. Upon receiving water injection 

from the ISCO pump, the volume of the fluid chamber is reduced, and fluid 

is compressed or displaced depending on the valve configurations. 

5. V3 is used to control the output of the displacement cell. 

6. P/T-1 is used to measure the displacement pressure when V4 is closed and 

aids in measuring the inlet pressure when it is on. 

7. V4 connects the fluid flow from the stream into the slim tube. 

8. P/T-2 serves to measure the inlet pressure for the slim tube test. 

9. The slim tube has an internal diameter of 0.6223 cm and is packed with sand 

featuring the composition given in Table 5.7. 

10. A thermocouple inside the oven measures the temperature near the slim tube. 

A separate thermocouple within the oven’s structure controls the oven's 

thermostat to modulate the heating, and the temperature is kept constant with 

+/- 0.5 ℃ of tolerance. 

11. A sand filter prevents the sand in the slim tube from escaping from the outlet 

stream. 

12. V5 allows fluid to leave the slim tube and may be kept close to pressure the 

system. 

13. P/T-3 is used to measure the outlet pressure of the set-up and resides before 

the backpressure regulator. 

14. V6 controls the flow into the back pressure regulator. 

15. The backpressure cell features a diaphragm forced shut with a controlled 

input pressure. Once the outlet stream reaches the backpressure cell pressure, 

the diaphragm is opened, and flow starts at a constant outlet pressure. 
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16. Outcoming fluid is gathered on a beaker and measured for recovery 

calculations.  

The materials and equipment, as well as their purpose are listed in Table 5.10 and 

Table 5.11. For the volumetric calculations, the slim tube assembly was evaluated as 

pre-slim tube and post-slim tube, and the dimensions and volumes of pipes and 

valves used in these compartments are given in Table 5.12. Aside from the slim tube, 

valves and pipes are present within the flow line, amassing up to a volume of  42.598 

cm3.  The total pipe and valve volume is 7.864 cc before the slim tube and 34.734 cc 

after the slim tube.



 

 

 

 

Table 5.10: Materials used in the experiment 

Component Image Purpose Remarks 

CO2 

 

Main Injection Gas 
Pure CO2 has been retrieved from a local supplier (HAT Group), and 

contains no known impurities. 

N2 
Pressurizing gas and 

drying gas 

Used to pressurize the backpressure cell at the initial stage. Highly pure 

(99.999) 5.0 Grade N2 has been retrieved from a local supplier (HAT 

Group). 

Toluene 

 

Used as the main 

cleaning solvent 

The toluene used in this study has been purchased from MERCK, and is 

has >99% purity, and follows the CAS No:108-68-3 

ISCO Pump 

 

Used to provide the 

required pressure to the 

displacement cell 

The ISCO pump is a continuous injection syringe pump, and it is used to 

inject water at the displacement cell at a controlled rate. The pump can 

be used to inject at a constant rate by adjusting the injection pressure, or 

at a constant pressure by changing the injection rate. 

Displacement Cell 

  

Injection of fluids into 

the system in a 

controlled manner 

The displacement cell consists of two chambers, one for the water 

coming from ISCO pump and the other for the fluid to be injected into 

the system. The chambers are separated by a barrier, and the injected 

amount of water will displace an equal volume of the fluid in the 

displacement chamber. 
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Table 5.11: Materials used in the experiment (cont’d) 

Component Image Purpose Remarks 

Needle Valves 

  

Flow Isolation 
Needle Valves from Swagelok and HAMLET have been used within the experimental 

setup. 

Pressure 

Transducers   
Pressure measurements Four pressure transducers with the range 0-400 bar have been used. 

Thermocouple 
  

Temperature 

measurements 
One thermocouple is used inside the oven to measure the reservoir temperature. 

Heating Oven   
Keeping the reservoir 

temperature costant 

The heating oven capable of maintaining the oven temperature constant within a 

margin of +/- 2oC 

Slim Tube 

  

1-D porous medium for 

displacement tests 
A slim tube packed with sand is used to simulate 1-D flow. 

Backpressure 

Regulator 
  

Controlling the effluent 

pressure 

A diaphragm-based backpressure regulator is used to control the pressure of the 

effluent 

3/8" Steel 

Piping 

  

  

Used for connections 
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Table 5.12: Volumes and dimensions within the test set-up 

Part Internal Radius (cm) 
Length 

(cm) 

Volume 

(cm3) 

Test cell exit connection 0.1935 3 0.353 

Pre-valve connection 0.1935 4.6 0.541 

Swagelok valve  0.1935   1.800 

Post-valve connection 0.1935 3.4 0.400 

Hamlet valve 0.1935   1.800 

Post-valve connection   4.7 0.400 

Pgaz transducer     1.200 

Post-transducer connection 0.1935 4 0.471 

Entry side of 2.Swagelok valve     0.900 

Exit side of 2. Swagelok valve     0.900 

Post-valve connection 0.1935 4 0.471 

Pgiriş Transducer     1.200 

Post-transducer connection 0.1935 27.8 3.270 

Connection entry to oven 0.1935 14.5 1.706 

Pre-slim tube valve 0.1935 8 0.941 

Slim tube entry connection 0.1935 16.5 1.941 

Slim Tube 0.31115 1800 547.472 

Slim Tube Adapters     6.000 

Post-slim tube connection 0.1935 13 1.529 

Sand Filter - - 4.000 

Pre-valve connection 0.1935 3 0.353 

Valve - - 2.600 

Slim Tube Exit-Oven 0.1935 24 2.823 

Pçışık Transducer 0.1935   1.200 

Post-Transducer 1/4 connection 0.1935 16 1.882 

Pçıkış - 1/4 side of the 3/8 

connector 
0.1935 0.6 0.071 

 3/8 half of the connector 0.31115 0.6 0.182 

Pre-valve 3/8 connection 0.31115 6.6 2.007 

3/8 Hamlet Valve 0.31115   2.100 

Post-Valve 3/8 Connection 0.31115 7 2.129 

 3/8 half of the connector 0.31115 0.6 0.182 

1/4 half of the connector 0.1935 0.6 0.071 

Connections until the 

backpressure regulator 
0.1935 27 3.176 
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5.1.4 Procedure Of The Slim Tube Tests 

Before starting each experiment stage, the slim tube was thoroughly cleaned with 

toluene to obtain a total purge of residual oil within the system. This was later 

followed by the evaporation of any residual toluene by heating the system under 

vacuum conditions. 

At the start of each test stage, the clean and dry slim tube was saturated with oil by 

injecting 1.2 pore volumes (PV) at a controlled rate of 1 cc/min, using an ISCO pump 

for a controlled flow rate. In instances where the rate target of 1cc/min could not be 

attained due to high pressure requirements (which was commonly seen in the 

majority of cases), a pressure limit of 2500 psig was imposed, and the flow was 

converted into a pressure-controlled setting. To enhance the correlation between the 

produced oil (which is at ambient temperature and atmospheric pressure) and the oil 

in the slim tube (which is subjected to heated and highly pressurized conditions) for 

the recovery calculations, the oil was introduced into the system at 25°C. This 

temperature is significant because it corresponds to the point at which the oil's 

density is measured. If the slim tube temperatures showed significant deviations from 

this temperature, the saturation step was repeated until the average saturation 

temperature stabilized within the designated range of ±5°C. Following the saturation 

step, the slim tube was weighed to use the measured density and the added weight to 

estimate the injected oil volume. While the set-up was heated to 78°C for the 

experiment stages, the expanded oil was accounted for as an additional oil recovery 

to represent surface conditions. 

Once the system was saturated with oil, 1.2 PV of CO₂ was injected into the slim 

tube at a constant pressure applied through the ISCO pump. A constant pressure 

injection method was selected over constant rate injection to prevent significant 

pressure fluctuations within the system, as variations in pressure directly affect the 

miscibility conditions. 
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During each injection stage, the pump pressure was adjusted to maintain an inlet 

pressure 10 bar higher than the outlet pressure in the slim tube, with average readings 

from both transducers recorded to establish the overall test pressure for each test. 

The overall production at the end of each respective test stage was recorded to 

calculate the oil recovery from the slim tube. 

Upon the completion of the recovery stage, the slim tube was flushed with at least 2 

PV of toluene at a rate of 5 cc/min at a maximum pressure of 3500 psi to remove any 

residual oil. If 2 PV of toluene was not sufficient to completely clean the slim tube 

due to stripping of oil with CO2, additional toluene was injected until the produced 

toluene was clear. Residual toluene was then evaporated again to ensure complete 

cleaning of the slim tube, after which the system was flushed with nitrogen to remove 

any toluene vapor remaining in the slim tube. A vacuum pump was used to purge the 

nitrogen from the slim tube, and the system was vacuumed until the pressure 

remaining in the slim tube was lower than -0.8 barg. The vacuum step served as a 

leak test to verify system integrity, while also removing the small amounts of toluene 

vapor in the system that may interact with the oncoming oil. Following the cleaning 

protocol, the slim tube was prepared for subsequent testing by re-saturating it with 

1.2 PV of oil. 

The cleaning step was checked via mass balance, and additional cleaning was 

performed if there was a significant difference between the dry weight of the slim 

tube compared to the original dry weight. At this stage, differences smaller than 5 

grams were deemed acceptable. After the slim tube was saturated, the saturated 

weight was also measured to obtain the amount of oil present in the slim tube from 

mass balance. These measurements were used to cross-check the validity of each test 

stage.  
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5.2 Compositional Modelling Via FluidModeler 

5.2.1 Component Properties 

Unlike black oil models, which define hydrocarbon fluids as two phases—oil and 

gas—compositional models represent fluids as a mixture of multiple components, 

often corresponding to the molecular constituents of the hydrocarbon mixture, such 

as methane, ethane, and heavier molecular components. An equation of state (EOS) 

can be used to determine phase density, fugacity, and thermal properties, while a 

separate model is employed to calculate viscosity. 

In the model, the molecular weight and specific gravity of each component are 

provided as initial inputs. The specific gravity of each single carbon number (SCN) 

component is calculated with Watson’s K factor, which is the cubic root of the 

average boiling point of a liquid hydrocarbon mixture divided by its specific gravity 

at 60oF. Ideally, a true boiling point (TBP)  distillation experiment is required to 

obtain this parameter, which can later be used to characterize the paraffinic and 

aromatic fractions in the oil.  In general, a Watson K factor of 10 indicates the oil 

consists of mostly aromatic fractions, whereas a K factor of 13 indicates a more 

paraffinic oil. TBP distillation could not be performed in this thesis, however, the 

preliminary results from GCMS has been used to identify the presence of aromatic 

compounds. As may be seen from the GCMS results at Appendix Table B-1 and 

Appendix Table B-2, the oil contained more paraffinic compounds.  

Based on the preliminary results, for our oil, an assumption was that SCN of the 

crude oil were more paraffinic, and a K factor of 13 was used to characterize their 

specific gravity. For the multiple carbon number (MCN) component of the plus 

fraction, the calculated value from FluidModeler has been used. For other oils taken 

as reference from the literature, the corresponding specific gravity value is taken 

directly from the reference article.  
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The equation used for SCN is shown in Equation (5.7)(Du et al., 2024): 

 ‎ φȢπρπψὓὑ Ȣ  (5.7) 

Using the Riazi and Daubert (1980) correlation, the molecular weight and specific 

gravity of hydrocarbons are used to calculate the boiling point as follows (Riazi & 

Daubert, 1980): 

 
Ὕ ὥὓ ‎  

 

(5.8) 

Where Ὕ is the boiling point in Rankines, ὓ  is the molecular weight, ‎ is the 

specific gravity, and the constants are ὥ ωτȢφψψυ Ǫ ὦ πȢτυυσσ Ǫ ὧ πȢτφςψπ. 

Using Kesler and Lee (1976) correlations, the following equations are utilized to 

calculate the ritical temperature, critical pressure, and acentrric factor: (Kesler & 

Lee, 1976) 
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(5.10) 

Where ὖ  is the critical pressure in psia, Ὕ is the critical temperature in Rankines, 

‎ is the specific gravity, and Ὕ is the boiling point temperature in Rankines. 
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For the acentric factor, Lee Kesler correlations are used depending on the reduced 

boiling point temperature of the component, and is expressed as (Kesler & Lee, 

1976): 

 ὍὪ Ὕ πȢψȟ ‫
ὢ

ὣ
  (5.11) 
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(5.14) 

Where is the acentric factor, Ὕ ‫  is the reduced boiling point temperature, Ὕ 

is the boilign point temperature in Kelvin, Ὕ is the critical temperature in Kelvin, ὖ 

is the critical pressure in atm, Ὧ  denotes the Watson K-factor. 

The surface tension is modeled via Macleod-Sugden model, and the parachor needed 

for surface tension calculations are calculated with respect to the molecular weight 

of the component (Macleod, 1923; Sugden, 1924; SLB, 2021): 

 ὍὪ ὓ ρςπOὖ σπ ςȢψὓ  (5.15) 

 ὍὪ ρςπὓ ρψπOὖ σφφρȢχτττὓ ρςπ (5.16) 

 
ὍὪ ὓ ρψπOὖ υςπρȢχτττὓ ρςπ 

 

(5.17) 

Where ὖ is the parachor and ὓ  is the molecular weight of a given component. 

Peneloux, Rauzy, and Freze (1982) modified SRK EOS and introduced a volume 

translation factor ὧ to improve the calculated liquid densities. Their modification, 
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however, is also applicable to PR EOS as well, and modified three-parameter PR 

EOS is used as the basis for the compositional simulation. 

The volume translation used in the model is temperature-dependent, and follows the 

following rules: 

Table 5.13: Volume translation equations used in the PVT model 

Component Type Volume Translation 

Light HC and Inorganic 

Søreide (1989) 
 

ί ȿὝ ὥȿ ὥ ὥ‫

ὥὩ   
(5.18) 

 

Heavy HC  ί ί ίὝ Ὕ  (5.19) 

 

Where the Søreide volume translation coefficients for Ὕ ρ are listed: 

Table 5.14: Søreide translation coefficients 

╪  ╪  ╪  ╪  ╪  ╪  

0.74145 1.35489 -0.16410 0.47894 0.42829 25.3301 

 

Conversely, the volume translation with temperature for components with for Ὕ

ρ are calculated with the following equation using the Søreide coefficients: 

 ί ὦ ὦὝ ὦὝ  (5.20) 

Where: 

Table 5.15: Required translation coefficients 

Component ╫  ╫  ╫  

CO2 0.42109 -0.31366 0 

N2 -0.09984 -0.02984 0 

C1 -0.09427 -0.03728 0 

C2 -0.12318 -0.00189 0 

C3 -0.02243 -0.06774 0 
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The translation parameter for heavy hydrocarbons are modeled with a linear equation 

with respect to temperature in the following equation: 

 ὧ ὧ ὧὝ Ὕ  (5.21) 

Where: 

¶ ὧȟὧ ὥὶὩ ὧέὲίὸὥὲὸί 

¶ Ὕ  Ὥί ὸὬὩ ίὸὥὲὨὥὶὨ ὸὩάὴὩὶὥὸόὶὩ 

Note that in this translation, ὧ can be evaluated using the two-parameter PR-EOS 

as: 

 ὧ ὠ
ὓ

”
 (5.22) 

Where: 

¶ ὠ  Ὥί ὸὬὩ ὺέὰόάὩ ὴὶὩὨὭὧὸὩὨ ὦώ ὸὬὩ ὸύέὴὥὶὥάὩὸὩὶ ὉὕὛ 

¶ ὓ Ὥί ὸὬὩ άέὰὩὧόὰὥὶ ύὩὭὫὬὸ 

¶ ” Ὥί ὸὬὩ άὥίί ὨὩὲίὭὸώ έὪ ὸὬὩ ὧέάὴέὲὩὲὸ 

Conversely, the second constant ὧis evaluated by: 

 
ὧ πȢπππυ‖

ὓ

‎
 

 

(5.23) 

Where ‖ is a constant depending on the molecular weight, and is calculated as: 

 ‖ πȢω πȢππςὓ  Ὢέὶ ὓ ςππ
Ὣ

άέὰὩ
 (5.24) 

 ‖ πȢυ Ὢέὶ ὓ ςππ
Ὣ

άέὰὩ
 (5.25) 

Binary interaction cefficients are used to modify the EOS to correct the 

attraction/repulsion behavior of the components. For the interaction between 

methane and heavy hydrocarbons, Katz and Firoozabadi (1978) correlation is used 

as: 
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Ὧ πȢρτ‎ πȢπφφψ 

 

(5.26) 

Where the subscript 1 and j denote the BIC is defined for the relationship between 

methane and the heavy fraction, respectively. Other BIC properties are taken from 

Whitson (2000)’s reference values (Whitson & Brulé, 2000). 

Table 5.16: Whitson BICs for the Peng Robinson EOS 

 N2 CO2 H2S C1 Other 

N2 0     

CO2 0 0    

H2S 0.13 0.135 0   

C1 0.025 0.105 0.07 0  

C2 0.01 0.13 0.085 0 0 

C3 0.09 0.125 0.08 0 0 

iC4 0.095 0.115 0.075 0 0 

nC4 0.095 0.115 0.075 0 0 

iC5 0.1 0.115 0.07 0 0 

nC5 0.11 0.115 0.07 0 0 

C6 0.11 0.115 0.055 0 0 

C7+ 0.11 0.115 0.05 0 0 

 

 



 

 

 

 

 

Figure 5.7: Workflow for calculating the component properties
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5.2.2 Equation Of State And Role Of Input Parameters 

Three-parameter Peng Robinson Equation is used to model the system, and is given 

below: 

 
ὖ

ὙὝ

ὺ ὧ ὦ

ὥ

ὺ ὧ άὦ ὺ ὧ άὦ
 

 

(5.27) 

Note that c is the volume translation mentioned in the previous sections, and can be 

calculated from a dimensionless volume translation factor as: 

 
ὧ ίὦ 

 

(5.28) 

The volume translation may be applied to all phases but if the same volume 

translation is used for all phases, the modified three-parameter equation can be 

simplified back into the original EOS. Moreover, as the molar gas volumes are 

considerably larger than molar liquid volumes, applying translation to all phases will 

only have a significant impact on the liquid density.  Hence, the volume translation 

may be tuned to modify the liquid density without affecting phase behavior. 

To model the single-component system, terms ὥ and b are the parameters in the EOS 

chosen to ensure that the critical isotherms have an inflection point in the PV diagram 

at the critical point, and are shown with the following equations: 

 ὥ
 ὙὝ‌Ὕ

ὖ
 (5.29) 

 ὦ
 ὙὝ‍Ὕ

ὖ
 (5.30) 

Note that in the above equations, R is the gas constant, and   πȢτυχςσυυςω and 

  πȢπχχχωφπχτ for PR EOS. 
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Note the presence of alpha and beta functions in the aforementioned a and b 

coefficients. Alpha functions typically depend on the acentric factor of the 

component, and may be expressed as: 

 Ѝ‌ ρ ά‫Ὕᶻ ύὬὩὶὩȟ (5.31) 

 Ὕᶻ ρ
Ὕ

Ὕ
 (5.32) 

For Peng Robinson EOS, the function m can be calculated via quadratic equations 

as: 

 ά‫ πȢσχτφτρȢυτςςφ‫ πȢςφωως‫  (5.33) 

Peng and Robinson proposed a modification for large acentric factors, and proposed 

a second quadratic as: 

 ά‫ πȢσχωφτςρȢτψυπσ‫ πȢρχρσρψτψ‫ πȢπρφφφ‫  (5.34) 

For the EOS systems used in the model, beta functions are equal to 1. 

As the modeled fluids are multi-component systems, Waals mixing rules are used to 

model the multi-component behavior where: 

 ὲὥ ὲὲ ὥὥ ρ ‏  (5.35) 

 ὲὦ ὲὦ (5.36) 

 
ὲὧ ὲὧ 

 

(5.37) 
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Where: 

¶ ὲ is the number of moles of the component i in the mixture 

¶ ὲ Вὲ is the total number of moles in the mixture 

‏ ¶  is the binary interaction coefficient (BIC) between the 

components i and j. 

¶ ὥ is the parameter given in equation (5.29) 

¶ ὦ is the parameter given in equation (5.30) 

¶ ὧ is the volume translation parameter given in the equation (5.28) 

Note that for the aforementioned mixing rules to be valid, the binary interaction 

coefficient matrix used in the system must be symmetrical (‏ ‏ . Moreover, to 

ensure that the EOS can produce consistent results, ‏ π should be implemented 

for single-component systems. 
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Table 5.17: Parameters and their effects on the EOS used in the study 

Parameter Effect and Use in Calculations 

Molecular weight 

By itself, the molecular weight is not used as a 

parameter in PR-EOS, and it does not inherently 

affect the phase behavior. However, it is used in 

mass characterization and is used in the 

determination of parameters that affect the phase 

behavior. Hence, changing this parameter will 

affect the EOS and the phase behavior of the 

system. 

Specific gravity 

Similar to the molecular weight, specific gravity 

is not inherently used in the EOS, but is used in 

mass characterization and in determination of 

parameters that affect the EOS. 

Normal boiling point 

The boiling point is not directly used in the EOS, 

but is used to calculate the parameters affecting 

the phase behavior of the system. 

Critical temperature and pressure 

Critical temperature and critical pressure are the 

most important parameters in this fluid modeling 

workflow. They are directly used in the cubic 

equations of state, meaning that they directly 

affect the phase behavior. The critical 

temperature gives a broad idea of the volatility of 

the component, and critical pressure may give 

information on when a component will split off to 

separate liquid phases. Aside from the PR-EOS, 

these parameters are also input for the Lohrenz-

Bray-Clark viscosity model and affect viscosity 

behavior. 

Acentric factor 

Lee Kesler correlations are used to calculate the 

acentric factor, and this factor helps defining the 

temperature dependance of the system. It is also 

used in the Søreide volume translation model. 

Critical volume and critical 

volume (visc) 

The critical volume can be used for phase 

identification, and it is also used in the Lohrenz-

Bray-Clark viscosity model. The critical volume 

can be used to tune the viscosity without affecting 

the phase identification in flash calculations, and 

some models allow two critical volumes to be 

specified for this function. 

Critical Z 

The four critical properties are linked by Pci Vci 

= RTci Zci . Only three of the four must be 

specified—the remaining one is calculated. 
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Table 5.18: Parameters and their effects on the EOS (cont.d) 

Parameter Effect and Use in Calculations 

Volume translation and Volume 

translation (T) 

The volume translation is applied for both liquid 

and vapor phases, but its effect on vapor volume 

is considerably small compared with the effect 

on the liquid. Moreover, volume translation does 

not impact the EOS itself, and can be used to 

fine-tune the liquid density. 

Omega A and Omega B 

The omega parameters are generally treated as 

constants, and they ensure there exists an 

inflection point at the critical point for an 

isotherm. Given that our system can feature 

pseudo-components representing more than one 

pure component within a single item, this 

specific feature may not be realistic, and these 

parameters can be used to tune the fluid. Note 

that the omega parameters scale from the critical 

properties, and they should not be used to tune 

the fluid simultaneously with them in order to 

avoid overtuning the fluid. 

Parachor 
Parachors are used for the determination of the 

surface tension in the Macleod-Sugden model. 

Ideal gas specific heat 

The specific heat is used to calculate thermal 

properties, and is stored as a polynomial in 

temperature ὅ Ὕ ВὅὝ 

 

5.2.3 Calculation Of The Viscosity 

Lohrenz, Bray, and Clark (1964) proposed an expression of the viscosity as a fourth 

degree polynomial based on the reduced molar density, and it is given as (Lohrenz 

et al., 1964): 

 

– –ᶻ

–
‭ ὥ”  

 

(5.38) 
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Where: 

¶ – is the critical viscosity 

¶ –ᶻ is the low pressure gas viscosity of the mixture 

¶ ”  is the reduced molar density 

¶ ‭ and ὥ are constants given in Table 5.19 

Table 5.19: Constants in the Lohrenz-Bray-Clark (LBC) viscosity model 

Constant Value 

‭ 0.0001 

ὥ 0.0123000 

ὥ 0.0233640 

ὥ 0.0585330 

ὥ -0.0407580 

ὥ 0.0093324 

 

Note that the critical viscosity in the LBC viscosity model is calculated with 

Hirchfelder, Curtiss and Bird (1954) correlation based on the molecular weight, 

critical pressure, and critical temperature as (Hirchfelder et al., 1954): 

 
–

ὓ ὖ

Ὕ

 

 

(5.39) 

Where: 

¶ ὓ  is the molecular weight where ὓ Вὓ ὼ (g/mole) 

¶ ὖ is the average critical pressure, ὖ Вὖὼ (atm) 

¶ Ὕ is the average critical temperature, Ὕ ВὝὼ (Kelvin) 
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Note that the low-pressure gas viscosity is calculated with Herning and Zipperer 

(1936) correlation as: 

 

 –ᶻ
Вύ–ᶻ

Вύ
 (5.40) 

Where: 

¶ –ᶻ is the low pressure gas viscosity of a pure component 

¶ ύ is the square root of the molecular weight of the corresponding 

pure component where ύ ὼ ὓ  

Note that this correlation is based on the pure component low pressures of pure 

components, meaning that for LBC correlation, a method must be utilized to obtain 

the said low pressure gas viscosities for pure components themselves. Stiel and 

Thodos (1961) correlations given below are used to obtain the pure component low 

pressure gas viscosities with respect to the reduced temperatures (Ὕ  and the 

component’s critical viscosity. For Ὕ ρȢυ, the correlation is as follows (Stiel & 

Thodos, 1961): 

 –ᶻ σȢτz ρπ–ὝȢ  (5.41) 

For Ὕ ρȢυ, the correlation takes the form: 

 –ᶻ ρȢχχψzρπ– τȢυψὝ ρȢφχȢ  (5.42) 

Note that, as mentioned before, the critical viscosity for the pure components is 

calculated with the aforementioned Hirchfelder, Curtiss and Bird given by equation 

(5.39). 

The reduced molar density in the equation ”  is simply obtained by dividing the 

molar density of the phase to its critical molar density: 

 ”
”

”
 (5.43) 
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The critical molar density is then obtained from the critical volume of the 

corresponding phase, which is also a tuning parameter that may be used to adjust the 

viscosity results without affecting the phase behavior. 

 
”

ρ

ὠ
 ύὬὩὶὩ ὠ ὼὠ  

 

(5.44) 

 

Figure 5.8: Simplified calculation workflow of LBC viscosity model 

5.2.4 Calculation of the surface tension for phases 

Macleod-Sugden correlation is used to obtain the surface tension from the parachor 

values mentioned in the previous sections, and the correlation is given as follows: 

 
„ ὖὼ” ώ”  

 

(5.45) 

¶ „ is the surface tension 

¶ ὖ is the parachor, calculated with equations (5.15), (5.16), and 

(5.17). 
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¶ ”  is the molar density of the liquid phase 

¶ ”  is the molar density of of the vapor phase 

¶ ὼ is the mole fraction of the ith compİnonent in the liquid phase 

¶ ώ is the mole fraction of the ith component in the vapor phase 

¶ The units of the surface tension, molar density, and parachor are 

interrelated, and they may be given as: ὖ  „ ”  

5.2.5 PT Flash Calculations 

PT flash calculations are used to identify the presence and the composition of phases 

by assuming all phases are in the thermodynamic equilibrium. If all phases are are 

in thermodynamic equilibrium, by keeeping the pressure and temperature conditions 

constant, the equilibrium condition is bound to occur where the Gibbs free energy G 

is at its lowest, which is at the point where ὨὋ π and where the fugacity, which is 

defined by the vapor pressure of a component a component would have in a gas 

volume at equilibrium with the phase, of each component is equal for all phases (i.e. 

Ὢ Ὢ ). 

In FluidModeler, the point where the Gibbs free energy is minimum at the point 

where fugacity is equal for all phases is obtained iteratively. To this end, the PT flash 

is performed first by performing a stability test to check whether a phase split exists. 

Michelsen (1982)’s algorithm is used for the stability test, and if this test shows no 

phase split exists at the given PT conditions, no phase split calculations have been 

performed (Michelsen, 1982). 

The workflow for the PT flash stability test is as follows: 

¶ A small amount of ‭ of a new phase {ύ} is split from the existing 

phase {ᾀ} 
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¶ The following equation is used to calculate the change in the 

Gibbs Energy: 

 ὨὋ ‭ὙὝὨ ȟ  (5.46) 

¶ where Ὠ  is the tangent plane distance given by the equation: 

 Ὠ ύ ÌÎύ ÌÎ‰ ύ ÌÎᾀ ÌÎ‰ ᾀ  (5.47) 

o If the tangent distance is negative for any {ύ}, then the initial phase 

{ᾀ}is not stable (indicated by the change in the gibbs energy being 

negative, meaning that it is not at the minimum point of stability), and 

the phase that gives the largest negative tangent distance value 

(indicating the largest energy decrement in the gibbs energy, meaning 

the value that makes the most significant approach to stability) is used 

to start the split calculations. 

¶ If the stability fails, phase split calculations is performed by 

rewriting the fugacity equation in terms of the fractions of the 

phases (ὼὪ ὼὪ , where the fractions can be determined 

from the k-values of the reference phase. 

5.2.6 Calculation Of The MMP with a multiple cell mixing (MCM) 

approach  

Ahmadi and Johns (2011) algorithm is selected for the model as the given workflow 

allows for the simulation of both condensing and vaporizing drive mechanisms 

(Ahmadi & Johns, 2011). This model can determine both the first contact and the 

multiple contact miscibility, and the MMP is defined at the point where tie lengths 

become zero between the oil and the gas phases. The overall algorithm is as follows: 

¶ An initial reservoir (or test) temperature and a pressure guess 

which is significantly lower than the MMP is selected. 
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¶ Two cells containing inital compositions of oil and gas will be 

mixed, and PT flash will be performed to obtain the new gas and 

liquid compositions resulting from the mass transfer between the 

phases. 

¶ Assuming that the gas moves ahead of the liquid phase (due to 

performing gas injection), the resulting liquid fraction (x) will 

interact with the fresh gas, whereas the resulting vapor fraction (y) 

will interact with the fresh oil for further mass transfer. 

¶ The mass transfers will again be followed by PT flash 

calculations, and new overall compositions are constructed as 

shown in Figure 5.9. 

 

Figure 5.9:Illustration of the MCM algorithm (Ahmadi & Johns, 2011) 

¶ In each step, the key tie length will be obtained by having three 

successive cells having zero slope (within a tolerance of 10-8) for 

each corresponding step. 

¶ The minimum tie length will be stored for the first iteration, and 

the pressure will be increased by an arbitrary value (default 200 
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psi) to simulate an approach to MMP. This will output the second 

point in the iterations. 

¶ The third pressure is calculated by a linear extrapolation 

methodology as only two points are available. The pressure 

differential in the estimated MMP (by performing extrapolation to 

the first two key tie lengths) will be divided to the number of 

desired iterations to generate a third point. 

¶ For the fourth and the following points, the previous three points 

of each step is used with a power law approach to perform a multi-

parameter regression to find the minimum tie lengths and the 

miscibility exponent n where Ὕὒ ὥὖ ὦ, where a is the slope 

and b is a constant. When the regression yields a correlation 

coefficient r2>0.999, the values are recorded. The typical 

miscibility exponent values are between 1.5 and 10, and MMP is 

not significantly affected when n is within this range. 

¶ Using the regression values, the MMP is extrapolated again with 

the new 3 steps by discarding the initial step, and the difference in 

the MMP is checked. Additional steps are performed until the 

fitted points after two or three iterations in new steps yield MMPs 

with larger than 20 psia difference. 

5.2.7 Validation Of The Tuning Approach in FluidModeler 

The equation of state used in the models may not directly represent the fluids used 

in the study, and certain parameters summarized in Table 5.17 and Table 5.18. Based 

on the experimental results, the fluid model is tuned to match the experiments, such 

that the resulting fluid model better represents the reality.  

Jaubert et al.’s 1998 study on the influence of crude oil characterization on MMP is 

used as a reference for this study to validate the current MMP modelling approach. 

The composition of the oil is given in Table 5.20: 
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Table 5.20: Composition and TBP results of the oil used in calibration (Jaubert et 

al. 1998) 

Components 

Molar 

Composition 

(%) Components 

Molar 

Composition 

(%) 

TBP Distillation 

H2S 1.490 
Molecular 

Weight 

Density 

(kg/m3) 

N2 0.320 n-C8 0.530   

CO2 2.800 i-C9 0.570   

C1 45.300 
Aromatics 

C8 
0.850   

C2 9.110 Cyclanes C9 0.590   

C3 5.500 n-C9 0.480   

i-C4 1.060 i-C10 1.300   

C4 3.070 
Aromatics 

C9 
0.450   

i-C5 1.240 n-C10 0.400   

n-C5 1.820 C11 1.740 148.0 791.3 

i-C6 1.210 C12 1.420 164.0 798.2 

n-C6 1.170 C13 1.310 174.0 810.3 

i-C7 0.350 C14 1.150 188.0 814.0 

Benzene 0.180 C15 1.000 203.0 835.5 

Cyclanes C7 1.690 C16 0.880 218.0 847.7 

n-C7 0.620 C17 0.760 232.0 850.4 

i-C8 0.470 C18 0.690 249.0 862.6 

Toluene 0.490 C19 0.620 261.0 874.5 

Cyclanes C8 1.340 C20+ 6.040 460.0 939.0 

 

Note that some of the components in this study cannot be defined in FluidModeler 

directly via the inherently-present correlations (such as iso and cyclo octanes) and 

these fractions are accomodated into their corresponding carbon-numbered alkanes. 

This will introduce some uncertainty in C6, C7, C8, C9, and C10 to some degree as 

the properties of cyclo and iso components, as well as the aromatic components, 

could be different than their corresponding alkane chain. These components have 

been integrated into the nearest carbon-numbered component, and the resulting 

composition used in the study is given in Table 5.21. 
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Table 5.21: Calibration composition used in FluidModeler 

Comp. 
Molecular 

weight 

Specific 

gravity  

Mole 

(%) 

Mass 

(%) 
Comp. 

Molecular 

weight 

Specific 

gravity  

Mole 

(%) 

Mass 

(%) 

H2S 34.076  1.49 0.648 Toluene 92.13 0.749 0.49 0.576 

N2 28.013  0.32 0.114 C9 121 0.765 2.09 3.225 

CO2 44.01  2.8 1.572 C10 134 0.779 1.7 2.905 

C1 16.043  45.295 9.268 C11 148 0.791 1.74 3.284 

C2 30.07  9.109 3.494 C12 164 0.798 1.42 2.97 

C3 44.097  5.499 3.093 C13 174 0.81 1.31 2.907 

i-C4 58.124  1.06 0.786 C14 188 0.814 1.15 2.757 

n-C4 58.124  3.07 2.276 C15 203 0.836 1 2.589 

i-C5 72.151  1.24 1.141 C16 218 0.848 0.88 2.447 

n-C5 72.151  1.82 1.675 C17 232 0.85 0.76 2.249 

C6 84 0.686 2.38 2.55 C18 249 0.863 0.69 2.191 

C7 96 0.723 2.66 3.257 C19 261 0.875 0.62 2.064 

Benzene 78.11 0.727 0.18 0.179 C20+ 460 0.939 6.039 35.433 

C8 107 0.746 3.19 4.353      

 

Tuning works by minimizing the following objective function Ὢ: 

 

Ὢ ύ ί έ  

 

(5.48) 

In the objective function, index j denotes the available experiments, whereas i stands 

for the observed results in an experiment. As such, the aforementioned objective 

function stands where: 

¶ ύ  is the given weighting 

¶ ί  is the corresponding simulated result 

¶ έ  is the corresponding observed result from real experimental data 

The norm of each experimental result, namely  ί έ  is calculated as follows: 

 ί έ
ί έ

έ
 έὶ ί έ ί έ

       

 
(5.49) 
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The tuning algorithm to match the 3-Parameter PR-EOS with the aforementioned 

calculation methodology is as follows: 

¶ Three experimental bubble point pressures are used as calibrations 

as 121.1 oC, 103.3 oC, and 87.8 oC. 

¶ Three constant composition expansion (CCE) experiments are 

used as further reference from the study to calibrate the relative 

volumes at 121.1 oC, 103.3 oC, and 87.8 oC. To avoid three CCE 

tests dominating the tuning process due to the abundant number 

of tests, these tests are given a tuning weight one thirds of the 

other tests. 

¶ A differential liberation (DL) at 103.3 degrees oC is also used for 

calibration. 

 

Figure 5.10: Tuning weights for the given composition 

Tuned parameters are listed in Table 5.22 to match the model with the available 

experimental data with an error margin less than 10% with the tuning weights shown 

in Figure 5.10.  
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The tuning process has been performed in the following manner: 

¶ Omega-A and Omega-B values are initially selected to tune the 

model to match the experimental results. C20+ has the highest 

uncertainty, and is given a maximum tuning margin of +/- 5%. 

¶ Volume translation and Temperature-Dependent volume 

translation factors were also used to tune the model to better match 

the density output of the given EOS. As these parameters have a 

smaller impact on phase behavior, they were given a higher 

modification range of 10%. 

Table 5.22: Tuned parameters and the corresponding tuning amounts 

Tuning 

Order 
Component Property Before After Change 

1 c20+ Omega A 0.45724 0.4801 5.00% 

2 c20+ Omega B 0.0778 0.07581 2.55% 

3 c20+ 
Volume 

translation 
0.48085 0.43277 10.00% 

4 c20+ 
Volume 

translation (T) 
-0.00014 -0.00015 9.82% 

 

5.2.8 Evaluation Of The Uncertainty In Oil Composition Based On 

Jaubert et al.’s Dataset 

Jaubert et al.’s dataset was also used to serve as a basis for the sensitivity analysis of 

MMP with respect to fluctuations in the oil composition. The sensitivity analysis was 

performed in two stages: (1) sensitivity of the MMP with respect to changes in 

composition where the injection gas is kept identical to the gas cap composition used 

in Jaubert et al.’s original study and (2) sensitivity of the MMP with the injection gas 

changed to pure CO₂ to correlate the results. 

To this end, the uncertain fractions of the oil were divided into three lumps: 
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¶ C1: A dominant fraction in the reference study, but not present in 

the oil used in this study. 

¶ C2-C6: A key fraction in consisting of mostly LPG fractions, and 

present in both studies.  

¶ C7-C9: Relatively heavier fractions of the reference oil 

The sensitivity of the MMP to the C1, C2-C6, C7-C9 fractions were evaluated to 

identify the impact of the uncertainty on the mole fractions obtained by GCMS. To 

this end, the values of each lump were changed in the oil composition while the 

injection gas remained constant, and the modified fractions were normalized to have 

an overall mole percentage fraction sum of 100%. 

Note that this approach is to check the validity of the tuning approach, and the exact 

sensitivities will likely be different in the oil used in the study due to the oil in Jaubert 

et al’s study featuring a significant amount of difference from the oil in this study. 

5.2.9 Lumping And Tuning Of The Thesis Oil 

Since the oil mixture had many components in the compositional analysis results, 

lumping was performed to reduce the overall number of components without 

significantly affecting the compositional behavior within the regions of interest. As 

no direct tuning data was available for the oil used in this study, Oil-A in Table 5.1 

has been selected as an analog for tuning, and the available oil formation volume 

factor, liquid compressibility factor (Z-factor), and constant composition expansion 

(CCE) data has been used to tune the EOS. 
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Figure 5.11: Lumping and tuning steps 

For the lumping, the following criteria were used: 

V Any component that could be injected were not lumped. 

V Lumped components needed to have relatively similar molecular weights, 

and the lumping scheme is based on a sample from PVTi technical 

documentation. 

V As the lumping of C6 significantly impacts the behavior of PR-EOS, it was 

not lumped. 

V As no mass characterization and splitting is performed on C36+, the plus 

fraction was not lumped. 

When any properties were lumped together, the properties of the corresponding lump 

were calculated via molar weighted averaging of the individual components. 

Lumped oil composition is given in Table 5.23. 

 

• Reduce the number 
of components

• Properties are 
calculated by molar 
weighted averaging

Lumping

• Adjust EOS
parameters to
match
experimental
data

Tuning

• Export PVT data 
such as acentric 
factor or critical 
properties for 
further simulation

Export data
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Table 5.23: Lumped oil compositions 

Component 
Molecular 

weight (g/mol) 

Specific gravity 

(rel. water 60°F) 
Mole (%) 

N2 28,0100  0 

CO2 44,0100  0 

H2S 34,0800  0 

C1 16,0400  0 

C2 30,0700  0 

C3 44,1000  0 

i-C4 - n-C4 58,1200 0,5668 0,77 

i-C5 - n-C5 72,1510 0,6242 2,38 

C6 86,1800 0,6444 4,85 

C11 - C7 121,0729 0,6860 38,70 

C18 - C12 198,7251 0,7499 30,48 

C25 - C19 297,0538 0,8051 11,34 

C35 - C26 410,9328 0,8534 6,99 

C36+ 623,2100 0,9350 4,49 

 

For the tuning, Oil-A, which composes around 45% of the total composition, was 

taken as analog. Oil-A’s available tuning data was for a live oil, and the initial model 

was tuned and matched for the experimental data to generate the data for the dead 

oil fraction of Oil-A. Later, these data were used along with the slim tube MMP data 

to tune the EOS. As the most reliable parameter measured was MMP, it was used for 

the basis of tuning.  
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5.3 Numerical Modeling Via Eclipse300 

In this study, the compositional simulation is employed via Eclipse300 for numerical 

simulation. In E300, the miscibility condition is defined in a manner that differs from 

Eclipse100, which is employed for black oil simulations. The miscibility model 

utilized in this simulator adheres to the approach proposed by Coats (1980). 

In the model, the simulation of fluid flow is based on Darcy's law, incorporating 

gravity, viscous, and capillary forces. The relative permeability and capillary 

pressure are dependent on saturation levels and interfacial tension. The PR EOS is 

used to calculate the gas and oil phase densities, as well as fugacities, also referred 

to as K-values. As discussed, the interfacial tension is determined through the 

utilization of the Macleod and Sugden approach. 

In the current eclipse runs, a fully implicit solution is employed to address the 

material balance equations and the requisite Newtonian iterations to attain a 

negligible residual value on the equations R(x)=0. Details concerning the specific 

calculative steps of E300 can be found in the technical description, and the current 

chapter will prioritize the construction of the eclipse model and the miscibility 

condition in E300. 

5.3.1 Eclipse Workflow 

The study utilizes a slim tube model characterized by one-dimensional flow behavior 

and varying grid resolutions over a fixed total length. A simplified overview of the 

simulation data deck and the general workflow is given in Figure 5.12. 
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Figure 5.12: Simplified workflow of the slim tube simulation 

Each grid cell features a cross-sectional flow area of 1 cm², with square geometries 

measuring 1 cm × 1 cm. The total length of the slim tube is set to 18 meters, 

consistent with the experimental setup. Porosity is assigned to be 50%, and 

permeability is set at 629 millidarcies, in accordance with experimental 

measurements. Given the use of unconsolidated sand in the slim tube and the 

relatively small cross-sectional area, permeability is assumed to be isotropic in all 

spatial directions (i, j, k). 

Relative permeability is modeled using Petrel’s predefined “Sand” setting, wherein 

the default property values are utilized. Corey correlations are employed to represent 

relative permeability curves as a function of varying gas saturation.  The saturation 
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curves are given in Figure 5.13. The data used to generate the relative permeability 

curves are listed in : 

Table 5.24: Parameters used in Corey relative permeability preset 

Ὓ πȢπυ Ὓ πȢπυ Ὓ πȢπυ 

Ὃὥί ὅέὩὪὪȢ φ Ὓ πȢπυ Ὓ πȢπυ 

Ὧ ͽὛ πȢω ὕȾὡ ὅέὲίὸὥὲὸπȢπυ ὡὥὸὩὶ ὅέὩὪὪȢ τ 

Ὧ ͽὛ πȢψ ὕȾὋ ὅέὲίὸὥὲὸπȢπυ Ὧ ͽὛ πȢψ 

 Ὧ ͽὛ πȢψ Ὧ ͽὛ ρ 

 

Figure 5.13: Relative permeability curves for the slim tube simulation 

Rock compressibility data is calculated using Newman correlation in Petrel, using 

“Unconsolidated Sand” setting since the contents of the slim tube is not well-

consolidated sandstone. Note that when defining the rock compaction functions via 

Newman correlations in Petrel, the user must define the minimum and maximum 

pressures associated with the compaction dataset, and a reference pressure should be 

given. The minimum and maximum pressure values are used to set boundaries for 

the pore volume multiplier data table, and the corresponding reference pressure 

should be a pressure value wherein the generated data is applicable (SLB, 2024). 

The fluid data is exported directy from the initially tuned FluidModeler model to 

keep the slim tube simulation comparable with the MCM approach in FluidModeler. 
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To simulate the experimental process, 1.2PV of injection gas was injected from an 

injector at various pressures, and the recovery corresponding to each pressure stage 

was recorded. The MMP for each case was determined from the changes in the slope 

of the recovery factor vs. pressure curves. 

5.3.2 Evaluation Of Miscibility In E300 

Unlike FluidModeler, where thermodynamic flash calculations are used to obtain the 

zero tie line length, E300 utilizes the surface tension between the oil and gas phases 

to define miscibility. Using the keyword MISCIBLE in the RUNSPEC section, the 

simulator uses Coats’ approach to define the following functions which utilize the 

surface tension to interpolate relative permeability and capillary pressure between 

miscible and immiscible values. 

 ὑ Ὂ ὑz ρ Ὂ ὑz  (5.50) 

 ὑ Ὂ ὑz ρ Ὂ ὑz  (5.51) 

 ὖ Ὂ ὖz  (5.52) 

Note that the immiscible values ὑ , ὑ , and ὖ  are obtained from the 

saturation functions generated by Corey curves (i.e., keyword SGFN). The capillary 

pressure at miscibility is assumed to be zero. 

Miscible relative permeability values, ὑ , ὑ  are taken as straight lines (e.g. 

ὑ Ὓ). The capillary pressure at miscibility is assumed to be zero. 

As can be seen, two interpolation parameters exist, namely Ὂ  and Ὂ. These 

parametes are functions of the surface tension between oil and gas phases. 
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In this study, the interpolation parameter Ὂ is utilized via Coats’ Formula as: 

 Ὂ ÍÉÎρȟ
„

„
  (5.53) 

Note that „is the reference surface tension taken as the average of the field, and N 

is the miscibility exponent controlled by the keyword MISCEXP. If the miscibility 

condition is achieved, the relative permeabilities defined by the equations approach 

the miscible values since the term  reduces to 0 due to miscibility being defined as 

the point of zero surface tension. This approach has been used in this study. 

However, since the miscibility exponent is not known, a sensitivity analysis has been 

performed to evaluate its impact on MMP. For this purpose, the starting point has 

been taken as the default value recommended by the SLB reference manual (n=0.25), 

and the effect of changing this parameter was evaluated. The results are illustrated 

in Figure 5.14. As can be seen, the recovery data remains unaffected when n is 

changed within the range of +/- 60% from the default value. As such, the miscibility 

exponent is taken as the  reference value from the SLB reference manual. 

 

Figure 5.14: Sensitivity analysis of recovered oil vs. the miscibility exponent n
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CHAPTER 6  

6 RESULTS & DISCUSSIONS 

The MMP was experimentally measured via slim tube tests, and FluidModeler was 

used in conjunction with Ahmadi and Johns' algorithm to tune and test the model’s 

match for MMP, representing the experimental results. However, in FluidModeler, 

only three options are available to determine the maximum number of contacts: 50, 

75, and 100 contacts, respectively. As also noted by SLB, increasing the number of 

contacts will increase the accuracy of the Ahmadi and Johns method due to the nature 

of multiple-mixing-cell approaches. To this end, an E300 simulation is also 

constructed, and a novel application of Stalkup’s numerical dispersion approach is 

performed on FluidModeler to extend the results obtained by the software. The 

results and their corresponding analyses is presented in this chapter. 

When evaluating the impact of propane/butane mixtures, two gas compositions have 

been studied. The first composition is selected to test the most common LPG 

composition being distributed in the Turkish market. As such, 30% propane and 70% 

butane have been selected as many of the common distributors share this 

composition. The second composition is selected based on a residual octane analysis 

study performed by Aygaz, wherein the authors have shared various LPG 

compositions. The average composition of their samples has been selected to 

represent a more detailed average LPG composition.  

 



 

 

 

104 

6.1 MMP Measurements Via Slim Tube Tests 

As illustrated by Appendix Figure C-1 to Appendix Figure C-8, the pressure and 

temperature measurements obtained during the slim tube tests reveal no significant 

anomalies over extended periods for the majority of the tests.  

It is evident from the experimental findings that the duration of tests is exceptionally 

long, validating the existing literature on the notoriously time-consuming and labor-

intensive nature of slim tube tests, which serve as the primary reason why researchers 

generally seek to avoid conducting the slim tube test despite it being the current 

industrial standard on MMP measurement. The following hypotheses may be 

proposed to explain this phenomenon. Firstly, as the pressure increases, the impact 

of CO2 stripping on the oil intensifies due to increasing mass transfer, resulting in 

the remaining residue becoming heavier and more viscous. Consequently, as the 

pressure rises, the permeability of the slim tube may be increasingly affected by the 

stripped oil residue, which may clog the pore throats due to its high viscosity. 

Alternatively, localized reductions in the sand pack may exist, which, while may 

allow the flow of toluene and other fluids, may become problematic with the much 

heavier oil. In addition, changes in mineral concentrations within such regions may 

interact with the oil to further cycle the corresponding local blockages.  

A significant anomaly in the test durations is observed in the 215 bar test in the sense 

that this stage took an extremely long time to complete, with the total test time 

exceeding 45,000 minutes of active displacement. The most likely explanation for 

this was found to be early plugging of the pore throats, which was later identified by 

retrieving ruptured o-ring pieces that had flown into the slim tube and created a 

blockage, and the trends on temperature and pressure support this by showing that 

the flow into the slim tube is not sufficient to support a stable flowrate. This is seen 

by closely monitoring the data on a minute-to-minute basis, and the pump pressure, 

flowrate, and system pressures prove this point by periodically changing with regular 

patterns in accordance with the oven’s heating cycles.  
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The recoveries, as well as the corresponding MMP measured via the slim tube is 

given in Table 6.1. Note that MMP is estimated as the transition from the slope 

change, and the MMP was approximated by performing an interpolation that resulted 

with the best correlation in both miscible and immiscible regions, and is included in 

both data series.  

Table 6.1: Recovery data at each slim tube pressure stage 

Pressure Stage (bar-g) 
Recovery from the slim tube 

(%) 

0 0 

83.13 35.35273 

125.151 52.60625 

164.11 70.21188 

201.31 86.05695 

204 (Interpolated MMP) 86.40907 

230.116 89.93019 

214.07 86.58983 

0 0 

82.96 36.65555 

124.9 50.49357 

200.594 86.12738 

212.426 88.41611 

230.116 89.93019 

 

The data on Table 6.1 may thereafter be plotted to visualize the MMP as shown in 

Figure 6.1. 

 



 

 

 

 

 

Figure 6.1:Recoveries obtained from the slim tube with respect to the corresponding pressure stages

y = 0.4293x - 0.3079
R² = 0.9998

y = 0.1232x + 61.161
R² = 0.8313

y = 0.425x - 0.0811
R² = 0.9975

y = 0.1254x + 61.268
R² = 0.9475

0

10

20

30

40

50

60

70

80

90

100

0 50 100 150 200 250

R
e

c
o

ve
ry

 (
%

)

Pressure Stage (bar)

Immiscible Region

Miscible Region

Repeat-Immiscible

Repeat-Miscible

Estimated MMP

Linear (Immiscible Region)

Linear (Miscible Region)

Linear (Repeat-Immiscible)

Linear (Repeat-Miscible)

1
0
6
 



 

 

 

107 

The expected behavior for the recovery behavior is to observe a linearly increasing 

trend with respect to pressure up to MMP, thereafter sharply changing into a different 

linear trend with a significantly lower overall slope. This trend is clearly seen in the 

immiscible region, with a correlation coefficient R² = 0.9998, which is almost a 

perfect correlation. A similarly excellent accuracy is also visible in the miscible 

region, which features a lower yet still acceptable correlation coefficient of R² = 

0.9051. The decrease in the correlation is seen to be caused primarily by the 215-bar 

test. The main reason for this minimal outlier behavior is primarily attributed to the 

significant alteration of permeability due to the initial blockage at the beginning of 

the slim tube, which theoretically could alter the pressure distribution in the slim tube 

during the heating cycles. A second potential reason could be the measurement and 

reading errors during the assessment of the recoveries; however, the impact of these 

factors is estimated to be much less significant as the recovery amounts have been 

measured using the same graduated cylinder using the same procedure, indicating 

that any error with this specific measurement would also be present in all test stages 

to the same degree, eliminating the overall impact on the behavior of the trend.  

6.2 Evaluation Of The FluidModeler Tuning For Jaubert Et Al.’s Dataset 

Based on the available 3 constant composition expansion (CCE), 1 differential 

liberation (DL), 3 bubble point tests (PSAT), and 1 slim tube test are given in the 

original article by Jaubert et al. (1998) a compositional model was generated, and no 

lumping was performed to isolate the impact of tuning. 

Table 6.2: Tuning amounts and orders for Jaubert et al's dataset 

Tuning 

Order 
Component Property Before After Change 

1 c20+ Omega A 0.45724 0.4801 5.00% 

2 c20+ Omega B 0.0778 0.07581 2.55% 

3 c20+ 
Volume 

translation 
0.48085 0.43277 10.00% 

4 c20+ 
Volume 

translation (T) 
-0.00014 -0.00015 9.82% 
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For the tuning amounts seen in Table 6.2, notable improvements were observed in 

how well the model matched the experiments. In terms of the bubble point matches, 

the largest difference was encountered at 103.3oC with a difference of 4.39% in the 

bubble point values. 

Table 6.3: Impact of tuning on the bubble point masurements 

Stage Temperature (oC) 
Observed (O) 

(bar) 

Tuned (T) 

(bar) 

% Difference (D) 

|(O-T)/O| 

1 121.1 275 269.98 1.83 

2 103.3 270 258.15 4.39 

3 87.8 256.4 246.39 3.9 

 

 

Figure 6.2: Untuned (inner) and tuned (outer) phase envelope with the 

experimental bubble point data 

As can be seen from the phase envelope given in Figure 6.2, tuning process has 

greatly improved how the fluid behavior matches the experimental results. A similar 
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improvement is visible in both CCE and DL results given in Figure 6.3 to Figure 6.7. 

In CCE matches, the error was less than 1% for most of the data points, and the error 

in all of the matches were less than 5%. To evaluate MMP with the slim tube data 

given in Jaubert et al’s study, the largest number of contacts of 100 contacts is 

selected in FluidModeler, and Ahmadi and Johns method is used. The MMP 

calculation results are provided in Table 6.4. The resulting error in multiple-contact 

miscibility MMP, which is consistent with the mechanisms seen in slim tube tests, 

is obtained as 337.96 bars, which is consistent with the 327 +/- 10 bars of slim tube 

results presented in Jaubert et al.’s measurements.  

Table 6.4: MMP results after the tuning 

MMP Pressure 

(Bar) 

Drive 

type 

Liquid 

viscosity 

(cP) 

Gas 

viscosity 

(cP) 

Liquid 

density 

(g/cc) 

Gas 

density 

(g/cc) First Contact 

Miscibility 

579.228   0.125 0.062 0.552 0.431 

Multi-Contact 

Miscibility 

337.960 VC 0.104 0.047 0.535 0.375 

 

 

Figure 6.3: CCE match at 121.1 oC 
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Figure 6.4: CCE match at 103.3 oC 

 

Figure 6.5: CCE match at 87.8C 
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Figure 6.6: Z-factor match from the DL results 

 

Figure 6.7: Liquid density match from DL results 
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To check for the presence of excessive tuning and regression errors, the ternary 

diagram of the Oil-Gas system has also been used, and the tuned parameters were 

changed if there were any significant discontinuities or irregularities. For the ternary 

diagram, 103.3oC and 300bars were selected so as to remain at a tested temperature 

while also being near the MMP. 

 

Figure 6.8: Ternary diagram of the tuned oil at 103.3 oC, 300bars 

As can be seen from Figure 6.8, the oil cannot be directly miscible at the current 

pressure of 300 bars at first contact as the two phase envelope resides between the 

oil and the injection gas. Concluding that the model is tuned to an acceptable match, 

it was used to perform a sensitivity analysis on the uncertainties in the reservoir oil 

composition. Figure 6.9 and Figure 6.10 show that while changing the injection gases 

will change the impact of fractions on MMP, for CO2-MMP, the most influential 

fraction is the fraction of intermediate components. This finding is consistent with 

the literature, and supports that the tuning is acceptable with logical results. 
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Figure 6.9: Sensitivity of the multi-contact MMP of the injection fluid-oil system to 

C1, C2-C6, C7-C9 fractions in the injection stream 

 

Figure 6.10: Sensitivity of the multi-contact MMP of the CO2-oil system to C1, C2-

C6, C7-C9 fractions in the oil 
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6.3 Evaluation of FluidModeler Lumping And Tuning Of The Thesis Oil 

Based on the lumping scheme mentioned in Chapter 5.2.9, the impact of lumping 

and tuning were evaluated. As shown in Figure 6.11, lumping itself had little impact 

on the phase envelope, and only negligible impact on the temperature of MMP 

measurements 78oC. 

 

Figure 6.11: Lumped (inner) and unlumped (outer) phase envelopes 

For the tuning, the available slim tube MMP, bubble point, oil formation volume 

factor (FVF), liquid compressibility factor (Z-factor), and CCE data has been 

matched. Figure 6.12 to Figure 6.15 illustrate the matches of the model with the 

experimental data. For the oil formation volume factor, bubble point, and CCE data, 

it is seen that a reasonable match is obtained. While the liquid compressibility match 

has an average deviation around 11%, with the maximum deviation of 20% at a data 

point basis, this outcome was accepted as the target data was received from the 

analog results from Oil-A. 
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Figure 6.12: Untuned and tuned phase envelopes 

 

Figure 6.13: Oil formation volume factor match of the oil 
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Figure 6.14: Liquid Z-factor match of the oil 

 

Figure 6.15: CCE match of the oil 

For the MMP, the slim tube MMP for the base oil was measured as 204 +/ 7 bars 

with the  average 3% experimental error of the slim tube tests. The MMP at 100 

contacts in Ahmadi and Johns method was 206.89 bars, indicating that the MMP also 

showed an acceptable match. 
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6.3.1 Effect Of Changing Oil Compositions For The Thesis Oil 

The effects of LPG fractions in the initial oil composition have been investigated for 

the thesis oil, and the reservoir oil have been combined with various fractions of LPG 

on a mole percent basis, and 30% C3 – 70% C4 has been selected as the definition 

of LPG for this case. The results are given in Figure 6.16, and it may be observed 

that increasing LPG concentration in the oil significantly impacts the behavior of the 

two phase region. 

 

Figure 6.16: Effect of increasing LPG component concentration in the initial oil 

composition  
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In addition, the effect of individual C3 and and C4 components have been 

investigated, and the corresponding findings are given in Figure 6.17-Figure 6.19. 

 

Figure 6.17: Effect of increasing C3 concentration in the oil 

 

Figure 6.18: Effect of increasing C4 concentration in the oil 
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Figure 6.19: Comparison of C3, C4, and LPG on the phase envelope of the 

recombined oil 

The results show that combining the oil with various fractions of C3, C4, and LPG 

(30% C3 and 70% C4 in all cases) significantly impacts the oil's phase behavior, and 

increasing the fractions of C3, C4, or LPG significantly affects the two-phase region. 

Figure 6.19 illustrates that C3 has the largest comparative impact on changes in the 

two-phase region, followed by LPG and C4, respectively. These findings are found 

to be logical since LPG is defined as 30% C3 and 70% C4.  A significant note is that 

while the behavior of the two-phase region is important to understand the behavior 

of the oil, it is not the only factor that affects the minimum miscibility pressure 

(MMP), and more detailed approaches are needed to understand the MMP between 

oil and injection gases. 
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6.4 Evaluation Of The Measured MMP Using Ahmadi & Johns (2011) 

Algorithm 

Ahmadi and Johns algorithm was used to thermodynamically evaluate the impact of 

MMP reduction via enriching the injection gas with propane/butane mixtures. For 

this purpose, a two-step approach has been implemented as (1) using the available 

options and extrapolation to check the optimal approach to determine the ideal 

number of contacts and (2) injecting various gas compositions to evaluate their 

impact on the MMP. 

FluidModeler software allows for 50, 75, and 100 contacts to be performed for 

Ahmadi and Johns algorithm to obtain the MMP. However, as can be seen in the 

original study of Ahmadi and Johns, increasing or decreasing the contact numbers 

will affect the visibility of the crossover tie line, indicating that increasing contact 

number will typically result with increasing accuracy. This is also verified by SLB 

as the software highlights increasing number of contacts yield increased accuracy at 

the cost of computation time.  

To this end, considering the method uses a multiple parameter regression to equation 

(6.1), this study implemented Stalkup’s method to estimate the MMP at infinite 

number of contacts. The results are listed in Table 6.5 and Table 6.6. As can be seen, 

the extrapolation approach has decreased the deviation from the measured MMP 

both in the reference study and the current oil. Therefore, this methodology is used 

to obtain the MMP from FluidModeler. 

 
Ὕὒ ὥὖ ὦ 

 

(6.1) 
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Table 6.5: Application of Stalkup's method to extrapolate infinite number of 

contacts at infinite number of contacts for Jaubert et al.’s study 

No# of 

contacts  

Simulated results for 

Jaubert et al.  study (bar) 

Error From Measured 

Value 

50 352.09 7.67 % 

75 344.20 5.26 % 

100 337.96 3.35 % 

Infinite 324.81 -0.67 % 

Measured 

Value 
327 bars 

 

Table 6.6:Application of Stalkup's method to extrapolate infinite number of 

contacts at infinite number of contacts for the oil in this study 

No# of 

contacts  

Simulated results for the 

oil used in this study (bar) 

Error From Measured 

Value 

50 208.96 2.43% 

75 206.7 1.32% 

100 206.89 1.42% 

Infinite 204.254 0.12% 

Measured 

Value 
204 bars 

 

6.5 Evaluation Of The Measured MMP Using Slim Tube Simulation 

The slim tube simulation has been used to verify the results of both the reference 

study, and the current measurements. To this, end, simulations at various pressures 

have been performed with 100, 300, and 600 grids, and Stalkup’s approach have 

been implemented to eliminate the effect of numerical dispersion. Table 6.7 and 

Table 6.8 show the results obtained from the slim tube simulations for 100, 300, and 

600 grids, and thereafter the final results obtained from Stalkup’s method to simulate 

infinite grids. Figure 6.20 and Figure 6.21 illustrate the MMP for both the reference 

case and the current oil, respectively. 

As can be seen, for the lighter oil from Jaubert et al.’s study, the slim tube simulation 

has achieved an MMP of 329.46 bars, which offers a deviation of 0.75%. Comparing 
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this evaluation with the data in Table 6.5, it can be seen that while Ahmadi and Johns 

method is also accurate, it features a deviation significantly larger than the slim tube 

simulation unless its step size is extended to infinity. This finding is logical as the 

progression between 50, 75, and 100 contact results show that not all key tie lines 

may not have fully converged within a low enough tolerance, and more steps may 

be needed to achieve the MMP converging to a definite value. However, even with 

100 steps, it is seen that Ahmadi and Johns algorithm shows reliable results, 

indicating that the methodology is valid, and the MCM is reliable. 

In comparison, a key finding of this thesis is that the numerical dispersion effects are 

significantly lower than in Jaubert et al.’s study. This is illustrated by the progression 

of the recovery data in Table 6.7 and Table 6.8. The difference in numerical 

dispersion effects’ scale could be attributed to differences in the oils' composition 

and the number of components in the simulation. For the oil in this study, slim tube 

simulations show that the MMP is 207.65 bar. When we compare this with the slim 

tube measurements, we see a 1.79% difference in MMP compared to the average of 

the original and repeat measurements, which is 204 bars. Given that the average 

measurement error of the slim tube test itself is 3%, it can be concluded that both the 

MCM method and the slim tube simulation are accurate.  
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Figure 6.20: Slim tube simuation results for Jaubert et al.’s study 

  

Figure 6.21: Slim tube simulation for the oil in this study 
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Table 6.7: Recovery data of the slim tube simulation performed to verify the MMP 

from Jaubert et al's study 

Pressure 

Stage 

(bar) 

Recovery Factor 

100 

Grids 

300 

Grids 

600 

Grids 

Infinite 

Grids 

295 0.875 0.907 0.929 0.962 

305 0.907 0.939 0.950 0.982 

315 0.923 0.950 0.959 0.985 

325 0.934 0.957 0.965 0.987 

350 0.949 0.968 0.973 0.991 

400 0.968 0.981 0.985 0.996 

500 0.995 1.000 1.000 1.000 

600 0.998 1.000 1.000 1.000 

700 0.998 1.000 1.000 1.000 

800 0.994 0.999 1.000 1.000 

 

Table 6.8:Slim tube simulation data for the oil in the thesis 

Pressure 100 Grids 300 Grids 600 Grids 
Infinite 

Grids 

160 0.880 0.895 0.902 0.934 

170 0.900 0.917 0.924 0.941 

180 0.916 0.934 0.943 0.961 

190 0.929 0.949 0.958 0.978 

240 0.961 0.979 0.984 1.000 

260 0.965 0.981 0.986 1.000 

280 0.966 0.982 0.987 1.000 

300 0.966 0.982 0.986 1.000 

400 0.952 0.971 0.978 1.000 

6.6 Comparison Of The Multiple-Mixing-Cell And Slim Tube Simulation 

Methods 

In their original method, Ahmadi and Johns address the problem of numerical 

dispersion in slim tube and other flow-based simulation techniques used to determine 

the minimum miscibility pressure (MMP). They introduce the MCM algorithm, 

which uses a variable step size and continues to repeat the process until the results 

converge within a defined tolerance. However, FluidModeler only provides three 
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contact counts: 50, 75, and 100. While Ahmadi and Johns posit that the key tie lines 

tend to manifest within this spectrum, their own research suggests that the crossover 

tie line might necessitate over 100 contacts to reach its full potential. 

For this reason, this study has opted for slim tube simulation results generated by 

Eclipse300 rather than the FluidModeler implementation of the method proposed by 

Ahmadi and Johns. While numerical dispersion in compositional simulations can be 

addressed using established approaches in Eclipse300, FluidModeler does not offer 

a comparable solution. 

This limitation is particularly evident when applying the reference case from Jaubert 

et al., which includes a light crude and a complex injection gas into its oil 

composition. As shown in Table 6.5, the MMP does not converge within the 

available contact steps in FluidModeler. Therefore, although modifying Stalkup’s 

method may appear promising, further results and testing is necessary to find the 

optimal solution for non-converged results for this method, and this study has opted 

for slim tube simulations due to their broader validation and stronger support in the 

literature. 

6.7 Evaluation Of The Effect Of LPG Co-Injection 

This thesis focuses on the evaluation of propane-butane mixtures in the context of 

liquefied petroleum gas (LPG) blends. Using pure components is generally 

impractical for field applications due to the high cost of purification. Achieving 

precise mixing ratios increases costs even more by requiring additional measurement 

and blending processes. Therefore, this study focuses on commercially available 

LPG samples and examines their impact on MMP reduction to enhance applicability 

in real-world operations. 

Although LPG in Türkiye is regulated by standards such as TS 2178, its composition 

can vary between samples. Commercial LPG is usually sold as a mixture of 30% 

propane and 70% butane ( PetGaz, 2020). However, current standardization practices 
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allow for a range of acceptable compositions as long as they remain within defined 

tolerances. To capture this variability, the octane number of Turkish LPG samples 

was used as a reference dataset. Conducted under the collaboration with Aygaz, 

METU, and TÜBİTAK, this project involved compositional analyses performed at 

the METU Petroleum Research Center. The study reports 33 distinct LPG 

compositions analyzed as part of an investigation into adapting engine structures for 

LPG use by evaluating residual octane numbers. These compositions, which reflect 

realistic variability in Turkish LPG, are presented in Table 6.9 of this thesis. Note 

that since the original data contained outlier samples featuring 100% of a single 

component, such data have been excluded. To generate a composition for our 

simulations, the fractions of the given components were lumped based on their 

carbon number and separated into C1, C2, C3, and C4. After averaging, C1 

component was 0 at all samples, C2 was 0.53% with a standard deviation of 0.08%, 

C3 was 23.3% with a standard deviation of 8.37%, C4 was 76.16% with a standard 

deviation of 8.36%. 
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Table 6.9: Sample LPG compositions in Turkish LPG samples (Aygaz, 2025) 

Sample 

No: 

Corresponding Component Percentage (%) 

Propane 
Iso-

Butane 

N-

Butane 
Ethane Propylene 

1-

butene 

Iso-

butene 

T2-

butene 

C2-

butene 

1 22.71 10.86 64.83 0.58 1.00 0.00 0.00 0.00 0.00 

2 22.25 10.64 63.52 0.57 3.00 0.00 0.00 0.00 0.00 

3 21.79 10.42 62.21 0.56 5.00 0.00 0.00 0.00 0.00 

4 20.64 9.87 58.94 0.53 10.00 0.00 0.00 0.00 0.00 

5 19.50 9.33 55.66 0.50 15.00 0.00 0.00 0.00 0.00 

6 22.71 10.86 64.83 0.58 0.00 1.00 0.00 0.00 0.00 

7 22.25 10.64 63.52 0.57 0.00 3.00 0.00 0.00 0.00 

8 21.79 10.42 62.21 0.56 0.00 5.00 0.00 0.00 0.00 

9 20.64 9.87 58.94 0.53 0.00 10.00 0.00 0.00 0.00 

10 19.50 9.33 55.66 0.50 0.00 15.00 0.00 0.00 0.00 

11 22.71 10.86 64.83 0.58 0.00 0.00 1.00 0.00 0.00 

12 22.25 10.64 63.52 0.57 0.00 0.00 3.00 0.00 0.00 

13 21.79 10.42 62.21 0.56 0.00 0.00 5.00 0.00 0.00 

14 20.64 9.87 58.94 0.53 0.00 0.00 10.00 0.00 0.00 

15 19.50 9.33 55.66 0.50 0.00 0.00 15.00 0.00 0.00 

16 22.71 10.86 64.83 0.58 0.00 0.00 0.00 1.00 0.00 

17 22.25 10.64 63.52 0.57 0.00 0.00 0.00 3.00 0.00 

18 21.79 10.42 62.21 0.56 0.00 0.00 0.00 5.00 0.00 

19 20.64 9.87 58.94 0.53 0.00 0.00 0.00 10.00 0.00 

20 19.50 9.33 55.66 0.50 0.00 0.00 0.00 15.00 0.00 

21 22.71 10.86 64.83 0.58 0.00 0.00 0.00 0.00 1.00 

22 22.25 10.64 63.52 0.57 0.00 0.00 0.00 0.00 3.00 

23 21.79 10.42 62.21 0.56 0.00 0.00 0.00 0.00 5.00 

24 20.64 9.87 58.94 0.53 0.00 0.00 0.00 0.00 10.00 

25 19.50 9.33 55.66 0.50 0.00 0.00 0.00 0.00 15.00 

26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.00 

27 11.47 5.49 32.74 0.29 50.00 0.00 0.00 0.00 0.00 

28 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 

29 11.47 5.49 32.74 0.29 0.00 50.00 0.00 0.00 0.00 

30 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 

31 11.47 5.49 32.74 0.29 0.00 0.00 50.00 0.00 0.00 

32 0.00 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 

33 22.94 10.97 65.49 0.59 0.00 0.00 0.00 0.01 0.00 
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6.7.1 Evaluation Of The Effect Of 30% C3 and 70% C4 On MMP 

In the first simulation case, the generic LPG definition given by the commercial 

suppliers have been simulated. To this end, the LPG is defined as 30% C3 and 70% 

C4. Some example slim tube simulation results are provided in Figure 6.22 - Figure 

6.26. The MMP obtained by slim tube simulations at each injection level is listed in 

Table 6.10. 

 

Figure 6.22: Example slim tube simuation results for 85% LPG & 15% CO2 case 

 

Figure 6.23: Example slim tube simuation results for 75% LPG & 25% CO2 case 
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Figure 6.24: Example slim tube simuation results for 55% LPG & 45% CO2 case 

 

Figure 6.25: Example slim tube simuation results for 35% LPG & 65% CO2 case 

 

Figure 6.26: Example slim tube simuation results for 10% LPG & 90% CO2 case 
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Table 6.10: Compositional simulation results on MMP with changing injection 

concentrations 

LPG  Conc. 

(%) 
MMP (bar) 

0 204.00 

5 176.90 

10 141.43 

15 111.21 

20 91.70 

25 80.49 

30 72.77 

35 70.16 

40 55.89 

45 50.89 

50 49.90 

55 49.94 

60 43.95 

65 40.62 

70 34.63 

75 31.47 

80 26.91 

85 25.18 

90 23.43 

95 20.00 

100 15.46 

 

 

Figure 6.27: Effect of 30% C3 and 70% C4  LPG addition to injection stream on 

MMP 
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6.7.2 Evaluation Of Variations In LPG composition In Türkiye 

As mentioned previously, while the general description of a LPG sample features a 

blend of 30% propane and 70% butane, specific compositions of LPG may show 

some variability within the limitations of TS EN 2178. As such, this study has also 

taken a project performed by METU, Aygaz, And TUBITAK as reference to evaluate 

how the variability in composition may affect the results. For this purpose, 33 

compositions shared by Aygaz have been used, and their average composition was 

selected as the composition for simulation. Note that as the dataset contained 

compositions only featuring a single carbon number (SCN) component such as 100% 

butane, such outliers were excluded from the calculations. Based on the available 

data, the remaining data was averaged resulting average composition is shown in 

Table 6.11. Example simulation results are shown in Figure 6.28-Figure 6.30.  

Table 6.11: Effect of the average LPG composition on MMP with changing injection 

concentrations 

Concentration 

(%) 

MMP  (bar) 

0.52% C2, 23.3 % C3, 

76.16% C4 

30% C3 70% 

C4 

0.00 204.00 204.00 

5.00 176.57 176.90 

10.00 138.15 141.43 

15.00 99.62 111.21 

20.00 86.65 91.70 

25.00 81.53 80.49 

30.00 70.41 72.77 

35.00 67.14 70.16 

40.00 60.60 55.89 

45.00 53.92 50.89 

50.00 49.75 49.90 

55.00 45.06 49.94 

60.00 45.02 43.95 

65.00 38.31 40.62 

70.00 34.02 34.63 

75.00 30.69 31.47 

80.00 25.67 26.91 

85.00 24.60 25.18 

90.00 20.45 23.43 

95.00 18.94 20.00 

100.00 14.00 15.46 
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Figure 6.28: Example slim tube simuation results for 15% LPG & 85% CO2 case 

 

Figure 6.29: Example slim tube simuation results for 45% LPG & 55% CO2 case 

 

Figure 6.30: Example slim tube simuation results for 70% LPG & 30% CO2 case 
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Figure 6.31: Comparison of two different LPG compositions and their effects on 

the MMP 

As expected, since the overall trend of the composition shows significant similarity 

to that of the 30% propane and 70% butane, the results show near-identical values. 

Moreover, it is clearly seen that up to 15% is the optimal LPG co-injection limit as 
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butane, which shows significant similarity to the simulated compositions in this 

thesis. The authors also used PR EOS and modeled the fluid based on laboratory 

measurements via WinProp and CMG. They used Ahmadi and Johns methodology 

to calculate the MMP. The Weyburn oil composition also shows some similarity to 

the oil composition in this thesis but differs in that it contains significant amounts of 

light fractions. Table 6.12 shows a comparison of the  oil samples' compositions. 
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diminishing returns after the 10% data point. Although the authors did not explicitly 

test for 15%, Figure 6.33 shows that the two studies show significant similarities 

within identical LPG fractions in the tested data points. 

 

Figure 6.32: Effect of LPG concentration at and temperature on MMP (Jeong & 

Lee 2016) 

 

Figure 6.33: Comparison of MMP with respect to changing LPG percentage in the 

injection stream 
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Table 6.12: Compositions of the compared oil samples 

Component 

Percentage (%) 
This Study Jeong and Lee (2016) 

N2 0.00 0.96 

CO2 0.00 0.58 

H2S 0.00 0.30 

C1 0.00 4.49 

C2 0.00 2.99 

C3 0.00 4.75 

IC4 0.46 0.81 

NC4 0.31 1.92 

IC5 1.36 1.27 

NC5 1.02 2.19 

C6-C9 28.64 25.73 

C10-C17 42.41 26.98 

C18-C27 16.25 13.28 

C28+ 9.55 13.75 

Total 100.00 100.00 

 

Table 6.13: MMP and corresponding MMP reduction with changing LPG 

concentrations 

Injection 

Fluid 

Thesis Oil 
Jeong and Lee 

(2016) 

MMP 
Reduction 

(%) 
MMP 

Reduction 

(%) 

CO2 204.00 0.00 189.00 0.00 

10% 

LPG 141.43 30.67 132.00 30.16 

20% 

LPG 111.21 45.49 94.00 50.26 
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CHAPTER 7  

7 CONCLUSIONS AND RECOMMENDATIONS 

This study presents an analysis of how LPG compositions found in Türkiye may 

affect the minimum miscibility pressure (MMP) when LPG is co-injected with CO₂ 

into a dead oil sample. A breadth of experimental methods were used to prepare and 

characterize the oil mixture. These methods included gas chromatography, 

measurements of gas porosity and liquid permeability in various settings, as well as 

viscosity measurements using viscometers and sandpacks. The core of the 

experimental work involved slim tube experiments to determine the MMP for CO₂ 

injection. The experimental findigns were used to verify the numerical models, 

which were later utilized to extend the initial findings. 

According to the literature, compositional slim tube simulations yield more accurate 

MMP predictions than analytical methods when the equation of state (EOS) is 

properly tuned. Thus, this study complements the experimental work with numerical 

simulations using software such as FluidModeler, Petrel, and Eclipse300. Both 

multiple-cell-mixing (MCM) methods and compositional slim tube simulations were 

employed, and a comparative analysis was conducted. 

To assess the viability of the Ahmadi and Johns method and verify the EOS tuning 

process, a reference dataset from Jaubert et al. was used to construct a control study. 

MMP values were calculated using the Ahmadi and Johns method with 50, 75, and 

100 contacts, respectively. FluidModeler's multiple-cell-mixing MMP estimates 

using 100 contacts, 337.96 bar for Jaubert et al.'s dataset and 206.89 for the oil used 

in this thesis, showed a good match with their corresponding slim tube values of 327 

+/- 10 bars from Jaubert et al.'s study and 204 +/- 7 bars from the slim tube 

experiments in this thesis. The results indicated that while Ahmadi and Johns method 

was reliable, our limited contact size of 100 could be influencing the value of MMP. 
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To address this issue, an adapted version of Stalkup’s extrapolation method was 

proposed. While the initial findings from this method suggested that better 

convergence could be achieved with an extrapolated infinite number of contacts, this 

approach was not selected as more data is needed to investigate the extrapolation 

approach’s validity. This finding aligns with previous literature, suggesting that 

further experimental work is needed to develop an optimal extrapolation approach 

under constrained contact conditions. 

After validating the tuning process was completed and the multi-contact MMP 

values of both oils were obtained in FluidModeler via Ahmadi and Johns algorithm, 

two compositional slim tube simulations were developed: one for the reference oil 

(literature oil based on Jaubert et al.’s study) and one for the dead oil sample used in 

this study. For both oils, the CO2-MMP estimates, 329.49 bars for Jaubert et al.’s 

dataset and 207.65 bars for the oil used in this study, were consistent between the 

compositional simulations and multiple-cell-mixing MMPs from FluidModeler, and 

both cases showed acceptable MMP estimates close to their corresponding slim tube 

values. To this end, Eclipse300 simulations were run for two Turkish LPG 

compositions to investigate how LPG concentration in the injection stream affects 

MMP. The results showed that co-injecting up to 17% LPG with CO₂ could reduce 

MMP by nearly 50%. However, increasing the LPG fraction beyond 17% yielded 

diminishing returns. Based on these findings, 17 mole % of LPG co-injection was 

determined to be a preliminary optimal limit for paraffinic Turkish oils with similar 

compositions based on the amount of MMP reduction achievable per unit of injected 

LPG. 

Future research in this area may focus on the influence of slim tube characteristics, 

such as the mineralogy, porosity, and permeability of the packing material, on MMP 

measurements. Currently, there is a lack of comprehensive standardization of slim 

tube experiments in the literature. While the results are generally considered reliable, 

the effects of specific variations in experimental setups are not well understood. To 

overcome this, future studies may focus on the characterization of the effect of 

individual slim tube parameters, such as the mineralogy or grain size distribution of 
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the packing material, heterogeneities within the slim tube sand, or maximum and 

minimum diameter limits that may be utilized without impacting the MMP. As 

investigating such parameters necessitate performing multiple sets of work-intensive 

slim tube tests, such a study would be beneficial to the literature to establish a base 

guideline to standardize the slim tube tests. 

To extend the applicability of this study to Turkish reservoirs, future work could 

involve acquiring oil and gas samples from active Turkish fields to develop more 

representative compositional models. While determining the MMP is a useful first 

step in evaluating LPG co-injection in miscible displacement, further research could 

examine how LPG behaves within the CO₂ stream. In particular, studies could 

examine whether LPG segregates or concentrates in certain regions under reservoir 

conditions, especially in complex settings, such as fractured formations. Moreover, 

2D and 3D simulation models may be implemented to examine how displacement 

efficiencies are affected by the LPG co-injection. 

Based on this thesis's findings, a co-injection ratio of 17 mol% LPG using 

compositions available from Turkish suppliers is proposed as a preliminary optimum 

for paraffinic oils with a similar API range in Turkish reservoirs. While increasing 

LPG content in the injection stream decreases the MMP with increasing 

concentration, the unit MMP reduction per unit of injected LPG remains the highest 

between 0-17%. Further research could expand on these results by testing different 

reservoir models and exploring how parameters such as oil composition, rock 

properties (e.g., porosity, permeability, heterogeneity), and injection conditions (e.g., 

temperature, composition, rate, and pressure) influence miscibility under realistic 

field scenarios.  
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APPENDICES 
 

A. Slim Tube Porosity Measurements 

 

Appendix Figure A-1: Pore Volume Measurements from the 46.6 Bar-g 

 

Appendix Figure A-2: Pore Volume Measurement for 46.3 Bar Test 
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Appendix Figure A-3: Pore Volume Measurement for 33.3 Bar Test 

 

Appendix Figure A-4: Pore Volume Measurement for 23.6 Bar Test 
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Appendix Figure A-5: Pore Volume Measurements from the 15.8 Bar-g 
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B. GCMS Results for C1-C10 Of The Oil 

Appendix Table B-1: Summary of GCMS results on C1-C10 

Pea

k # 

Retention 

Time (min) 

Starting Time 

(min) 

End Time 

(min) 

Area 

% 

height 

% 
Name 

1 3.974 3.945 4.01 0.14 0.28 Isobutane 

2 4.319 4.28 4.37 0.51 0.93 Butane (CAS) 

3 5.424 5.37 5.475 1.19 1.68 Butane, 2-methyl- 

4 5.948 5.89 6 1.62 2.34 Pentane (CAS) 

5 7.7 7.645 7.76 1.65 1.95 Pentane, 2-methyl- (CAS) 

6 8.156 8.09 8.22 1.11 1.31 Pentane, 3-methyl- 

7 8.628 8.57 8.68 3.61 4.78 n-Hexane 

8 9.544 9.495 9.595 0.15 0.17 Pentane, 2,4-dimethyl- 

9 9.794 9.74 9.855 0.68 0.82 Cyclopentane, methyl 

10 10.862 10.8 10.935 1.42 1.58 Hexane, 2-methyl- (CAS) 

11 11.093 11.005 11.17 1.1 0.79 Cyclohexane 

12 11.239 11.18 11.31 1.64 1.74 Hexane, 3-methyl- 

13 11.804 11.75 11.85 0.26 0.28 Cyclopentane, 1,3-dimethyl- 

14 11.919 11.855 12 0.61 0.55 Benzene (CAS) 

15 12.065 12 12.11 0.49 0.47 
Cyclopentane, 1,2-dimethyl-, 

trans- 

16 12.171 12.11 12.245 4.53 4.82 Heptane (CAS) 

17 13.568 13.48 13.63 0.42 0.34 Hexane, 2,5-dimethyl- 

18 13.747 13.63 13.85 2.18 1.73 Cyclohexane, methyl- 

19 14.194 14.14 14.265 0.28 0.26 Cyclopentane, ethyl- 

20 14.336 14.275 14.4 0.21 0.19 
Cyclopentane, 1,2,4-

trimethyl-, (1α,2α,4β) 

21 14.718 14.655 14.785 0.32 0.28 1,2,3-Trimethylcyclopentane 

22 15.071 15.005 15.125 0.26 0.22 Hexane, 2,3-dimethyl- 

23 15.192 15.12 15.26 2.26 1.97 Heptane, 2-methyl- (CAS) 

24 15.304 15.26 15.38 0.65 0.57 Heptane, 4-methyl- 

25 15.609 15.505 15.695 1.89 1.35 Heptane, 3-methyl- 

26 16.326 16.245 16.395 0.83 0.51 
Cyclohexane, 1,3-dimethyl-, 

cis- 

27 17.395 17.33 17.44 0.55 0.54 
Cyclohexane, 1,2-dimethyl-, 

trans- 

28 17.669 17.575 17.735 0.77 0.65 
Cyclohexane, 1,3-dimethyl-, 

trans- 

29 17.851 17.78 17.895 0.2 0.22 Heptane, 2,4-dimethyl- 

30 17.941 17.9 18 0.41 0.41 
Cyclopentane, (1-

methylethyl)- 

31 18.103 18.015 18.175 1.07 1.02 Octane, 2-methyl- 

32 18.45 18.425 18.52 0.63 0.63 Heptane, 2,5-dimethyl- 

33 18.758 18.69 18.82 1.9 1.78 Cyclopentane, propyl- (CAS) 

34 18.979 18.905 19.045 1.88 1.91 Cyclohexane, ethyl- 

35 19.111 19.055 19.2 0.98 0.85 
Cyclohexane, 1,1,3-

trimethyl- 

36 19.472 19.39 19.545 0.74 0.67 Octane, 4,5-diethyl- 
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Appendix Table B-2: Summary of GCMS results on C1-C10 (cont.d) 

Pea

k # 

Retention Time 

(min) 

Starting Time 

(min) 

End Time 

(min) 

Area 

% 

height 

% 
Name 

37 19.699 19.64 19.77 1.64 1.73 Octane, 2-methyl- 

38 20.054 19.97 20.115 1.75 1.74 Octane, 3-methyl- (CAS) 

39 21.089 21.005 21.14 1.13 1.03 Ethylbenzene 

40 21.204 21.145 21.26 5.17 5.79 Nonane (CAS) 

41 21.433 21.38 21.51 1.07 1.08 
Benzene, 1,2-dimethyl- 

(CAS) 

42 22.254 22.18 22.315 0.47 0.41 
1-Decanol, 2-ethyl- 

(CAS) 

43 22.655 22.57 22.735 1.57 1.41 Octane, 2,6-dimethyl- 

44 23.111 23.035 23.19 1.21 0.96 2-Ethylhexanol  

45 23.736 23.695 23.775 0.85 0.92 
Pentane, 2,2,3,3-

tetramethyl- (CAS) 

46 23.816 23.775 23.88 0.92 1.03 Nonane, 2-methyl- (CAS) 

47 24.125 24.065 24.19 0.93 1 Nonane, 3-methyl- 

48 24.487 24.435 24.54 0.3 0.3 
1,1,2,3-

Tetramethylcyclohexane 

49 25.166 25.095 25.245 5.94 6.04 Decane (CAS) 

50 26.028 25.965 26.09 1.29 1.35 
Heptane, 5-ethyl-2-

methyl- (CAS) 

51 26.534 26.46 26.6 0.87 0.73 Benzene, 1,2,4-trimethyl 

52 26.693 26.64 26.75 0.37 0.35 Nonane, 3,7-dimethyl- 

53 27.245 27.185 27.305 0.86 0.86 Nonane, 2,5-dimethyl- 

54 27.363 27.305 27.42 0.73 0.68 Decane, 4-methyl- 

55 27.468 27.42 27.54 0.83 0.91 Decane, 2-methyl- 

56 27.747 27.68 27.805 0.87 0.81 Decane, 3-methyl- 

57 28.372 28.315 28.435 0.31 0.28 
Benzene, 1-methyl-3-

propyl- 

58 28.674 28.605 28.745 4.99 5.58 Undecane (CAS) 

59 30.983 30.92 31.06 0.95 0.81 Undecane, 3-methyl- 

60 31.815 31.74 31.885 5.06 5.27 Dodecane (CAS) 

61 32.239 32.18 32.29 0.76 0.91 Undecane, 2,6-dimethyl- 

62 33.669 33.625 33.745 0.79 0.85 Dodecane, 2-methyl- 

63 33.919 33.84 33.985 1.45 1.39 
Dodecane, 2,7,10-

trimethyl- (CAS) 

64 34.668 34.58 34.745 5.74 5.32 Tridecane (CAS) 

65 36.314 36.24 36.37 0.42 0.44 2,3-Dimethyldodecane 

66 36.44 36.39 36.49 0.44 0.52 Tridecane, 2-methyl- 

67 36.695 36.6 36.76 0.81 0.65 2-Bromo dodecane 

68 36.879 36.81 36.935 0.87 0.83 
Hexadecane, 2,6,10,14-

tetramethyl- 

69 37.308 37.205 37.415 1.52 0.8 Tetradecane 

70 37.496 37.425 37.56 3.77 3.8 Pentadecane (CAS) 

71 38.072 37.985 38.165 1.9 1.14 Hexadecane 

72 38.815 38.735 38.9 2.29 1.65 Heptadecane 
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C. Slim Tube Experiment Data 

 

Appendix Figure C-1: Pressure and Temperature measurements during the 80-bar 

test stage 

 

Appendix Figure C-2: Pressure and Temperature measurements during the 120-bar 

test stage 
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Appendix Figure C-3: Pressure and Temperature measurements during the 160-bar 

test stage 

 

Appendix Figure C-4: Pressure and Temperature measurements during the 200-bar 

test stage 
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Appendix Figure C-5: Pressure and Temperature measurements during the 215-bar 

test stage 

 

Appendix Figure C-6: Pressure and Temperature measurements during the 230-bar 

test stage 
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Appendix Figure C-7: Pressure and Temperature measurements during the repeat 

test of 83-bar test stage 

 

Appendix Figure C-8: Pressure and Temperature measurements during the repeat 

test of 215-bar test stage 
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D. Slim Tube Permeability Measurements 

Appendix Table D-1: Slim Tube Permeability Measurements 

Pump pressure Stage Inlet Pressure (barg) Outlet Pressure (barg) Temperature (oC) Flowrate (cc/s) Measured Permeability (mD) 

7
5
0
 p

si
 

47.5 -0.2 15.57 0.0083 626.01 

47.5 -0.2 15.57 0.0083 626.01 
47.6 -0.2 15.57 0.0083 624.70 
47.6 -0.2 15.57 0.0083 624.70 
47.6 -0.2 15.52 0.0083 625.02 
47.7 -0.2 15.57 0.0084 629.63 
47.7 -0.2 15.52 0.0083 623.72 
47.7 -0.2 15.57 0.0083 623.40 
47.8 -0.2 15.52 0.0083 622.42 
47.7 -0.2 15.57 0.0084 629.63 

1
0
0
0
 p

si
 

66.1 -0.2 13.74 0.0113 621.69 
66.1 -0.2 13.54 0.0113 622.94 
66.3 -0.2 13.39 0.0113 622.01 
66.3 -0.2 13.39 0.0113 622.01 
66.3 -0.2 13.44 0.0113 621.69 
66.3 -0.2 13.39 0.0113 622.01 
66.3 -0.2 13.34 0.0113 622.32 
66.3 -0.2 13.29 0.0113 622.63 
66.3 -0.2 13.39 0.0113 622.01 
66.3 -0.2 13.49 0.0113 621.38 

2
0
0
0
 p

si
 

136.6 -0.2 13.69 0.0233 623.00 
136.6 -0.2 14.00 0.0233 621.05 
136.6 -0.2 14.05 0.0233 620.74 
136.6 -0.2 13.95 0.0233 621.37 
136.6 -0.2 13.90 0.0233 621.68 
136.6 -0.2 13.90 0.0233 621.68 
136.6 -0.2 13.95 0.0233 621.37 
136.6 -0.2 13.90 0.0225 599.48 
136.6 -0.2 13.84 0.0225 599.84 
136.6 -0.2 13.84 0.0225 599.84 

3
0
0
0
 p

si
 

207.0 -0.2 13.23 0.0350 619.85 

207.0 -0.2 13.18 0.0350 620.16 

207.0 -0.2 13.18 0.0342 605.39 

207.0 -0.2 13.13 0.0342 605.70 

207.0 -0.2 13.13 0.0350 620.47 

207.0 -0.2 13.18 0.0350 620.16 

207.0 -0.2 13.18 0.0342 605.39 

207.0 -0.2 13.23 0.0342 605.09 

207.0 -0.2 13.29 0.0350 619.48 

207.0 -0.2 13.29 0.0350 619.48 
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E. Example Recovery Data From Petrel 

 

Appendix Figure E-1: 100 Grid simulation results on field oil recovery efficiencies for Jaubert et al.’s dataset in Jaubert et al.’s dataset 
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Appendix Figure E-2: 300 Grid simulation results on field oil recovery efficiencies for Jaubert et al.’s dataset in Jaubert et al.’s dataset 
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Appendix Figure E-3: 600 Grid simulation results on field oil recovery efficiencies for Jaubert et al.’s dataset in Jaubert et al.’s dataset 

 

1
6
1
 



 

 

 

Appendix Figure E-4: Example simulation data to illustrate the changes in grid amount and its effects on recovery efficiency in 275 bars in 

Jaubert et al.’s dataset 
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Appendix Figure E-5: Example simulation data to illustrate the changes in grid amount and its effects on recovery efficiency in 295 bars in 

Jaubert et al.’s dataset 
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Appendix Figure E-6: Example simulation data to illustrate the changes in grid amount and its effects on recovery efficiency in 350 bars in 

Jaubert et al.’s dataset 
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Appendix Figure E-7: Example simulation data to illustrate the changes in grid amount and its effects on recovery efficiency in 400 bars in 

Jaubert et al.’s dataset 
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Appendix Figure E-8: 100 Grid simulation results on field oil recovery efficiencies for the oil in this thesis 
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Appendix Figure E-9: 300 Grid simulation results on field oil recovery efficiencies for the oil in this thesis 
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Appendix Figure E-10: 600 Grid simulation results on field oil recovery efficiencies for the oil in this thesis 
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Appendix Figure E-11: Example simulation data to illustrate the changes in grid amount and its effects on recovery efficiency in 160 bars for the 

thesis oil 
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Appendix Figure E-12: Example simulation data to illustrate the changes in grid amount and its effects on recovery efficiency in 190 bars for the 

thesis oil 
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Appendix Figure E-13: Example simulation data to illustrate the changes in grid amount and its effects on recovery efficiency in 240 bars for the 

thesis oil 
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Appendix Figure E-14: Example simulation data to illustrate the changes in grid amount and its effects on recovery efficiency in 280 bars for the 

thesis oil 
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Appendix Figure E-15: 100 Grid simulation results on field oil recovery efficiencies for the oil and 15% LPG co-injection case 
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Appendix Figure E-16: 300 Grid simulation results on field oil recovery efficiencies for the oil and 15% LPG co-injection case 
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Appendix Figure E-17: 600 Grid simulation results on field oil recovery efficiencies for the oil and 15% LPG co-injection case 
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Appendix Figure E-18: Example simulation data to illustrate the changes in grid amount and its effects on recovery efficiency in 100 bars with 

15% LPG co-injection 
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Appendix Figure E-19: Example simulation data to illustrate the changes in grid amount and its effects on recovery efficiency in 110 bars with 

15% LPG co-injection 
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Appendix Figure E-20: Example simulation data to illustrate the changes in grid amount and its effects on recovery efficiency in 160 bars with 

15% LPG co-injection 
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Appendix Figure E-21: Example simulation data to illustrate the changes in grid amount and its effects on recovery efficiency in 240 bars with 

15% LPG co-injection 
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F. Example ECLIPSE300 Code 

RUNSPEC 

------------------------------------------------------------------------------ 

DIMENS 

100 1 1 / 

OIL 

GAS 

-- NO DISGAS Keyword since the oil is dead oil 

FULLIMP 

CART 

-- Cartesian Coordinate System 

LAB 

-- Lab Units 

-- cm for length 

-- Number of components: implies compositional run 

COMPS 

14 / 

MISCIBLE 

/ 

UNIFIN 

UNIFOUT 

------------------------------------------------------------------------------ 

GRID 

------------------------------------------------------------------------------ 

DX 

--100grids, each 9cm for 18m slim tube 

100*18/ 

--Cross section is 1 cm2 

DY 

100*1.0 / 

DZ 

100*1.0 / 
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PORO 

100*0.50 / 

-- Selected close to slim tube porosity 

PERMX 

100*629 / 

PERMY 

100*629 / 

PERMZ 

100*629 / 

--Selected close to slim tube permeability 

MIDS 

--Midpoints of each gridblock, horizontal sim 

100*100.0 / 

INIT 

PROPS 

------------------------------------------------------------------------------ 

-- Most PVT data is obtained from FLM Simulation on the lumped oil 

EOS 

-- Peng-Robinson EOS 

PR / 

CNAMES 

'N2' 

'H2S' 

'CO2' 

'C1' 

'C2' 

'C3' 

'i-C4-n-C4' 

'i-C5-n-C5' 

'C6' 

'C11-C7' 

'C18-C12' 
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'C25-C19' 

'C35-C26' 

'C36+' 

/ 

MISCEXP 

-- miscibility exponent determines the miscibility condition 

0.25 / 

BIC 

-- Binary interaction coeff. from Whitson (2000) lib. 

-- 

0.13  

0 0.135  

0.025 0.07 0.105  

0.01 0.085 0.13 0  

0.09 0.08 0.125 0 0  

0 0 0 0 0 0  

0 0 0 0 0 0 0  

0.11 0.05 0.115 0.0234131727 0 0 0 0  

0.11 0.05 0.115 0.02923450995 0 0 0 0 0  

0.11 0.05 0.115 0.03818174504 0 0 0 0 0 0  

0.11 0.05 0.115 0.04591710709 0 0 0 0 0 0 0  

0.11 0.05 0.115 0.05267919706 0 0 0 0 0 0 0 0  

0.11 0.05 0.115 0.0641 0 0 0 0 0 0 0 0 0  

/ 

PCRIT 

-- Units: atm 

33.50000001 

88.20000003 

72.90000002 

45.44000001 

48.20000001 

41.90000001 
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36.59181819 

33.36857144 

27.53337334 

20.16495307 

13.70205045 

10.20387126 

8.190805545 

9.217481457 

/ 

TCRIT 

-- 

126.2 

373.6 

304.7 

190.6 

305.43 

369.8 

414.9844156 

464.3428571 

498.9608039 

575.1767403 

681.5841271 

772.7499881 

849.1113804 

916.2866056 

/ 
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MW 

-- 

-- g/mol 

28.01 

34.08 

44.01 

16.04 

30.07 

44.1 

58.12 

72.151 

86.18 

121.0728682 

198.7250656 

297.0537919 

410.9327611 

623.21 

/ 

ACF 

-- Acentric factor 

0.04 

0.1 

0.225 

0.013 

0.0986 

0.1524 

0.191322078 

0.237285714 

0.279404412 

0.43838649 

0.703559429 

0.95903991 
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1.155848548 

1.169483296 

/ 

ZCRIT 

-- 

0.291145377 

0.281948462 

0.274072124 

0.284723582 

0.284628903 

0.276158903 

0.279150589 

0.270857361 

0.265205333 

0.250027603 

0.219790058 

0.193562879 

0.173938407 

0.182838922 

/ 

ZCRITVIS 

-- 

0.291145377 

0.281948462 

0.274072124 

0.284723582 

0.284628903 

0.276158903 

0.279150589 

0.270857361 

0.265205333 

0.250027603 
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0.219790058 

0.193562879 

0.173938407 

0.182838922 

/ 

OMEGAA 

-- 

0.457235529 

0.457235529 

0.457235529 

0.457235529 

0.457235529 

0.457235529 

0.457235529 

0.457235529 

0.457235529 

0.429801397 

0.457235529 

0.457235529 

0.457235529 

0.457235529 

/ 

-- 

OMEGAB 

-- 

0.077796074 

0.077796074 

0.077796074 

0.077796074 

0.077796074 

0.077796074 

0.077796074 



 

187 

0.077796074 

0.077796074 

0.080129956 

0.077796074 

0.077796074 

0.077796074 

0.077796074 

/ 

PARACHOR 

41 

80 

78 

77 

108 

150.3 

184.8818182 

227.7857143 

271.304 

360.6849756 

520.296561 

759.3996768 

1040.301514 

1563.919411 

/ 

STCOND 

-- Standart condition 

-- Temp Pres 15.56 C 1 atma 

15.0 1.0 / 

DENSITY 

-- OIL WATER GAS KG/M3 

857.1    1   0.85 / 
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RTEMP 

-- Reservoir temperature: Deg C 

78 / 

ROCK 

-- RefP Compressibility 

   250   0.00028641 / 

SGFN 

-- Sg      Krg             PCog 

   0        0               0 

   0.05     0               0 

   0.11875  3.051757813E-06 0 

   0.1875   0.0001953125    0 

   0.25625  0.002224731445  0 

   0.325    0.0125          0 

   0.39375  0.04768371582   0 

   0.4625   0.1423828125    0 

   0.53125  0.3590362549    0 

   0.6      0.8             0 

   0.8      0.9             0 / 

SOF2 

-- So and Kro 

0.0000 0 

0.2000 0 

0.2725 0.001587826 

0.3450 0.012702604 

0.4175 0.042871289 

0.4900 0.101620833 

0.5625 0.19847819 

0.6350 0.342970313 

0.7075 0.544624154 

0.7800 0.812966667 

0.8000 0.9 / 
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SOLUTION 

------------------------------------------------------------------------------ 

-- Solution section: define explicitly 

PRESSURE 

-- Initial pressure, atm 

100*110       / 

SGAS 

-- Initial gas saturation 

100*0.0 / 

XMF 

-- Specifies cell initial oil composition 

100*0 

100*0 

100*0 

100*0 

100*0 

100*0 

100*0.0077 

100*0.0238 

100*0.0485 

100*0.387 

100*0.3048 

100*0.1134 

100*0.0699 

100*0.0449 

/ 

YMF 

-- Specifies cell initial oil composition 

100*0 

100*0 

100*0 

100*0 
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100*0 

100*0 

100*0.0077 

100*0.0238 

100*0.0485 

100*0.387 

100*0.3048 

100*0.1134 

100*0.0699 

100*0.0449 

 

/ 

-- E300 calculates FIP / OIIP based on prod. amount, so field separator is required to obtain 

--FIP data 

FIELDSEP 

-- SepStage Temperature,Pressure 

     1       15.0         1.0 / 

/ 

RPTSOL 

-- Extracts outputs from the solution sect. 

PRES SOIL SGAS / 

RPTRST 

-- Extracts outputs to the restart sect. 

PRES SOIL SGAS / 

SUMMARY 

------------------------------------------------------------------------------ 

-- Reports the calculated properties by calling them via keywords. FOE = Oil eff., and it will 

be the most critical keywords 

--Field quantities 

FPR 

FAQR 

FOPR 

FGPR 
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FOPT 

FWCT 

FWIR 

FGIR 

FVPR 

FVIR 

FOE 

FOEIW 

--Well quantities 

WOPR 

/ 

WOPT 

/ 

WWPR 

/ 

WGPR 

/ 

WWCT 

/ 

WGOR 

/ 

WBHP 

/ 

WOPRH 

/ 

WWPRH 

/ 

WGPRH 

/ 

WBHPH 

/ 

WMCTL 
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/ 

WWIR 

/ 

WGIR 

/ 

SEPARATE 

RUNSUM 

-- data in the SUMMARY files should be output in a 

--tabulated format in addition 

ALLMSUMLINS 

-- Returns the total number of linear iterations since 

--the start of the run 

MSUMNEWT 

-- Returns the total number of Newton iterations since 

--the start of the run 

SCHEDULE 

------------------------------------------------------------------------------ 

CVCRIT 

-- Maximum pressure change increment over an iteration 

-0.001 / 

SEPCOND 

-- Name group index Temp Pres 

   SEP2   G2    1   15.0 1.0 / 

/ 

WELSPECS 

-- General specification data for wells 

-- BHP Ref Depth is defaulted, and is at the center of the gridblock 

-- Name   group I   J  BHPRef  PHASE 

 INJECTOR  G1   1   1    1*    GAS / 

 PRODUCER  G2  100  1    1*    OIL / 

/ 
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WSEPCOND 

PRODUCER SEP2 / 

/ 

COMPDAT 

-- Well Completion Data 

-- Name    I  J  UpK LowK Open/Shut Rel.Sat.Table Con.Transmissibility 

 INJECTOR  1  1   1   1     OPEN        1               8000 / 

 PRODUCER 100 1   1   1     OPEN        1               8000 / 

/ 

WELLSTRE 

-- Name   x1   x2   x3  ... (comp. by comp, composition of injection gas) 

-- Finished early after C8 

--       N2  H2S CO2  C1  C2  C3  C4    C5    C6    C7-C11   C12-C18  ETC ... 

INJGAS   0    0   0.90   0   0.00046   0.02351   0.07602  / 

/ 

--Total pore volume is 900ccs, inject 1/10 PV per hour 

WCONINJE 

-- Injection Well Data 

-- Name     Type  Open/Shut  Control  SurfaceQUL  ResTarget   BHPUL 

 INJECTOR   GAS     OPEN      RESV         1*       90.0       1*  / 

/ 

WINJGAS 

-- NAME   FLUID_TYPE FLUID_NAME 

 INJECTOR  STREAM     INJGAS / 

/ 

WCONPROD 

-- Control data for production wells 

--   Name   open/shut Control OilUL WaterUL GasUL LiqUL ResvUL BHPTarget 

   PRODUCER    OPEN     BHP     5*                               110        / 

/ 
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RPTPRINT 

-- Control printed simulation reports 

1 1 1 1 1 1 1 1 0 0 / 

RPTSCHED 

-- Controls on output from SCHEDULE section 

PRESSURE SOIL SGAS / 

TSCRIT 

--InitStep MinStep  MaxStep 

     0.001       0.0001     0.02 / 

-- Limit MaxStep to achieve more steps. If limited to 0.02, each TS will take 50steps,  

--600steps for 1.2pv 

--Run for 12 hours - ie 1.2 pore volumes injected 

TIME 

1 2 3 4 5 6 7 8 9 10 11 12 / 

END 

 


