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Abstract 
This research investigates the use of nanoporous ceramic cores as mimetic models 

for studying natural gas transport in low permeability reservoirs. Low permeability 

reservoirs, such as tight sands, coalbed methane, and shale gas formations, 

present significant challenges for natural gas extraction due to their complex pore 

structures and limited flow characteristics.  

Traditional methods for studying these reservoirs, like sand pack simulations and 

direct core analyses, have limitations including difficulty in replicating the 

heterogeneity of natural rocks and high costs. Synthetic nanoporous ceramic cores 

may offer opportunities, but literature on their use for reservoir studies is yet 

scarce. This study aim to bridge this knowledge gap by adopting Flux, 

Permeability, Mobility, and Reservoir Quality Index as objective functions to 

evaluate the use of nanoporous ceramic cores in describing the micro-geological 

characteristics of low permeability reservoirs. 

The research involved rigorous data mining and experimental methodologies, 

comprising the analysis of extensive experimental data points from numerous CH4 

and CO2 permeation tests, enhancing the reliability and validity of the findings. 

Additionally, wide-ranging field data from reservoirs that have implemented CH4, 

and CO2 gas dynamics were analysed. Five distinct nanoporous ceramic core 

samples with varied petrophysical properties were utilised in the experimental 

setup. Statistical tools, including clustering, mean, and coefficient of variation 

(CV), were employed to analyse, couple, and compare the datasets from the gas 

experiments and field data. 

Machine learning techniques were used to enhance the analysis, utilising 

algorithms to analyse permeability, mobility, Darcy flux and reservoir quality index 

based on the experimental and field data. The use of machine learning models, 

such as linear regression, allowed for the identification of complex patterns and 

relationships between the variables, providing deeper insights into the gas 

transport mechanisms within the nanoporous ceramic cores. 

The correlation analysis revealed significant relationships between temperature, 

pressure, and viscosity with permeability, mobility, Darcy flux and reservoir 

quality index. These relationship findings were further integrated with established 

theoretical and empirical research from the domains of petroleum engineering, 
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geomechanics, and hydrogeology, thus significantly bolstering the study's 

scientific rigour and validity. 

The results indicated that the nanoporous ceramic cores significantly mimic the 

behaviour of reservoirs, displaying analogous patterns in permeability, mobility, 

reservoir quality index, and Darcy flux. Specifically, statistical means and cluster 

geometry demonstrated that CH4 exhibited higher permeability (4.62e-04 mD) and 

mobility (0.03 mD/cp) compared to CO2 (4.21e-04 mD and 0.02 mD/cp, 

respectively) in the experimental settings. These results align with the data mining 

analysis of field data, where mean permeability for CH4 (6.87e2 mD) is higher than 

that for CO2 (1.00e2 mD). Furthermore, the graphical rendering and coupling of 

the two datasets indicate an opportunity for the geometric transformation of the 

experiment to reservoir realities. Suggesting that nanoporous ceramic cores can 

serve as analogues for low permeability reservoir cores in natural gas transport 

studies, offering a cost-effective and environmentally friendly alternative to 

traditional coring methods, which are often expensive and environmentally 

intrusive. 

The study highlights how factors such as pressure, temperature, and fluid viscosity 

impact gas transport in nanoporous ceramic cores and how these impacts are 

mirrored in the field. This aids in optimising gas injection strategies and improving 

overall reservoir management practices. 

In conclusion, this study gives credence to the use of nanoporous ceramic cores 

as mimetic models for low-permeability reservoirs, opening new avenues for 

research and technological advancements in the field. The successful application 

of these cores can lead to better modelling of reservoir conditions, improved 

extraction techniques, and enhanced reservoir management practices, resulting 

in cost savings, technical advantages, and reduced environmental impacts 

associated with traditional coring methods. 
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CHAPTER 1  
INTRODUCTION 

This chapter offers a succinct overview of the research background, detailing the 

statement of the research problem and the rationale behind the study. It outlines 

the research aim and objectives, briefly touches on its contributions to the existing 

body of knowledge and provides an outline of the research layout. 

1.1  Research background. 

Understanding the transport of natural gas within reservoirs characterised by low 

permeability is pivotal for advancing the oil and gas industry's capabilities in 

tapping unconventional energy resources. This phenomenon is marked by 

significant challenges as detailed by Li et al. (2022) and Zou et al. (2018), which 

are intensified by the surge in global demand for energy that drives exploration in 

complex geological structures like tight sands, coalbed methane, and shale gas 

formations. The development of such challenging reservoirs relies heavily on 

state-of-the-art technologies, including horizontal well drilling, enhanced oil 

recovery techniques, and intricate fracturing processes, as documented by 

Zeinabady et al. (2022), Yu et al. (2021), and Asadi et al. (2020). 

The intrinsic properties of these reservoirs, specifically their low porosity and 

permeability, demand novel and sometimes aggressive extraction methods to 

realise economically viable yields of natural gas. Large-scale fracturing, for 

example, is one such technique integral to the recovery process in these settings, 

as indicated by Hao et al. (2023). The divergent flow patterns and transport 

mechanisms observed in these low-permeability environments stand in contrast 

to traditional models, thus necessitating a deep analytical understanding for 

effective reservoir evaluation and production optimisation, as explained by 

Marsden et al. (2022), Heider (2021), Xu et al. (2019) and Bunger and Lecampion 

(2017). 

Despite the strategic importance of unconventional gas resources, there is an 

acknowledged gap in the understanding of gas flow mechanics within low-

permeability reservoirs, particularly at the nano-pore scale where gas molecules 

and rock formations interact intimately (Wang et al. 2024). This calls for 
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comprehensive and continuous experimental investigations and mathematical 

analyses to delineate the various factors that influence complex seepage 

phenomena, a necessity highlighted by Liu et al. (2015), Zhao et al. (2014), King 

(2010) and Bybee (2008). Continual advancements in knowledge and 

methodological approaches are thus necessary to guide the development and 

optimisation of low-permeability reservoirs, contributing to the energy sector's 

growth and stability (Ren et al. 2021, Lin et al. 2020 and Burrows et al. 2020).  

Researchers have endeavoured to study these reservoirs' transport 

characteristics, storage mechanisms, and flow dynamics using an array of 

laboratory methodologies. Si et al. (2023), Wang et al. (2022), Chang Liu (2022), 

Freeman et al. (2011), Meissner et al. (2009), Shen et al. (2018) and El-Amin et 

al. (2018), and others have utilised sand packs as analogues for reservoir studies 

and conducted direct core sample analyses, among other experimental and 

modelling techniques. While these methods strive to enhance our understanding 

of the fundamental properties and behaviours within such reservoirs, they are not 

without limitations. 

Sand packs, for example, can replicate reservoir properties to an extent but cannot 

capture the complexity and nano-scale geometries present in actual low-

permeability formations, as discussed by Wang et al. (2022) and Chang Liu 

(2022). The uniformity of sand grains in a sand pack often does not reflect the 

true diversity in pore shapes, sizes, and connectivity found in low permeability 

reservoirs, which significantly influence gas flow. The direct core analysis remains 

a preferred method for evaluating these formations, providing insights into 

physical and petrophysical properties. However, as Lee et al. (2024), Mitchell et 

al. (2013), Wang et al. (2015), and Meissner et al. (2009) highlighted, this method 

faces practical challenges such as high costs and feasibility issues, particularly in 

remote or deeper reservoir locations, as well as the potential for core properties 

to alter during extraction. 

In light of these challenges, this research aim to investigate the application of 

nanoporous ceramic cores as a cutting-edge alternative in the experimental 

analysis of gas transport within low-permeability reservoirs. These nano-

engineered cores offer a unique mimicry of micro-geological characteristics, 

including distinctive pore formation and gas seepage behaviours, aligning with the 
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heterogeneous distribution patterns found in low-permeability environments. This 

research involves a series of carefully controlled laboratory experiments, 

complemented by detailed data analysis and machine learning regression analysis, 

to deepen the understanding of gas flow phenomena in low-permeability contexts 

and coupling the findings with field data sourced from global low permeability 

reservoirs. 

Through a systematic and in-depth research approach, the study aim to provide a 

substantiated assessment of nanoporous ceramic cores' efficacy as mimetic 

models. It seeks to bridge existing knowledge gaps, particularly in applying 

nanotechnology to gas transport studies, and contribute to the development of 

more efficient gas recovery methods tailored for the complexities of low-

permeability reservoirs within the oil and gas industry. This research not only 

targets academic advancement but also practical implications, aiming to underpin 

technological and strategic development in natural gas extraction practices. 

1.2  Problem statement 
The research problem presented in this thesis is centred on the significant 

challenges posed by the extraction of natural gas from low permeability reservoirs, 

as substantiated by Li et al. (2022). The present research body has yet to fully 

capture contemporary insights into gas transport behaviour within low 

permeability reservoirs, especially at the nano-pore scale—where pivotal 

interactions between gas molecules and rock formations take place, emphasising 

the critical need for a continuous and in-depth understanding of gas transport 

mechanisms in such reservoirs to improve recovery techniques and maximise 

resource extraction. Established experimental methods, including sand pack 

simulations, are acknowledged to possess limitations in simulating the true 

complexity of these challenging environments, consequently stifling the 

development of effective recovery strategies. Alternative methods, such as direct 

core analysis, though insightful, are beset with practical limitations, including high 

costs and feasibility issues, particularly for deeper or more remote reservoirs, as 

noted by Chang Liu (2022), Wang et al. (2022), McPhee et al. (2015), Mitchell et 

al. (2013), and Meissner et al. (2009). 

Considering these challenges, there is an unequivocal need for innovative 

methodologies to experimentally analyse gas transport phenomena within low 
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permeability reservoirs. The advent and utilisation of nanoporous ceramic core 

samples as mimetic models stand as a promising pathway for simulating low 

permeability reservoir conditions and examining gas transport dynamics in a 

regulated laboratory environment (He et al. 2016 and Guo et al. 2015). 

Nevertheless, a notable knowledge gap persists concerning the extent to which 

nanoporous ceramic cores can represent the intricacies of low permeability 

reservoirs and furnish actionable insights for reservoir engineers. 

This thesis is committed to rigorously investigating the use of nanoporous ceramic 

cores as mimetic models for studying natural gas transport in low permeability 

formations. This research will endeavour to bridge the current knowledge gap on 

the applicability of nanotechnology in gas transport studies, with the goal of 

advancing more gas recovery methodologies for low permeability reservoirs within 

the oil and gas industry. The success of this research holds the potential to 

significantly enhance the sector's operational efficiency and economic viability, 

contributing to a sustainable energy future. 

1.3  Rationale 
The rationale behind this research lies in addressing the critical challenges of 

natural gas extraction from low permeability reservoirs, which has been 

underscored by numerous scholars. Li et al. (2022), Zeinabady et al. (2022), Yu 

et al. (2021), Asadi et al. (2020), and Zou et al. (2018) have pointed out the 

complexities due to the intricate pore structures and limited flow within these 

formations, which conventional recovery methods fail to efficiently address, 

leading to suboptimal outcomes and economic losses. Hao et al. (2023) and others 

have further highlighted the need for a deeper and continuous understanding of 

gas transport mechanisms to improve recovery techniques and resource 

extraction. 

Given that current research has not fully captured the nuanced behaviours of gas 

transport at the nano-pore scale, where critical interactions between gas 

molecules and rock formations take place, there is a need for more innovative 

experimental methodologies. Traditional methods, such as sand pack simulations, 

fall short of replicating the actual reservoir conditions, and direct core analysis is 

often prohibitively expensive and logistically challenging, as emphasised by 

researchers like Chang Liu (2022) and Wang et al. (2022).  



 

 5 

Therefore, this research seeks to explore the potential of nanoporous ceramic core 

samples as mimetic models that could bridge this gap. These core samples, known 

for their durability, cost-effectiveness, low energy usage, and tuneable properties, 

present an innovative pathway to simulate reservoir conditions and enable the 

study of gas transport dynamics in a controlled laboratory environment. Yet, there 

are unresolved questions about how well these nanoporous ceramic cores can 

replicate the complexities of low permeability reservoirs and provide actionable 

insights for reservoir engineers. 

This research aim to systematically assess the efficacy of nanoporous ceramic 

cores as reliable models for studying natural gas transport in low permeability 

formations. By conducting a series of meticulous experimental analyses with 

regression models, and developing a comparative model with field data, the study 

intends to advance the application of nanotechnology in gas transport studies. 

Thereby contributing to the development of more efficient gas recovery methods 

tailored for the challenges unique to low permeability reservoirs in the oil and gas 

industry. 

1.4 Aim and objectives  
The study aim to investigate the applicability of nanoporous ceramic cores as a 

mimetic model to study the transport of natural gas in low permeability reservoirs. 

To accomplish the designated aim, the following objectives were achieved: 

1. To characterise the nanoporous ceramic core structures to estimate their 

analogue petrophysical properties through experimental observations and 

measurements. 

2. To develop experimental setups to quantify gas permeability, and other 

pivotal reservoir parameters across the nanoporous ceramic cores under 

varying operating conditions, including temperatures and pressure 

gradients. 

3. Develop a regression model to examine the interdependencies among 

reservoir parameters and operating conditions, aiming to ascertain their 

effects on gas transport. This model will not only quantify the influence of 

these variables but also integrate findings with established theoretical and 

empirical research to enhance understanding of gas dynamics within the 

reservoir. 



 

 6 

4. Coupling reservoir parameters obtained from experimental data with field 

data to support the reliability and applicability of using nanoporous ceramic 

cores as a model for studying gas transport in low permeability reservoirs.  

1.5 Contribution to knowledge 
This thesis significantly advances the field of petroleum engineering and reservoir 

management through the advanced application of nanoporous ceramic cores to 

replicate gas transport behaviours in low-permeability reservoir. By combining 

experimental methodologies with comprehensive data mining and advanced 

machine learning techniques, this research provides innovative perceptions and 

practical improvements for understanding and optimising fluid transport 

mechanisms within these challenging reservoir formations.  

One of the primary contributions of this study is the support of nanoporous 

ceramic cores as analogues for natural reservoirs. This research demonstrates 

that these ceramic cores can mimic the permeability, mobility, and overall fluid 

transport characteristics of low-permeability reservoirs. This confirmation offers a 

cost-effective and environmentally friendly alternative to traditional coring 

methods, significantly reducing the need for extensive field sampling and its 

associated costs and environmental impacts. 

The thesis provides a comprehensive analysis of gas transport properties by 

examining key parameters such as temperature, pressure, and viscosity. It offers 

a detailed understanding of how these factors influence gas permeability, mobility, 

and flux within nanoporous ceramic cores. The findings align with those of 

established researchers like Berg (2019), Tiab and Donaldson (2014), and Ahmed 

(2006), thereby enhancing the credibility of the experimental approach and 

solidifying the validity of the results. 

A particularly novel aspect of this research is the application of machine learning 

techniques to analyse permeability, mobility, Darcy flux and reservoir quality 

index based on experimental and field data. By employing linear regression, the 

study identifies complex patterns and relationships between variables, providing 

deeper awareness into gas transport mechanisms and enabling better predictions. 

This integration of machine learning represents a significant advancement in 

reservoir engineering, showcasing the potential for data-driven approaches to 

enhance traditional analytical methods. 
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The study's extensive dataset, comprising over 10,000 experimental data points 

and 2,000 field data points, enabled rigorous correlation and data mining 

analyses. This comprehensive analysis identified significant relationships between 

reservoir parameters, offering valuable information for optimising gas injection 

strategies and improving overall reservoir management practices. The robustness 

of the dataset and the analytical techniques applied contribute to the reliability 

and applicability of the findings. Furthermore, the research emphasises the 

importance of understanding reservoir flux for enhanced oil recovery (EOR) 

techniques. It highlights how modifying fluid flow dynamics can maximise 

hydrocarbon recovery, particularly in low-permeability reservoirs where traditional 

methods may be less effective. These insights provide practical guidance for 

developing more efficient EOR strategies, directly impacting field operations and 

economic outcomes. 

The environmental and economic implications of this study are also noteworthy. 

By supporting the use of nanoporous ceramic cores as reservoir analogues, the 

research promotes more sustainable and cost-effective reservoir management 

practices. This aligns with global efforts to minimise the environmental footprint 

of the oil and gas industry, contributing to the development of practices that are 

both economically viable and environmentally responsible. 

1.6 Outline of the thesis 
The research is structured into five distinct chapters, excluding references and 

appendices. Each chapter's summary is provided below.  

Chapter 1: This chapter provides a concise introduction to the context of the 

research, emphasising the statement of the research problem and its rationale. It 

presents the aim and objectives of the study, its contributions to existing 

knowledge, and an overview of the study’s layout. 

Chapter 2: This chapter presents a comprehensive review of relevant literature. 

It offers detailed theoretical insights and an overview of the study background. 

The literature review covers topics such as low-permeability reservoirs, an 

overview of transport through nanoporous cores, the concept of hydraulic 

fracturing, the reservoir's petrophysical parameters under review, and the natural 

gas transport mechanism in porous media. 
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Chapter 3: This chapter details the research design methodology and 

experimental procedures, including data collection techniques and tools for 

manipulation and visualisation. It elaborates on how porosity and permeability 

were determined and provides calculations for other relevant parameters. 

Chapter 4: This chapter focuses on presenting the research results and initiating 

the discussion. It includes data manipulation, visualisation techniques, and 

interpretations to facilitate a comprehensive understanding. 

Chapter 5: In this chapter, the research concludes by summarising the findings 

and their implications for industries. Recommendations for further studies are also 

provided to extend the knowledge in this area. 
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CHAPTER 2  
LITERATURE REVIEW 

The preceding chapter provided a concise overview of the study. In this chapter, 

a comprehensive review of the literature related to low-permeability reservoirs 

were studied, including shale gas, tight sand, and coalbed methane. The chapter 

also explores hydrocarbon production from these reservoirs, investigating 

horizontal drilling, hydraulic fracturing, and enhanced oil/gas recovery techniques. 

Additionally, nanotechnology and its applications are introduced, and gas 

transport through nanoporous ceramic cores is examined. Critical parameters 

influencing gas transport in low-permeability reservoirs are also identified and 

discussed. The chapter concludes with a summary. 

2.1 Description of low permeability reservoirs 
The significant shift in the energy sector's focus from conventional to 

unconventional reservoirs, notably low permeability reservoirs, is a crucial aspect 

in understanding the evolving landscape of the oil and gas industry. These 

reservoirs, which include shale gas, tight sands, and coalbed methane, have 

gained prominence due to their potential to meet growing energy demands. 

However, their unique geological characteristics pose distinct challenges to 

extraction processes. Melikoglu (2014) and Bocora (2012) highlight the intricacies 

of these reservoirs, characterised by their complex pore structures and limited 

flow capabilities. Khan and Al-Nakhli (2012) further explain the challenges posed 

by the low porosity and permeability of these formations, underscoring the need 

for innovative extraction techniques. Arthur and Cole (2014), along with Aguilera 

and Radetzki (2014), discuss the decline in conventional oil and gas fields and the 

consequential shift towards exploiting these unconventional resources. They 

emphasise that the transition is not only a response to diminishing traditional 

resources but also a reflection of technological advancements facilitating the 

extraction of hydrocarbons from these complex formations. Soeder (2018) 

contributes to this narrative by examining how these advancements have 

reshaped the energy sector. 

Low permeability reservoirs harbour substantial reserves of natural gas, a 

resource that can be harnessed to address the ever-growing global energy 

demand. 
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Hongjun et al. (2016) detail the global distribution of recoverable low permeability 

gas resources, pinpointing 37 countries as key players, with a major concentration 

in the top ten. The United States tops the list with 39 trillion cubic meters, 

representing 17.4% of the global total, primarily in shale gas. China, with its 

substantial reserves of 31 trillion cubic meters (13.9%), mainly comprises shale 

gas, coalbed methane, and tight gas. Russia and its 29 trillion cubic meters reserve 

(12.6%) focus mainly on shale gas and coalbed methane. Canada and Australia, 

each with 16 trillion cubic meters, contribute 7% and 6.4% respectively to the 

global total, concentrating on coalbed methane and shale gas. 

These top four nations collectively account for 57.2% of global unconventional gas 

resources, with shale gas being the predominant type at 71.1%, followed by 

coalbed methane (21.7%) and tight gas (7%). This distribution emphasises the 

leading role of these countries in the realm of unconventional gas, especially shale 

gas as shown in Figure 1 

 

Figure 1 Potential for Recoverable Unconventional Gas Resources in the Top 20 
Countries. 
 
The environmental and economic implications of exploiting these low permeability 

reservoirs are not to be overlooked. Wenrui et al. (2018) discuss the challenges 

faced in both experimental and commercial contexts due to the low permeabilities 

of these resources. Zhang et al. (2016) further investigate the complexity of the 

specific characteristics of these reservoirs, including their porosity and matrix 

permeability. Liu et al. (2021), Wu et al. (2018), and Yu et al. (2020) underscore 
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various key aspects of these reservoirs, including the geological intricacies and 

the challenges in fluid extraction and hydrocarbon distribution prediction. 

In addressing the complexities of developing these reservoirs effectively, Gao et 

al. (2019) point out the necessity of specialised techniques, such as hydraulic 

fracturing, horizontal drilling and enhance oil/gas recovery techniques to liberate 

hydrocarbons from these reservoirs.  

2.1.1 Shale gas reservoir  
Bustin (2006) presents a nuanced description of shale gas reservoirs, identifying 

them as organic-rich, fine-grained unconventional resources. He notes, however, 

that not all shale formations function as reservoir rocks; some may act as seals 

or caps for other reservoirs. His analysis focuses on four critical characteristics for 

defining shale gas plays: the maturity level of organic matter, the nature of the 

gas (biogenic or thermogenic), the total organic carbon (TOC) in the strata, and 

the reservoir's permeability index. 

Traditionally viewed as potential sources or caps for conventional hydrocarbons, 

shale formations have recently been redefined as unconventional hydrocarbon 

reservoirs. Their low permeability and high organic content set them apart from 

conventional reservoirs, as discussed by Cramer (2008). Shale gas reservoirs 

exhibit dual modes of gas presence: adsorption in organic matter (similar to coal 

bed methane) and free gas in the shale matrix pores (akin to conventional 

reservoirs), necessitating unique exploration and production approaches due to 

their low permeability. 

Han et al. (2020) and Huang et al. (2013) elaborates on the diverse geological 

and geochemical attributes within organic-rich shale formations, suggesting the 

need for tailored techniques in drilling, completion, and resource assessment. 

Shale gas generation can occur via thermogenic or biogenic processes, or a 

combination of both. Martin et al. (2004) explains that thermogenic gas forms 

from organic matter cracking or oil secondary cracking, while biogenic gas is 

produced by microbes in areas with freshwater recharge. 

Further detailing shale's geological composition, de Oliveira et al. (2022), Blatt 

and Tracy (2000) describe it as a fissile terrigenous sedimentary rock, primarily 

made up of silt and clay particles. The term "fissile" refers to shale's ability to split 
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into thin layers, and "terrigenous" indicates the sediment's origin. Shale reservoirs 

contain small clay-sized minerals like illites, kaolinites, and smectites, in addition 

to quartz, cherts, and feldspars. They also feature various other constituents such 

as organic particles, carbonates, iron oxides, sulfides, and heavy minerals. Speight 

(2013) further discusses the formation of shale as a result of fine sediment 

accumulation in calm environments like ancient seas and lakes, underscoring its 

dual role in petroleum geology as both a source and seal for hydrocarbons. 

2.1.2 Coal bed methane 
The perception of coalbed methane has undergone a significant shift, as noted by 

Goraya et al. (2019), Sharon (2014), and Yanda (2014). Previously viewed as a 

problematic by-product during coal mining operations, its potential as a valuable 

energy resource has gained recognition in recent years. This re-evaluation 

emphasises the need for a deeper understanding of coalbed methane’s 

characteristics and the conditions under which it forms. 

Ling (2014) and Moore (2012) stress the importance of understanding the genesis 

of coalbed methane within sedimentary basins. This understanding is instrumental 

in developing cost-effective methods for exploration and extraction, focusing on 

factors such as geological settings and the properties of the coal seams. 

Characterising coalbed methane reservoirs as a type of unconventional gas 

reservoir, Gao and Schimmelmann (2020), Jack (2014), and Yanjun et al. (2014) 

discuss their relative simplicity in terms of gas storage and production. These 

reservoirs function similar to microporous polymers, with a significant portion of 

gas stored in an adsorbed state on the pore surfaces. This characterisation helps 

in conceptualising the gas extraction process from these reservoirs. Caineng 

(2013) expands on this by defining coalbed methane reservoirs as coal-rich 

formations sharing similar geological attributes and having relatively independent 

fluid systems. He delineates five distinct boundaries influencing coalbed methane: 

hydrodynamic, aero-oxidation zone, fault, physical, and lithology boundaries, each 

playing a role in the distribution and accessibility of coalbed methane. 

The dynamics within the hydrodynamic boundary are particularly crucial, as 

explored by Li et al. (2023) and Wang et al. (2021). The interaction between 

coalbed methane and the underground water table, including processes like 

recharge, migration, and drainage, significantly influences methane accumulation. 
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Gensterblum et al. (2014) highlight the role of fault boundaries in describing the 

reservoirs, which is determined by the interplay of displacement pressure and 

reservoir pressure. Yanbin (2019) raises concerns about the limitations of 

conventional methods used to investigate the petrophysical properties of coal. He 

advocates for low-field nuclear magnetic resonance (NMR) techniques, which 

could offer improved accuracy and insights. This innovation is part of a broader 

trend in the field, where advanced technologies like ceramic nanotechnology are 

being employed to enhance the accuracy and reliability of data related to coalbed 

methane exploration and extraction. 

2.1.3 Tight sand gas 
Aleriza (2014) describes tight sand reservoirs as unconventional hydrocarbon 

sources, mainly characterised by their significantly low permeability. These 

reservoirs, often composed of densely packed sandstone or similar rock materials, 

have minimal pore spaces, hindering fluid movement. Such structural features set 

tight sand reservoirs apart from their more porous conventional counterparts. 

According to Sander et al. (2017), tight sand gas reservoirs generally possess 

porosity below 10% and matrix permeability under 0.1 milli Darcy (mD), requiring 

advanced methods like hydraulic fracturing and horizontal drilling to extract viable 

oil and gas from these formations. Zuo et al. (2012) notes that tight gas 

reservoirs, in the absence of hydraulic fracturing, tend to show low flow rates due 

to radial flow conditions. However, fracturing treatments can shift the flow 

mechanism to linear, with the success of this transition depending heavily on the 

extent of the hydraulic fracture and the quantity of propping agents used. 

David (2017) and Hongjun et al. (2016) assert that gas fundamentally differs from 

oil, and strategies effective in oilfield operations may not apply to tight gas fields. 

Particularly in tight gas reservoirs, conventional compression techniques might not 

significantly enhance production due to their low permeability, resulting in a 

temporary production boost followed by a plateau. Furthermore, Holditch (2006) 

and Stephen (2006) noted that tight sand primarily yield dry natural gas and 

emphasise the need for assembling expert teams of engineers and geoscientists 

to optimise drilling and completion strategies, underlining the importance of well 

planning and execution for successful development of these reservoirs. 
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2.2 Hydrocarbon production from low permeability 
reservoirs 

The hydrocarbon exploration and exploitation lifecycle, as described by Ahmed 

and Meehan (2016), encompasses several phases. Initially, the decision to explore 

a specific region is made, considering an array of factors such as technical 

feasibility and economic viability. This is followed by the seismic survey phase and 

the drilling of exploratory wells. The insights obtained from these activities inform 

the development strategy, leading to the eventual extraction of commercially 

viable hydrocarbons. The culmination of this lifecycle is marked by the 

decommissioning phase, which occurs when a field's economic output declines 

permanently. This entire process, thoroughly examined by experts like Waples 

(2013) and Lumpkin and Dess (2001), underlines the complex and multi-faceted 

nature of hydrocarbon exploration and development as illustrated in Figure 2. 

The process of discovering hydrocarbons starts with a geological analysis, where 

geologists study the Earth's composition to identify possible hydrocarbon 

formations. They use seismic surveys, conducted both onshore and offshore, to 

gather essential data on the geological characteristics of reservoirs. This thorough 

exploration is crucial for locating sites worthy of further investigation. Didi et al. 

(2024) and Sunday et al. (2015) have emphasised the significance of these 

preliminary efforts in targeting potential hydrocarbon reserves. 

Following the initial exploration, exploratory wells are drilled based on the 

promising indicators from seismic surveys. These wells serve a critical role in 

ascertaining the viability of the reserves. Through rigorous testing, valuable data 

is gathered regarding both the quantity and quality of the hydrocarbon contained 

within these reservoirs. Studies by Liu et al. (2022) and Kuuskraa and Haas (1988) 

have underlined the importance of these assessments in determining the 

feasibility of proceeding with extraction efforts. If the findings from these 

exploratory wells suggest economically viable reserves, further steps are 

undertaken to tap into these resources. 

Yuncong et al. (2014), Qinghai et al. (2013), and Wenbin et al. (2009) highlight 

how horizontal drilling and hydraulic fracturing have revolutionised the energy 

industry. These techniques have been instrumental in making the extraction of 

natural gas from previously unviable reservoirs possible. Furthermore, the 
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development of Enhanced Oil/Gas Recovery (EOR/EGR) methods is an ongoing 

process that aims to improve the efficiency and minimise the environmental 

impact of extracting natural gas from low permeability formations. These 

advancements continue to drive innovation in the field, ensuring more sustainable 

and effective extraction methods.  

 

Figure 2 Hydrocarbon exploration and production field life cycle. 

2.2.1 Horizontal drilling 
The evolution of horizontal drilling in low permeability reservoirs marks a 

significant turning point in the oil and gas industry, particularly in extracting 

hydrocarbons from geologically challenging areas. This advanced technique, 

championed by authors like Kang et al. (2022), Shiyi and Oiang (2018), and 

Wenrui et al. (2018), differs from traditional vertical drilling by turning the drill bit 

horizontally after reaching a certain depth as illustrated in Figure 3. This approach 

increases the wellbore's exposure to the reservoir, leading to more efficient 

extraction.  

As highlighted by Qun et al. (2022) and Ma et al. (2016) low permeability 

reservoirs such as shale formations, tight sands, and coalbed methane are 

characterised by their dense rock matrices, which limit the natural flow of fluids. 

The strategic application of horizontal drilling in these settings, as demonstrated 

in the research by Guo et al. (2019), addresses this challenge by maximising the 

contact area between the wellbore and the hydrocarbon-bearing formation. This 
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maximised exposure is crucial in formations with restricted fluid flow, allowing for 

a more efficient extraction process. 

The integration of horizontal drilling with hydraulic fracturing has revolutionised 

the extraction process in these tough geological environments. Hydraulic 

fracturing, which involves injecting fluids at high pressure to create fractures in 

the rock, complements horizontal drilling by further enhancing hydrocarbon 

recovery. Wang et al. (2017) note that this combination not only extends the well's 

reach but also increases the area contributing to the flow, leading to significantly 

higher recovery rates. 

 

Figure 3 (A) Horizontal drilling (B) Vertical drilling (Vestavik et al. 2010) 
 

2.2.2 Hydraulic fracturing 
Hydraulic fracturing, commonly known as fracking, has emerged as a vital 

technological advancement in the extraction of hydrocarbons from low 

permeability reservoirs, revolutionising the oil and gas industry. Its development, 

as explored by researchers such as Qinghai et al. (2013) and Wenbin et al. (2009), 

has been integral in making the extraction of resources from shale formations, 

tight sands, and coalbed methane both viable and economically feasible. 

Lucas and Ulrik (2013) detail the process of fracking, which involves injecting a 

high-pressure mixture of water, sand and chemicals into rock formations to create 

fractures as illustrated in Figure 4. These fractures improve the permeability of 
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the rock, thereby enabling more efficient oil or gas flow. Fracking's significance in 

low permeability reservoirs, particularly evident in the U.S. shale gas boom, was 

initially recognised in the late 1940s and has been highlighted in the work of Qun 

et al. (2009). The combination of fracking with horizontal drilling, as discussed by 

Shen et al. (2021) and Al-Muntasheri (2014), has been transformative, allowing 

for increased exposure of the wellbore to the reservoir and thus higher production 

rates. Kaiser (2012) notes the importance of selecting suitable fracking fluids and 

proppants. These proppants are essential in keeping the fractures open once the 

injection pressure is released, allowing for sustained hydrocarbon flow. 

 

Figure 4 Hydraulic fracturing (Texas Tribune 2011). 
 

2.2.3 Enhance oil/gas recovery 
The increasing focus on low permeability oil and gas resources on a global scale 

signifies a pivotal shift in the energy sector's exploration and production 

strategies. These resources, once overlooked due to their challenging extraction 

conditions, are now at the forefront of energy discussions. Despite the use of 

conventional primary and secondary recovery methods, there remains a 

substantial quantity of untapped oil in these reservoirs, highlighting the need for 

more efficient recovery techniques (Kalantari-Dahaghi, 2011). 

The response to this challenge has been the advancement of Enhanced Oil 

Recovery (EOR) and Enhanced Gas Recovery (EGR) techniques. These methods 

are specifically designed for low permeability reservoirs and aim to significantly 
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boost crude oil and natural gas production. Kang et al. (2022) emphasise that 

these advancements are key in addressing the hurdles faced in accessing 

unrecovered oil and gas in these complex reservoirs, suggesting that the future of 

EOR/EGR lies in continual technological advancement. 

2.3 Study of low permeability reservoirs 
Research on low permeability reservoirs in laboratory settings is essential for 

advancing petroleum engineering, focusing on enhancing fluid flow dynamics and 

improving hydrocarbon recovery from geologically challenging formations 

(Yakimchuk et al. 2019). Such reservoirs, including tight sandstones and shale 

formations, are characterised by limited pore connectivity and low porosity, which 

complicates the extraction of oil and gas, making it both technically challenging 

and economically strenuous. Laboratory studies frequently utilise physical models 

and advanced simulation techniques to replicate and analyse the behaviour of 

fluids within these reservoirs under controlled conditions (Li et al. 2021). 

A typical approach in these laboratory studies involves using sand packs and core 

samples to simulate the porous media of low permeability reservoirs (Wang et al. 

2022, Chang Liu, 2022, Ahad et al. 2020). Sand packs are especially valuable for 

conducting permeability tests, enabling researchers to observe how fluids traverse 

through these densely packed materials and to identify key factors influencing 

fluid flow. These experiments range from straightforward water flooding tests to 

more complex ones incorporating various Enhanced Oil Recovery (EOR) 

techniques like chemical injection or gas flooding. Insights from these studies are 

crucial for developing more effective extraction techniques and for predicting the 

performance of reservoirs under varying operational conditions (Hodge 2002). 

For example, Wang et al. (2022) conducted a detailed analysis using sand packs 

to study the formation and evolution of different micro-facies in the fan delta of 

the Gaoshangpu oilfield in the Nanpu sag, China. Wang et al. (2022) study sheds 

light on the genetic mechanisms of low-permeability reservoirs, identifying 

dominant facies belts and favourable diagenetic sequences critical for the efficient 

development and evaluation of similar geological settings. Similarly, Chang Liu 

(2022) explored the ultra-low permeability tight sandstone reservoir properties of 

the Chang 6 Member in the Huaqing area of the Ordos Basin, focusing on 

sedimentary-structural characteristics. These insights are pivotal for predicting 
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hydrocarbon enrichment and high-yield areas in such challenging reservoir 

environments. 

In laboratory environments, researchers employ a mix of synthetic and natural 

samples to mimic the geological conditions of low permeability reservoirs. Core 

samples extracted directly from the field are especially valuable as they provide 

the most realistic representation of the reservoir conditions (Shafer 2013). These 

samples undergo various tests, including stress and strain measurements, 

porosity and permeability assessments, and fluid injection experiments under 

different pressure and temperature conditions. Such comprehensive evaluations 

elucidate how various rock properties, such as grain size, cementation, and clay 

content, impact fluid flow. Understanding these relationships is essential for 

predicting how reservoirs will respond to enhanced recovery processes and for 

designing interventions that maximise oil and gas production while minimising 

environmental impact (Anovitz and Cole, 2015). 

These investigations underscore the complex nature of low-permeability reservoirs 

and highlight the need for precise and comprehensive modelling to correctly 

predict their behaviour. The contributions of researchers in this field are 

fundamental to advancing extraction techniques for challenging reservoir 

environments, emphasising the importance of both experimental and simulation 

approaches in the development of effective extraction strategies. 

However, these approaches also acknowledge significant limitations. For example, 

sand packs used in simulations do not fully replicate the complex heterogeneity 

and structural nuances of actual rock formations. Natural rocks exhibit a wide 

variety of pore shapes, sizes, and connectivity—factors that significantly impact 

fluid dynamics but are difficult to significantly model in laboratory settings. 

Furthermore, the high costs and logistical challenges associated with direct core 

sample drilling, particularly in deep-water or remote locations, can limit the 

number of cores obtained, reducing the scope of geological data available for 

analysis. The time-intensive nature of preparing, testing, and analysing core 

samples can also delay operational decision-making in dynamic drilling 

environments. To address these issues, this research explores the application of 

nanotechnology to overcome some of the constraints faced in reservoir 

engineering, potentially revolutionising the field by enhancing the application of 
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nanoporous ceramic cores as an alternative for the direct reservoir core sample in 

studying gas transport behaviour. 

2.4 Nanotechnology  
Nanotechnology encompasses a broad range of materials and methods used in 

the development of ceramic cores, covering everything from material selection 

and core fabrication to characterisation and the design of core modules. It also 

involves studying the transport phenomena within these cores and optimising their 

performance, particularly focusing on the mechanical separation processes for 

both gas and liquid streams (Tawfik and Vinoid, 2016).  

As Kanyo et al. (2020) and Tasselli (2015) note, a critical aspect of this field is 

selecting suitable materials that are tailored for specific applications. The choice 

of material significantly influences how the core interacts with permeants, 

impacting the core's transport mechanisms, stability, and overall performance. 

These cores are constructed from a variety of materials, including organics like 

polymers and inorganics such as carbons, alumina, zeolites, etc., known for their 

high thermal stability, robust mechanical strength, chemical resistance, and 

durable operational properties. 

According to Ho and Bum (2017), the effectiveness of porous ceramic materials 

hinges on three key factors: pore size, overall porosity and permeability. Typically, 

these materials are composite structures comprising multiple layers, each serving 

a distinct purpose. The core’s architecture usually includes a microporous support 

layer that provides mechanical strength, an intermediate layer with significantly 

smaller mesoporous pores that act as a bridge, and a microporous top layer where 

the primary functions of the core occur (Shehu et al 2019). Materials used in these 

structures, such as alumina (Al₂O₃), silica (SiO₂), zirconia (ZrO₂), titania (TiO₂), 

and various metal oxides, are selected to optimise functionality and performance. 

Beil and Beyrich (2013) describe ceramic cores as functioning selective barriers 

between two phases—be it gas, liquid, or vapor. These cores may be either passive 

or active interfaces that regulate the transport processes between phases. 

Designed with fine mesh, small pores, and layered materials, these cores are 

adept at allowing selective passage of molecules and particles, enabling them to 

retain specific components while permitting others to pass through. This ability to 
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selectively differentiate between components, known as selectivity, is central to 

the core’s utility in various applications (Ho and Bum, 2017). 

These ceramic cores, therefore, play a crucial role in a wide range of industrial 

and scientific applications, thanks to their ability to control the flow and separation 

of different substances effectively. The nanoporous ceramic cores are utilised in 

this research to focus on enhancing these cores' efficiency and adaptability, 

ensuring they meet the specific demands of emerging technologies and complex 

industrial processes. 

2.5 Advantages of nanoporous ceramic core in Reservoir 
studies 

In this study, synthetic nanoporous ceramic cores are utilised, representing a 

significant departure from traditional reservoir evaluation methods. These ceramic 

cores are increasingly being recognised within the scientific community for their 

distinctive properties and the unique benefits they offer in reservoir evaluation. 

Nanoporous ceramic cores have been extensively studied and employed by various 

researchers such as Liu et al. (2022), Abunumah et al. (2021), Ehdaie et al. 

(2017), and Teklu et al. (2016), who have documented their advantageous 

attributes. These include high tensile strength and exceptional durability, which 

make them resistant to the physical and chemical stresses often encountered in 

sub-surface environments. Additionally, their cost-effectiveness and energy 

efficiency make them an attractive option for sustained use in multiple 

experimental setups and real-world applications. 

Furthermore, nanoporous ceramic cores allow for precise control over pore size 

distribution, a vital factor in the study of fluid transport in porous media. This 

control helps in significantly simulating the porous structures of natural reservoirs, 

thereby providing deeper insights into the flow dynamics and transport 

mechanisms of hydrocarbons. 

The ability of nano ceramic cores to withstand mechanical and thermal stresses 

adds another layer of utility, making them suitable for high-pressure and high-

temperature experiments that are typical in studies of natural gas transport. This 

resilience enables researchers to explore a wider range of conditions and 
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scenarios, thus expanding the boundaries of current understanding and 

contributing to more effective reservoir studies.  

2.6 Gas transport through nanoporous ceramic cores 
Pioneering researchers like Dybbs and Edwards (1984) have outlined that fluid 

transport through porous media is fundamentally governed by principles rooted in 

continuum mechanics. These principles are crucial for adapting fluid transport 

processes to meet the challenges of specific and often difficult conditions. Adler 

(2013) further emphasised that the main theories describing fluid dynamics—

applicable to both liquids and gases—through porous media are based on 

constitutive equations and established engineering principles. These theories are 

supported by fundamental thermodynamic and conservation laws, including 

Boyle’s and Charles's laws, and conservation laws such as those of momentum 

and mass-energy. Other critical theoretical frameworks that inform these theories 

include Darcy's Law, Material Balance, Hagen–Poiseuille Law, Buckley–Leverett 

theory, Welge's method, and Fick’s laws, making them especially applicable for 

studying gas transport in porous media. 

Pandey and Chauhan (2001) described gas transport through nanoporous ceramic 

cores as a multifaceted process influenced by adsorption, diffusion, and capillary 

condensation. These cores are integral in applications such as gas separation and 

filtration, featuring a matrix of nano-sized pores that govern molecular-level gas 

movement. Constructed from materials like alumina, silica, or zirconia, 

nanoporous ceramic cores offer exceptional thermal and chemical stability. The 

specific arrangement and size distribution of the pores are crucial, determining 

the core's selectivity and permeability for different gases (Marchetti and 

Livingston, 2015). 

The efficiency of gas transport through nanoporous ceramic cores is influenced by 

several factors. The size and uniformity of the pores directly impact the selectivity 

and flow rate of gases. Higher temperatures tend to increase diffusion and 

adsorption rates, while pressure differences across the core drive the flow, pushing 

more gas molecules through the pores. Additionally, the chemical properties of 

the gas, such as viscosity, and affinity for the core material, significantly affect 

how it interacts with the pores (Baker, 2023). 
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2.7 Critical parameters influencing gas transport in low-
permeability reservoirs 

As postulated by Refe (2000) several factors influenced the transport of gas from 

low permeability reservoirs. Which include reservoir porosity and permeability, 

pore pressure and reservoir stress, rock composition and texture, temperature 

and thermal effect, fracture network and connectivity, fluid properties, reservoir 

depth and geothermal gradient, technological and operational factors. This 

research has considered six critical parameters that governs the transport of gas 

in these challenging reservoirs. These parameters include permeability, mobility 

porosity, fluid viscosity, operating temperature and pressure conditions. 

2.7.1 Permeability 
Permeability is the ability of a reservoir rock to transmit fluids through its 

structure, as stated in the Schlumberger Oilfield Glossary (2021). Figure 5 offers 

a visual representation of this concept. Permeability is quantified in Darcies or 

milliDarcies, a measure established by Henry Darcy (1856), who drew parallels 

between heat transfer and fluid flow in porous media.  

 

Figure 5 Reservoir permeability schematic (MPG 2003). 
 
Permeability is particularly critical in sandstone formations, which typically feature 

large, well-connected pores that facilitate the flow of fluids. Conversely, shales 

and tight sands, with their finer grains and less interconnected pores, are regarded 

as less permeable. Understanding these properties is essential for the successful 
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extraction of natural gas from such challenging environments (Pan and Connell, 

2015). Studies like those by Gensterblum et al. (2015) emphasise the importance 

of choosing the right experimental techniques to measure permeability in ultra-

low permeability rocks, which can be time intensive. 

Advanced techniques for measuring permeability, like the steady-state and 

unsteady-state methods reviewed by Regina et al. (2017), play a critical role in 

this context. Although unsteady-state techniques, which include various pressure 

decay methods, are favoured for their speed and accuracy, the complexity 

increases as permeability decreases. Field tests often provide the most reliable 

permeability measurements, accounting for the natural conditions of the reservoir 

(Wasaki and Akkutlu, 2015). Such comprehensive assessments are essential to 

understand the flow dynamics in low permeability reservoirs and to devise 

appropriate strategies for their development.  

This study identifies permeability as a key reservoir parameter, adopts Darcy’s 

equation for its determination and correlates it with other factors such as porosity, 

viscosity, temperature, and pressure-drop to assess their impact and align with 

existing literature. Consequently, the research investigates permeability in the 

nanoporous ceramic cores and compares it with the permeability observed in oil 

fields that have undergone gas (CH4 and CO2) injection. The aim is to determine 

the extent to which ceramic porous media can serve as an analogue for 

permeability studies in hydrocarbon reservoirs. 

2.7.1.1 Darcy’s law  

Numerous equations are utilised in the industry for PVT analysis and the evaluation 

of reservoir flow regimes. These equations have been thoroughly examined, and 

a thorough selection process was employed to determine the appropriate 

equations for application at various stages of the research. The most frequently 

used are categorised into three primary groups: those based on experimental 

results, such as Darcy's (1856) and Poiseuille's (1940) equations; those derived 

from analytical or semi-analytical models, like the Martin-Hou (MH) and the 

Buckley-Leverett fractional flow model for fluid dynamics, as well as Welge's 

equation; and those formulated from numerical models. Additionally, others like 

Fick’s, Navier-Stokes, Euler’s, Bernoulli's, and Poiseuille’s equations are also 

employed in various studies. Lukaszewicz and Kalita (2016) have documented 
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their use of the Navier-Stokes equation in fluid flow studies. Similarly, Titze et al. 

(2015) utilised Fick’s equation in research focused on hydrocarbon recovery and 

utilisation technologies. Certain equations, such as the Martin-Hou (MH), 

necessitate that researchers estimate or approximate specific constants and 

parameters, as noted by Bai-Gang et al. (2012). 

This study predominantly relied on the Darcy’s law, originally formulated by Henry 

Darcy in 1856, due to its clear methodology and the straightforwardness of directly 

measuring its variables in laboratory settings.  Darcy's original experiments, which 

led to the formulation of the Darcy equation, were conducted by observing the 

flow of water through beds of sand, leading to insights that have profoundly 

influenced hydrodynamics. The equation he derived, often visualised in 

educational materials as the linear Darcy Flow model, shows the direct relationship 

between the volumetric flow rate and variables such as viscosity, permeability, 

and pressure gradient as shown in Figure 6. 

This quantitative model, expressed mathematically in Equation 1, serves as a 

foundational principle in the study of fluid dynamics within porous materials. It 

highlights the predictable nature of fluid flow in engineered and natural systems, 

facilitating the design and optimisation of systems for water management, oil 

recovery, and in the environmental engineering sectors where fluid migration 

through substrates is relevant. 

 

Figure 6 Diagram of linear Darcy flow through a porous media. 
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 𝑄	 = 	−	
𝑘. 𝐴
𝜇
	
𝑑𝑝
𝑑𝑙

 (1) 

 

Where: 

Q is the volumetric flow rate in cm3.sec-1. 

k is the permeability in mD. 

A is the cross-sectional area of the porous media in cm2. 

µ is the fluid viscosity in cp. 

 !"
!#

 is the pressure gradient across the porous medium in atm.cm-1. 

2.7.1.2 Adaptation of Darcy equation 

Numerous early researchers, including Swartzendruber (1962), Yu-shu and 

Karsten (1996), and Wada et al. (1985), have proposed and implemented several 

adaptations of the original Darcy (1856) equation, which describes single-phase 

linear flow, to analytically address various reservoir challenges. Buckley and 

Leverett (1942) expanded upon Darcy’s framework by incorporating a capillary 

pressure term in conjunction with material conservation principles to better 

characterise fluid dynamics in complex reservoirs. Alternatively, Welge (1952) 

removed the capillary terms from the Buckley-Leverett formulation and introduced 

a graphical method to estimate oil production based on fluid saturation levels. 

Yu-shu and Karsten (1996) further refined the equation to include additional 

parameters such as permeability and viscosity, extending its applicability to two-

phase flow conditions under a single-phase framework. Additionally, the Darcy 

equation has been adapted to facilitate the development of numerical simulators; 

for example, Pruess (1991) utilised an extension of Darcy’s law to create a 

simulator capable of describing multiphase fluid dynamics. 

In this study, the Darcy equation was specifically modified to determine the 

permeability of the nanoporous ceramic cores, taking into account the radial flow 

observed in the experimental setup and the use of compressible fluids (gas). 
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2.7.1.3 Modification of Darcy’s equation for radial flow 

Equation 1 describes flow through linearly configured porous media. In this 

study, however, a tubular core was utilised where the flow follows a radial path. 

Consequently, Equation 1 requires modification to suit radial flow dynamics. This 

modification addresses the flow through media characterised by internal and 

external radii r2 and r1, respectively, and height h respectively, as depicted in 

Figure 7. The adapted form of the Darcy equation will accommodate the 

geometrical configuration of the radial pathway. 

 

Figure 7 Schematic depicting radial flow directed towards the core. 

Note that the area, A, in the radial configuration is represented as 2𝜋𝑟ℎ, 

transforming Equation 1 into Equation 2. However, Equation 4 assumes the 

fluid is incompressible, whereas this study involves gases, which are compressible. 

Therefore, it is necessary to derive a version of the Darcy equation that 

accommodates compressible fluids. 

 𝑄	 = 	−	
𝑘. 2𝜋𝑟ℎ
𝜇

	
𝑑𝑝
𝑑𝑟

 (2) 

2.7.1.4 Adaptation of Darcy equation for compressible fluid 

Liu et al. (2018), Li and Horne (2001b) have developed a modified version of the 

Darcy equation specifically tailored for the flow of compressible fluids such as 

gases as presented in Equation 3. 
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 𝑄$ 	= 	−	
𝐾$𝐴𝑑𝑃
𝜇$𝐿

	
𝑃%
𝑃&'%

 (3) 

Where: 

Qg is the flow rate of the gas in cm3.sec-1; 

Kg is the gas phase permeability in mD; 

µg is the gas phase viscosity in cp; 

Pm is the mean pressure in atm; 

Patm is the atmospheric pressure in atm; 

dP is the pressure differential across the core in atm; 

A is the cross-sectional area of the core in cm2; 

L is the length of the core in cm. 

Equation 3 incorporates Pm and Patm into the traditional Darcy equation 

(Equation 1), suggesting that gas mobility is inversely related to the average 

pressure. Notably, many formulations of the Darcy equation omit temperature 

considerations, which is a critical factor given the temperature sensitivity of gas 

behaviour. Kuuskraa (1982) incorporated a temperature component in his 

research on gas flow, although the derivation details were not disclosed. This 

modification is grounded in the principles of the ideal and combined gas laws, 

encompassing both Boyle's and Charles's laws as outlined by Slider (1983). 

 𝑃𝑉	 = 	𝑧𝑛𝑅𝑇 (4) 

Where: 

P is the pressure in atm 

V is the gas volume in cm3 

z is the compressibility factor of gas and is dimensionless 
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n is the number of moles in mol 

R is gas constant in J.mol-1K-1 

T is temperature in K 

Rearranging Equation 6 results in the following expression: 

 𝑃𝑉
𝑧𝑇

	= 	𝑛𝑅 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (5) 

It can be deduced that for any two conditions involving variations in pressure, 

temperature, and volume, the product 'nR' remains constant. Given that gas 

properties might be assessed under various non-standard conditions relevant to 

engineering applications, it is essential to normalise these measurements to 

standard operating conditions. Examples of these include laboratory settings and 

actual reservoir conditions. Based on Equation 5, we can establish the following 

correlation: 

 	(
𝑃𝑉
𝑧𝑇
)()* =	 (

𝑃𝑉
𝑇
)*'! = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (6) 

The subscripts 'res' and 'std' refer to reservoir and standard conditions, 

respectively. 

Considering the volumetric rate, Equation 6 is expressed as follows: 

 𝑃𝑄
𝑧𝑇

	=
𝑃*'!𝑄*'!	
𝑇*'!

 (7) 

For simplicity, the subscript 'res' has been omitted from the expression on the left 

side of Equation 7 

Rearranging the formula to solve for Q, the reported volumetric flow rate, the 

expression becomes: 

 𝑄	 =
𝑧𝑃*'!𝑄*'!	
𝑇*'!

	
𝑇
𝑃
 (8) 

Inserting the value for Q into Equation 2 results in: 
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 𝑧𝑃*'!𝑄*'!	
𝑇*'!

	
𝑇
𝑃
= 		

𝑘. 2𝜋𝑟ℎ
𝜇

	
𝑑𝑝
𝑑𝑟

 (9) 

Solving for the volumetric flow rate at the standard condition the expression 

becomes:  

 	𝑄*'!	 =		
𝑘. 2𝜋ℎ𝑇*'!
𝑧𝜇𝑇𝑃*'!

	
𝑃𝑑𝑝
𝑑𝑟

 (10) 

Equation 10 can be rearranged to give: 

 

 

 
	𝑄*'!	

𝑑𝑟
𝑟
= 		

𝑘. 2𝜋ℎ𝑇*'!𝑃
𝑧𝜇𝑇𝑃*'!

	𝑑𝑝 (11) 

Integrating both sides of Equation 11: 

 

 
	𝑄*'!	A

𝑑𝑟
𝑟

(!

("
=		

𝑘. 2𝜋ℎ𝑇*'!
𝑧𝜇𝑇𝑃*'!

	A 𝑃𝑑𝑝
,!

,"
 (12) 

 

Considering the boundary conditions:  

r1 and r2  represent the external and internal radii of the flow path, respectively, 

aligned with the direction of increasing pressure. Consequently, leading to the 

omitting of the negative sign in the original Darcy equation.  

P1 and P2 denote the pressures at the injection and exit points, respectively. 

Furthermore, the integration of P will result in a factor of 2 in the denominator, 

cancelling out the 2 in the numerator 

 

 
	𝑄*'!	𝐼𝑛	

𝑟-
𝑟.
=		

𝑘𝜋ℎ𝑇*'!(𝑃-. −	𝑃..)
𝑧𝜇𝑇𝑃*'!

	 (13) 

 

In many laboratory settings, including those of this experiment, zµ can be 

regarded as constant across a range of pressure conditions, as suggested by 

published works from Zhuang (2020). Ahmed and Meehan (2012) along with John 

(2007) have documented experimental results showing that zµ remains constant 

at pressures below 2000 psi (136 atm). Given that this study was conducted under 
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3atm pressure and was designed as a comparative analysis, Equation 13 can be 

further simplified. 

 

 

 
	𝑄*'!	 =	

𝑘
𝜇
		
𝜋ℎ𝑇*'!
𝑇𝑃*'!

		
(𝑃-. −	𝑃..)

𝐼𝑛	 𝑟-𝑟.
		

 (14) 

Equation 14 reflects the formula presented by Kuuskraa in 1982. The volumetric 

flow meter utilised in this research is calibrated to standard conditions of pressure 

(Pstd) and temperature (Tstd) at 1 atm and 273 K, respectively, as specified by the 

manufacturer. Given that the experimental procedure maintains isothermal 

conditions, ensuring uniform temperature throughout the system, substituting 

these standard values into Equation 16 results in the following expression: 

 
	𝑄*'!	 =	

𝑘𝜋ℎ
𝜇
			
(𝑃-. −	𝑃..)

𝐼𝑛	 𝑟-𝑟.
		

 (15) 

 

Further solving for k will give: 

 
	𝑘	 = 	

𝑄*'!	𝜇
𝜋ℎ

			
𝐼𝑛	 𝑟-𝑟.

		

(𝑃-. −	𝑃..)
 (16) 

 

 

Where: 

Qstd is the volumetric flow rate in cm3.sec-1. 

k is the permeability in mD. 

µ is the fluid viscosity in cp. 

h is the height of the core in cm. 

r1 and r2  are the external and internal radii respectively. 

P1 and P2 denote the pressures at the inlet and outlet respectively. 

2.7.2 Mobility 
Mobility, as defined by Heidari (2019), is a key parameter in the study of fluid 

dynamics within porous media, quantifying the ease with which a fluid traverses 

a porous material. It is calculated as the ratio of permeability to fluid viscosity, 

typically expressed in units of Darcy per centipoise (D/cp) or milliDarcy per 
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centipoise (mD/cp). This parameter is critically important across various fields 

including petroleum engineering, hydrogeology, and environmental engineering, 

significantly impacting the efficiency of processes such as oil recovery, 

groundwater management, and contaminant transport. 

Mobility is a combinatorial reservoir quantity in that it is determined by both the 

intrinsic properties of the fluid, such as viscosity, and the characteristics of the 

porous medium, such as permeability (Zhou and Thakur 2020). The relationship 

between these factors is straightforward: higher permeability coupled with lower 

viscosity leads to greater mobility, facilitating fluid movement. This interaction is 

fundamental for designing effective extraction strategies, managing reservoirs 

efficiently, and implementing environmental remediation at contaminated sites 

(Tran and Nguyen 2019). The theoretical basis of mobility is anchored in Darcy's 

Law, which describes how fluids flow through porous substrates. 

In practical applications, particularly in enhanced oil recovery (EOR) scenarios, 

understanding and manipulating mobility is essential for selecting the most 

effective recovery methods. For example, a higher mobility ratio of oil to water 

can enhance displacement efficiency, leading to increased oil recovery rates. 

Conversely, scenarios characterised by low mobility may require interventions 

such as hydraulic fracturing to improve the reservoir's flow characteristics 

(Dullien, 1992). However, implementing mobility-focused strategies can be 

complex.  As Satter and Iqbal (2015) note, several factors can complicate the 

straightforward application of mobility concepts. The complexity of pore 

structures, the interaction between fluids and the rock matrix, and varying 

operational conditions like temperature and pressure all significantly influence 

mobility. Temperature variations, for example, typically decrease oil viscosity, 

potentially enhancing mobility, whereas increased pressure can compress the pore 

structure, reducing both permeability and mobility, as discussed by Lake and 

Fanchi (2006).  

In the study, mobility was adopted as an objective function because of its 

combinatorial qualities, enabling the research to essentially couple field and 

experimental data. Based on extant literature, fluids with relatively lower viscosity 

are expected to engender comparatively higher mobility in both field and 

experimental data. Consequently, in this study, we investigated the mobility of 
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field data and experimental data of common gases (CH4 and CO2) in reservoir 

hydrocarbon recovery. The extent of the coupling determines how significant 

nanoporous ceramic core samples can be used to mimic reservoir core samples. 

2.7.3 Darcy flux (Darcy velocity) 
Reservoir flux also known as the Darcy velocity (Woessner and Peter, 2020), is a 

critical concept in reservoir engineering and geosciences. It refers to the flow of 

fluids per unit area—such as oil, gas, and water—through the porous media. This 

flow is driven by various forces and influenced by multiple factors, which together 

determine the efficiency and behaviour of fluid extraction from subsurface 

reservoirs (Agosti et al. 2015). Understanding reservoir flux is essential for 

optimising hydrocarbon recovery, managing reservoir pressure, and ensuring the 

long-term sustainability of the reservoir (Ahmed, 2018). 

According to Dake (2001), fluid properties, including type, viscosity, density, and 

compressibility, significantly impact reservoir flux. Different fluids exhibit distinct 

flow behaviours through porous rocks, influencing overall reservoir performance. 

Similarly, the properties of the reservoir rock, such as permeability and porosity, 

are fundamental in determining the ease with which fluids can flow. High-

permeability rocks allow for more straightforward fluid flow, while high-porosity 

rocks can store larger volumes of fluids (Lake and Fanchi, 2006). The pressure 

gradient is another primary driver of fluid flow in reservoirs; higher pressure 

differences between two points result in a higher flow rate of fluids. This gradient 

is influenced by natural reservoir pressure and any artificial pressure applied 

through injection wells (Craft et al. 2014). Temperature also plays a crucial role 

in reservoir flux by affecting fluid viscosity and, consequently, flow rates. Higher 

temperatures typically reduce oil viscosity, enhancing fluid mobility (Holstein, 

2007).  

Measurement and analysis of reservoir flux involve various techniques. Core 

sample analysis in laboratories provides detailed information about permeability, 

porosity, and fluid flow characteristics (Liu et al. 2022). Well testing, including 

drawdown and buildup tests, estimates reservoir properties and fluid flow 

dynamics in the field (Zhuang et al. 2020). Advanced reservoir simulation models 

integrate geological, petrophysical, and fluid properties to predict fluid flow 

behaviour under various production scenarios (Craft et al. 2014). Continuous 
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reservoir surveillance, including production data monitoring and 4D seismic 

surveys, helps manage reservoir flux in real time (Jahns, 2001). 

This study adopts flux as a key reservoir parameter and relates how various 

factors influences its behaviour. Alfarge et al. (2020) pointed out that 

understanding reservoir flux is crucial for enhanced oil recovery (EOR) techniques, 

which aim to maximise hydrocarbon recovery by modifying fluid flow dynamics. 

Effective reservoir management relies on knowledge of reservoir flux to extend 

reservoir life and optimise economic returns (Lake and Fanchi, 2006). Monitoring 

and controlling reservoir flux is also essential for minimising environmental risks, 

such as subsurface contamination and unintended migration of injected fluids 

(Bachu, 2008). In unconventional resources like shale gas and tight oil, reservoir 

flux analysis is vital due to the complex nature of the porous media and the need 

for advanced stimulation techniques to enhance fluid flow. 

2.7.4 Quality index 
The Quality Index (RQI) is a crucial parameter in reservoir studies, employed to 

evaluate and quantify the quality of a reservoir rock. This index integrates various 

geological and petrophysical properties to provide a comprehensive measure of 

the reservoir's capacity to store and transmit fluids such as oil, gas, and water. 

(Abouzar and Behzad, 2022). 

As documented by Kausik et al. (2015), several factors influence the RQI, 

including porosity and permeability, grain size and sorting, cementation and 

compaction, mineral composition, and pore throat size and distribution. The types 

of minerals present in the reservoir rock influence its mechanical properties and 

fluid interactions, with rocks composed of minerals like quartz typically having 

higher porosity and permeability compared to those with significant clay content 

(Chevalier et al. 2013). 

The RQI is vital in various aspects of reservoir characterisation and management. 

It helps identify high-quality reservoir zones likely to yield higher hydrocarbon 

recovery and assists in mapping the spatial distribution of reservoir properties, 

aiding in developing more accurate geological models (Craft et al. 2014). In 

enhanced oil recovery (EOR) techniques, the RQI helps determine the most 

effective methods for improving oil extraction from reservoirs. High RQI values 

are more likely to respond positively to EOR methods such as water flooding, gas 
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injection, or chemical EOR. The RQI is used as an input parameter in reservoir 

simulation models to predict fluid flow behaviour and recovery potential under 

different production scenarios, improving the reliability of simulation results 

(Mirzaei-Paiaman and Ghanbarian, 2022.). 

Moreover, the RQI informs decisions regarding well placement and drilling 

strategies. Wells are strategically located in areas with higher RQI to maximise 

production efficiency and economic returns. By providing insights into reservoir 

quality, the RQI aids in the economic evaluation of exploration and production 

projects, helping estimate recoverable reserves and assess the feasibility of 

development plans (Zhou and Kamal 2019). 

The research takes into account the importance of RQI in reservoir management 

and has investigated parameters that could impact on the RQI using experimental 

data coupled with field data. 

2.7.5 Porosity 
Ezekwe (2011) describes porosity as the ability of a reservoir rock to store fluids, 

including water, gas, or oil, expressed as a percentage ratio of the pore volume 

to the total volume of the rock. It is a geometric property of the rock, which 

depends on factors such as grain size, shape, and the arrangement and 

distribution of these grains as illustrated in Figure 8. These aspects are critical 

for assessing a reservoir's capability.  

Mathematically,  

 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦	(∅) 	= 	
𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟	𝑝𝑜𝑟𝑒	𝑣𝑜𝑙𝑢𝑚𝑒	(𝑉𝑝)
𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟	𝑏𝑢𝑙𝑘	𝑣𝑜𝑙𝑢𝑚𝑒	(𝑉𝑏)

 (17) 
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Figure 8 Diagram of porosity showing grain effect (Alberta 2013). 
 

Porosity stands as a crucial characteristic that significantly impacts the physical 

properties of materials, encompassing attributes like density, thermal 

conductivity, and strength. Given the intricate and diverse nature of porous 

materials, a plethora of experimental techniques have been developed to 

effectively characterise them. Previous research endeavours have dedicated 

substantial efforts to create and enhance various porosity assessment methods. 

For instance, Sulistyo and Rizky (2018) explored porosity control in ceramic 

materials during manufacturing by employing pore formers. They assessed the 

ceramic products' porosity using the Archimedes method and scanning electron 

microscopy. Möri et al. (2021) quantified the porosity of crystalline rocks through 

in situ and laboratory injection methods. Maurya et al. (2019) harnessed genetic 

algorithms to characterise reservoirs solely from seismic data, demonstrating the 

effectiveness and applicability of genetic algorithms in reservoir characterisation. 

Consequently, a spectrum of approaches has emerged and evolved, each with its 

unique advantages and limitations based on distinct physical principles. For 

instance, image analysis evaluates both open and closed porosity but lacks the 

capacity to distinguish between the two. Archimedean porosimetry offers a cost-

effective means of measuring open porosity but does not provide detailed 

information regarding pore size, shape, or distribution. Conversely, mercury 

porosimetry furnishes precise results concerning open porosity but is relatively 
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harsh on samples, making it commonly employed for comparison and correlation 

(Andre, 2000). 

In this research, the method employed for porosity determination relies on the 

concept of Archimedes' buoyancy, widely regarded as the most used technique for 

this purpose. The procedure entails fully submerging the porous sample in a 

beaker of fluid mostly water over an extended duration to ensure complete filling 

of the interconnected porous network by the fluid. A specialised beam balance kit, 

facilitating the weighing of samples in both air and fluid without altering the 

balance's configuration, is employed. Knowledge of the fluid's density is noted to 

facilitate the calculation. The change in weight of the sample before and after 

immersion is measured to determine the pore volume, obtained by dividing this 

change by the density of the fluid. 

2.7.5.1 Engineering basis for porosity 
Several researchers have established theoretical and empirical relationships 

between porosity and how it influences permeability and mobility. For instance, 

Mohammed et al. (2019) and Zhao et al. (2018), highlighted that higher porosity 

indicates a greater capacity of the reservoir to retain fluids and thus a higher flow 

rate, whereas lower porosity suggests limited storage capacity. Tiab and 

Donaldson (2024) offer an extensive review of petrophysical properties of a porous 

media, explaining how porosity may not directly correlate with permeability due 

to factors like pore connectivity and rock fabric. Zoback (2010) further discusses 

how geological stress factors and rock mechanics can complexly influence 

permeability, often disconnecting it from porosity in environments under stress. 

Similarly, the research conducted by Anovitz and Cole (2015) examines the 

behaviour of porosity and permeability under varying stress conditions, illustrating 

instances where increased porosity does not necessarily lead to higher 

permeability due to alterations in pore structure and alignment. 

Research by Hommel et al. (2018) introduces a perspective based on fluid 

dynamics, noting that variables such as fluid properties and interfacial phenomena 

can separate porosity from permeability in specific situations. Alabi (2011) provide 

insights into fluid flow in heterogeneous porous media, showing that local 

variations in porosity do not consistently impact overall permeability owing to 

structural complexities. Additionally, the foundational principles established by 
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Darcy (1856) continue to influence contemporary models of fluid flow, 

underscoring the intricate interactions between porosity and permeability. 

Blunt (2017) offers an extensive review of fluid dynamics within porous media, 

addressing everything from basic properties like porosity to the complex 

interactions that influence fluid mobility. His work supports the notion that higher 

porosity alone does not necessarily lead to increased mobility, highlighting how 

porosity interplays with other physical characteristics of the media to affect fluid 

movement. Civan (2016) investigates the intricate dynamics between porosity, 

permeability, and mobility in porous formations. His comprehensive discussion on 

formation damage adds depth to the understanding that mobility does not always 

linearly correlate with porosity, offering practical insights and empirical data that 

align with a trend in which porosity has a negligible influence on mobility. 

On the other hand, Westkämper (2018) presents scenarios where increased 

porosity significantly boosts fluid mobility, suggesting that under specific 

conditions, the relationship between porosity and mobility might be more 

pronounced. Heidari (2019) explores how porosity changes under stress 

conditions can directly and substantially affect fluid mobility, challenging the 

notion of a minimal relationship between these factors. Furthermore, Zhou and 

Thakur (2020) examine how porosity alterations due to temperature and pressure 

variations can critically impact fluid mobility, providing a contrasting viewpoint.  

This study uses porosity as a key parameter and investigates its correlation and 

influence on permeability and mobility, aiming to align the findings with these 

established studies. 

2.7.6 Viscosity  
Fluid viscosity is a measure of a fluid's resistance to flow, defined as its internal 

friction when subjected to shear stress (Beggs 1987). To understand viscosity, 

imagine a fluid confined between two plates—one stationary and the other moving 

at a constant velocity V. Viscous fluids resist changes in velocity by generating 

friction between their molecules. This characteristic is vital for determining the 

effort required to manipulate fluids in applications such as lubrication, pipeline 

transport, and in processes like spraying, injection moulding, and surface coating 

(Sanjari et al. 2011). Generally, fluids display a direct proportionality between 

shear strain rate and the shearing stress causing flow. This ratio, known as 
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dynamic or absolute viscosity, typifies Newtonian fluids, named after Sir Isaac 

Newton, who formulated this concept. 

Historical and recent research, including studies by Kadoya et al. (1985) and 

Jarrahian and Heidayan (2014), have noted that gases increase in viscosity with 

temperature due to more frequent molecular collisions as kinetic energy rises. 

Conversely, the viscosity of liquids decreases with temperature, facilitating easier 

flow. For instance, water's viscosity at 27°C (81°F) and 77°C (171°F) measures 

0.85 x 10-3 and 0.36 x 10-3 pascal-second, respectively, whereas air's viscosity at 

these temperatures is 1.85 x 10-5 and 2.08 x 10- pascal-second. 

Mamudu et al. (2015) found that oil recovery improves as the viscosity ratio 

between water and oil decreases during displacement processes. Azad and Ehsan 

(2014) extensively studied natural gas viscosity in relation to temperature, 

pressure, and composition, finding that gas viscosity generally increases with 

temperature at low to moderate pressures. Precise determination of gas viscosity 

is essential for efficient gas management, as it impacts various engineering 

calculations. 

Heidaryan et al. (2011) pointed out that experimental techniques like vibrating 

cables, capillary tubes, rolling ball, or falling ball viscometers offer reliable 

measurements of natural gas viscosity. Although using density-based methods for 

calculating viscosity is highly accurate, it requires data on the compressibility 

factor under various pressure and temperature conditions, which can affect 

measurement accuracy. 

Furthermore, Azad and Ehsan (2014) developed an innovative model for 

estimating the viscosity of light hydrocarbon gases mixed with heavy and non-

hydrocarbon components. This model, based on the principle of corresponding 

states, can significantly predict viscosity across a broad spectrum of pressures, 

temperatures, and compositions. The fluid viscosity values for this study were 

obtained from already established literatures. 

2.7.6.1 Engineering basis for viscosity 
A range of authoritative sources from fluid dynamics and petroleum engineering 

have been drawn to provide both theoretical and empirical frameworks for the 

relation between viscosity, permeability and mobility. Notable research like that 
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of Bear (2013) suggests that increased fluid viscosity does not necessarily impede 

the permeability of porous filtration media, such as the core samples used in this 

research. This implies potential adaptations in water treatment processes to 

handle more viscous fluids without sacrificing efficiency. Dullien (2012) delivers a 

detailed examination of fluid transport in porous media, highlighting how the 

interaction between fluid viscosity and material microstructure can occasionally 

boost permeability, defying conventional expectations. This insight is invaluable 

for chemical engineers tasked with designing reactors and separators. 

Bird et al. (2002) discuss how fluid viscosity can enhance flow through porous 

media under specific geometric or pressure conditions, postulating a positive 

correlation between viscosity and permeability. Conversely, Mills et al. (2013) 

supports the traditional notion that higher viscosity generally restricts flow, 

suggesting that positive correlation may be unique to the specific properties of the 

media tested or may involve additional influencing factors not usually considered. 

Meanwhile, Lake (1989) explores various enhanced oil recovery methods where 

manipulating fluid properties, including viscosity, proves beneficial, lending 

support to the notion that higher viscosity can enhance permeability in reservoir 

rocks. 

Muskat’s (2020), built upon earlier foundational works, investigates into modern 

applications and experimental validations of theories concerning fluid flow through 

porous media. It specifically addresses how increases in fluid viscosity impact 

mobility. He finds that mobility reduces as the viscosity increases. Civan (2016) 

comprehensive guide on formation damage thoroughly discusses how fluid 

properties, including viscosity, influence permeability and mobility within reservoir 

engineering, offering both empirical data and theoretical models. This is 

complemented by Li and Horne’s (2018) work, which provides in-depth analyses 

of the viscosity-mobility relationship under conditions typical of enhanced oil 

recovery, closely mirroring the trend where mobility increases as the viscosity 

deceases. Furthermore, Green and Willhite (2018) and Alfarge et al. (2020) affirm 

that an uptick in fluid viscosity generally leads to decreased mobility, a trend 

consistent with other authors. However, the studies by Tran et al. (2019) and 

Zhou et al. (2021) introduce a different perspective, suggesting that in certain 

scenarios, such as within fractured reservoirs or at a micro-scale, increased 

viscosity might not necessarily hinder and can sometimes enhance fluid mobility. 
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These observations underscore the complexities of fluid behaviour in porous 

media. 

This research is designed to investigate the viscosity influence on permeability, 

mobility and aligning the findings to these established empirical and theoretical 

bases.  

2.7.7 Operating condition (temperature and pressure condition) 
The optimal temperature and pressure conditions for gas migration in a low 

permeability reservoir will vary depending on the specific characteristics of the 

reservoir and the gas being extracted. However, in general, higher temperatures 

and pressures tend to facilitate faster and more efficient gas migration through 

the reservoir (Hirofumi et al 2023). At higher temperatures, gas molecules possess 

greater kinetic energy, making them more likely to move through the rock, 

enabling easier flow through the reservoir. Similarly, high pressure causes gas 

molecules to be tightly packed together, creating a stronger driving force for gas 

migration. High pressure can also increase the permeability of the rock, allowing 

gas to migrate more readily (Bishnupriya and Modak 2023). 

It's important to note that in hydraulic fracturing, the injected pressure is often 

much higher than the pressure at which gas is produced. Therefore, the pressure 

at which the gas is produced is not the sole factor affecting migration. It is crucial 

to carefully balance temperature and pressure conditions to achieve optimal gas 

migration while preserving the reservoir's integrity, as high temperature and 

pressure can make the rock more brittle and increase the risk of fractures and 

damage (Gajda et al. 2023). 

In the industry, High Pressure, High Temperature (HPHT) wells refer to wells 

requiring pressure control equipment with a rated working pressure exceeding 69 

MPa and having a bottom hole temperature above 150°C (300°F). Some wells 

even operate at Ultra HPHT conditions (205°C, 138MPa) or Extreme HPHT 

conditions (260°C, 241MPa) due to advancements in exploration, extraction, and 

production, as shown in Figure 9 (Fluorocarbon 2017). In this study, we 

deliberately selected a temperature range that encompasses the typical spectrum 

of reservoir temperatures. The pressure range was chosen to include both low and 

high-pressure laboratory conditions, which can be interpolated to real reservoir 



 

 42 

conditions. This approach mitigates the environmental risks associated with 

operating at true reservoir pressures in laboratory settings. 

 

Figure 9 Illustration showing reservoir high temperature and high-pressure 
conditions (Adapted from Fluorocarbon 2017). 
 

2.7.7.1 Engineering basis for operating conditions 
Previous research underlines the significant influence of temperature on the 

permeability and mobility of porous materials. Ahmed (2018) and Zhou et al. 

(2020) observed that increases in temperature tend to improve the permeability 

of rock formations due to thermal expansion and decreased oil viscosity. These 

findings are corroborated by the empirical data from Li and Horne (2018), who 

recorded similar temperature-dependent permeability increases in their 

experiments. Moreover, Tian and Babadagli (2022) further support this trend in 

their examination of enhanced oil recovery (EOR) processes, linking higher 

temperature values directly to permeability enhancements.  

Furthermore, Griffiths et al. (2018) have pointed out scenarios where temperature 

increases might reduce permeability due to the thermal contraction of certain rock 

components, challenging the typical expansion narrative. Marriott and Regenauer-

Lieb (2020) also contribute to this discourse by demonstrating how thermal cycling 

in granitic formations might induce micro-fracture closures at higher 

temperatures, potentially reducing permeability.  

Wang (2000) and Zoback (2010) explain how the mechanical properties of porous 

rocks, particularly permeability, are profoundly impacted by pressure changes due 
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to the poroelastic nature of these materials. Empirical evidence from Nelson 

(2009) demonstrates that pressure variations can significantly alter the pore 

structure of reservoirs, leading to a reduction in their permeability. Additionally, 

Fjaer et al. (2008) detailed examination of rock mechanics within the context of 

petroleum engineering highlights the pivotal role of pressure in influencing rock 

permeability, particularly relevant to reservoir management practices. 

Bear’s (1972) seminal work on fluid dynamics within porous media, illustrates that 

temperature has a minimal effect on fluid mobility, reinforcing the idea that other 

variables might be more influential in determining these characteristics. This 

observation is echoed by Lake and Fanchi (2006), who noted a similarly limited 

impact of temperature on mobility in specific engineering contexts. This suggests 

that the influence of temperature on mobility may be less significant than 

traditionally understood across various industry applications. However, while 

McAllister et al. (2017) emphasises the profound effects of temperature on fluid 

mobility, the findings indicate that these impacts might be subdued under certain 

conditions, which calls for a deeper exploration into what factors reduce the role 

of temperature in fluid dynamics. 

Contrasting with these authors, Tran and Nguyen (2019) found that temperature 

significantly affects waterflooding efficiency in low-permeability reservoirs, 

pointing to a possible variability in temperature's impact depending on geological 

and operational settings. This discrepancy underscores the complexity of fluid 

mobility dynamics and suggests that temperature effects may not be universally 

applicable across different contexts. Building on this, Zhou et al. (2021) advocate 

for the development of more sophisticated models that address both the direct 

and indirect influences of temperature on fluid mobility, particularly to enhance oil 

recovery strategies in complex reservoir environments.  

Wilson et al. (2014) provides insights that explain how increased flow resistance 

due to increasing pressure could account for a negative correlation between 

mobility and pressure gradient. His discussions on the interplay between pressure 

gradients and fluid mobility directly relate to negative trends. Additionally, Darcy's 

seminal work (Darcy, 1856) supports Wilson et al. (2014) findings by 

demonstrating how fluid flow through porous media decreases as resistance from 

an increasing pressure gradient. Darcy's Law, a cornerstone in understanding fluid 

dynamics in porous media, offers empirical relationships that interpret why a 



 

 44 

higher-pressure drop might reduce mobility, indicating that flow resistance 

intensifies with pressure, thereby hindering fluid movement. 

Lake and Walsh (2008) explore into advanced topics in oil recovery, providing 

detailed analyses on how pressure impacts oil mobility within reservoirs, further 

validating the negative correlation observed by other authors. Sharma et al. 

(2016) research on permeability and fluid flow also adds valuable context by 

showing how varying pressures can influence the mobility of different phases 

within a reservoir, enhancing our understanding of pressure-mobility dynamics. 

Contrary to these findings, McAllister et al. (2017) presents scenarios where a 

pressure drop does not consistently reduce mobility, especially in media with 

complex pore structures or anisotropic properties. Sharma et al. (2016) also notes 

cases in petroleum engineering where increased pressure might paradoxically 

improve mobility, suggesting a more complex relationship than a straightforward 

negative correlation. Echoing the principles articulated by Bear (1972).  

This research has critically investigated the role of operating temperature and 

pressure conditions in influencing the permeability and mobility of the porous 

media, which are key parameters in defining gas transport in reservoirs. The 

observed findings are then aligned to the empirical and theoretical bases 

established by other notable authors. 

2.8 Parameter coupling – comparing experimental data 
with field data  

Jones et al. (2022) highlight that comparing laboratory experimental data with 

field data from reservoirs offers valuable insights into fluid behaviours at the 

microscopic level and how these translate to the macroscopic realities of real-

world reservoirs. The aim is to determine how properties measured in controlled 

settings using nanoporous ceramic cores correspond with real reservoir conditions. 

Statistical techniques are used to assess the laboratory and field data, pinpointing 

both similarities and differences that could suggest scale-dependent behaviours 

(White and Zhao, 2021). While scaling differences between laboratory and field 

observations present certain challenges in direct application, they are instrumental 

in identifying consistent patterns and trends between controlled experiments and 

actual field data, as noted by Smith (2020). 

Building on this understanding, this study undertakes a coupling analysis to both 

qualitatively and quantitatively explore how well nanoporous ceramic cores serve 
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as analogues for actual reservoir cores. The analysis concentrates on four crucial 

reservoir parameters: permeability, mobility, the reservoir quality index (a 

measure of a reservoir's ability to store and transmit fluids), and flux (the flow per 

unit area). The objective is to support that the experimental data derived from 

nano-ceramic cores can replicate the behaviours seen in field reservoirs. A 

successful validation would affirm the utility of nano-ceramic cores as effective 

models for examining fluid dynamics in low-permeability reservoirs. 

2.9 Chapter summary  
The literature review comprehensively examines low permeability reservoirs, 

particularly focusing on shale gas, tight sand, and coalbed methane. These 

reservoirs are becoming increasingly critical for meeting global energy demands 

as conventional resources dwindle. However, their extraction presents significant 

challenges due to their complex geological characteristics, such as intricate pore 

structures and low flow capabilities. This shift from conventional to unconventional 

reservoirs is necessitated by both the diminishing availability of traditional 

resources and the advancements in technology that now make extraction from 

these challenging formations feasible. 

The global distribution of low permeability gas reserves shows a significant 

concentration in the United States, China, Russia, Canada, and Australia. These 

countries collectively hold the majority of the world's unconventional gas 

resources. Specifically, the United States leads with substantial shale gas 

reserves, while China, Russia, Canada, and Australia also contribute significantly, 

focusing on shale gas, coalbed methane, and tight gas. This distribution highlights 

the pivotal role these nations play in the unconventional gas sector. 

To extract hydrocarbons efficiently from these low permeability reservoirs, 

advanced techniques such as horizontal drilling and hydraulic fracturing are 

essential. Horizontal drilling increases the wellbore's exposure to the reservoir, 

enhancing the efficiency of hydrocarbon extraction. Hydraulic fracturing further 

aids this process by creating fractures in the rock, which improves its permeability 

and allows for a more efficient flow of oil and gas. Additionally, Enhanced Oil/Gas 

Recovery (EOR/EGR) methods are continually being developed and refined to 

improve the recovery rates from these challenging formations while minimising 

environmental impacts. 
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Nanotechnology is highlighted for its significant role in improving the 

understanding and simulation of gas transport within low permeability reservoirs. 

The use of nanoporous ceramic cores is particularly noteworthy. These cores 

significantly mimic the conditions of actual reservoirs, providing a valuable tool for 

studying gas transport mechanisms and the impact of various parameters. The 

review identifies several critical factors that influence gas transport, including 

permeability, mobility, porosity, fluid viscosity, and operating conditions such as 

temperature and pressure. These parameters are crucial for understanding the 

behaviour of fluids within these complex geological formations and for developing 

effective extraction strategies. 

The review also investigate the specific characteristics and extraction challenges 

of different types of low permeability reservoirs. Shale gas reservoirs are noted 

for their low permeability and high organic content, requiring unique exploration 

and production approaches. Coalbed methane, once considered a problematic by-

product of coal mining, is now recognised as a valuable energy resource, with 

extraction processes focusing on the adsorbed state of gas within coal seams. 

Tight sand gas reservoirs, characterised by their densely packed sandstone with 

minimal pore spaces, also require advanced extraction techniques due to their low 

permeability. 

In the methodology section, the study outlines its experimental design to 

investigate the impact of temperature and pressure on permeability and mobility 

in nanoporous ceramic cores. The study conducted over 1,000 permeation tests 

and collected more than 10,000 data points to ensure robust and reliable findings. 

The chosen temperature range covers typical reservoir conditions, while the 

pressure range includes both low and high-pressure laboratory settings. This 

approach allows the interpolation of laboratory results to real reservoir conditions, 

mitigating the environmental risks associated with high-pressure operations in 

laboratory settings. 

The research introduces a modified Darcy’s equation specifically tailored for 

nanoporous ceramic cores. This adaptation addresses the unique challenges posed 

by nanoporous materials, enhancing the accuracy of permeability and other 

reservoir parameter determinations. The modified equation and comprehensive 

experimental design aim to bridge the gap between theoretical models and 
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practical applications, providing valuable insights for engineers and researchers in 

the field of petroleum engineering. By integrating these methodologies, the study 

aim to improve the understanding of gas transport in low permeability reservoirs, 

facilitating the development of more effective and efficient extraction techniques 
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CHAPTER 3  
METHODOLOGY 

This chapter provides a comprehensive overview of the methods and approaches 

employed to achieve the study's aim and objectives. It includes a detailed 

examination of the methodology, materials and equipment used, research 

technology, experimental setup and procedures, modification of Darcy's law, and 

data generation of key reservoir parameters for analysis. The chapter concludes 

with a discussion on precautions, potential errors and accuracy, and finally 

analysis and machine learning. 

3.1 Overview 
The experimental design of this research aim to investigate the use of nanoporous 

ceramic cores as mimetic models for low-permeability reservoir in studying gas 

transport. The design integrates several key principles and concepts to ensure the 

reliability and applicability of the results. By employing a comprehensive and 

methodical approach, the study provides robust insights into the dynamics of gas 

transport in environments such as tight sands, coalbed methane, and shale gas 

formations. 

The research methodology adopted for this study is designed to integrate insights 

from key areas of engineering analysis, following the categorisation described by 

Kittner and Awiszus (2010), who delineate four primary investigative approaches: 

empirical, analytical, numerical simulation, and experimental. Dewals et al. (2008) 

elaborate on the distinct characteristics and benefits of each method, assessing 

their suitability for various engineering challenges. 

In this study, two specific methods were employed after a thorough review of 

methodologies utilised in prior research concerning reservoir studies. The chosen 

approaches include laboratory experiments and the analysis of empirical field data 

from reservoirs. Laboratory experiments were conducted to assess the physical 

and thermodynamic properties of gases under simulated reservoir core conditions 

using nanoporous ceramic cores, offering direct insights into gas behaviour under 

varying pressures and temperatures that closely emulate real reservoir conditions. 

Concurrently, empirical field data was utilised to model fluid flow behaviour, 

providing an avenue to explore theoretical and practical scenarios that may be 

challenging to replicate in the lab due to constraints such as time, cost, or scale. 
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The field data selected were particularly reflective of the complexities associated 

with gas transport in porous structures, thus enriching the empirical insights 

derived from laboratory experiments. 

The research unfolded in three distinct phases: The initial phase focused on the 

thorough selection and characterisation of nanoporous ceramic cores through 

direct measurement techniques and detailed experimental analyses. This 

foundational phase was essential for understanding the core properties and their 

impact on gas transport dynamics. Scanning electron microscopy (SEM) analysis 

and energy dispersive X-ray analysis (EDXA) were performed on the core samples 

to examine their surface morphology and chemical compositions as recommended 

by Worden and Utley (2022).   

The second phase leveraged the initial experimental data to develop 

comprehensive regression models that correlated various parameters, providing a 

virtual platform to support and enrich the experimental observations with 

theoretical and empirical literature. 

The third phase involved an integrative analysis that combined and scrutinised 

experimental results and field data. Various reservoir parameters, including 

permeability, mobility, Darcy flux, and reservoir quality index from the 

experimental data, were correlated with similar parameters from the field data. 

This was crucial in demonstrating the usefulness of nanoporous ceramic cores as 

mimetic models for representing reservoirs. The primary goal of this phase was to 

bridge the gap between small-scale laboratory findings and larger-scale reservoir 

behaviours, extrapolating insights to a broader reservoir context and addressing 

the main aim of this research. 

3.2 Materials 
The experimental research in this study involved the use of various materials and 

equipment. 

3.2.1 Nanoporous ceramic core samples  
The study involved the use of five cylindrical nanoporous ceramic core samples 

denoted by S15, B15, S200, S6000, and B6000 (S represents small and B 

represents Big) each with distinct pore throat sizes and dimensions summarised 

in Table 1. These cores are primarily composed of about 77% alumina and 23% 

titanium dioxide (TiO2). While the material composition remains consistent across 

all samples, they exhibit variations in geometric and structural properties such as 
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mean pore size, thickness, and surface area. To ensure uniformity in the 

evaluation of fluid flow behaviour and to preserve the material integrity, all core 

samples were obtained from the same supplier, Ceramiques Techniques et 

Industrielles (CTI SA) in France. It is posited that the distribution of pore sizes 

within each core is homogeneous, which simplifies the comparison of fluid 

transport properties across different samples. These cores were chosen as they 

closely mirror low permeability reservoir conditions, and the use of five cores was 

to enhance the robustness of the study. Figure 10, 11 and 12 depicts the aerial 

and cross-sectional views of B6000, B15 and S15 respectively. While Figure 13 

represents the comparison view of the five core samples.  

 
Figure 10 Aerial and cross-sectional view of B6000nm core. 
 



 

 51 

 
Figure 11 Aerial and cross-sectional view of B15nm core. 
 

 
Figure 12 Aerial and cross-sectional view of S15nm core. 
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Figure 13 Comparing aerial view of the five core samples 
 
Table 1 Physical dimensions of the five core samples 
 
Core 

(nm)                                            

Outer 

diameter 

(cm) 

Inner 

diameter 

(cm) 

Radius 

(cm) 

Core 

length 

(cm) 

Thickness 

(cm) 

Core 

surface 

area (cm2) 

S15 1.01 0.71 0.51 34.7 0.30 111.3 

B15  2.62 1.96 1.31 61 0.66 501.8 

S200  1.05 0.78 0.53 33.8 0.27 112.2 

S6000  1.04 0.77 0.52 32.8 0.27 107.1 

B6000                                  2.59 2.07 1.30 32.8 0.52 267.8 

3.2.2 Core holder 
Three distinct core holders were utilised for the experimental set-up of this study. 

These core holders are constructed using stainless steel and come in various 

lengths and widths to accommodate the appropriate core samples. The core 

holders are designed as shell and tube modules, resembling a circular pipe with 

two flat ends. The void space at these flat ends allows for the insertion of the core, 

aligning it axially with the shell. These core holders are typically welded, pressure 

tested up to 40 bar, and leak tested by government-approved company named 

Hydrasun. Figure 14 shows a more detailed view of the core holders. 

The core holders are divided into three primary sections: feed, retentate, and 

permeate. The feed section is where the gas or gas mixture is introduced into the 

ceramic core system, while the retentate section collects the portion of the feed 
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that does not pass through the core sample. This fraction contains the larger 

particles or molecules that are retained on the surface or within the pores of the 

ceramic core and is mostly useful for separation processes and the permeate 

section is where the filtered components of the feed, which have passed through 

the ceramic core, are collected. 

 
Figure 14 Aerial view of the stainless-steel core holders. 

3.2.3 Gas 
The experiment utilised methane (CH4), carbon dioxide (CO2), and a mixture of 

the two gases (60%CH4/40%CO2) as the test gases. Methane, being the principal 

component of natural gas (Dantas et al. 2014), was chosen for its relevance to 

most natural gas reservoirs. Carbon dioxide was included as a secondary 

component to provide a comparative baseline with methane, given its smaller 

presence in natural gas compositions but significant role in enhanced oil recovery 

and hydraulic fracturing techniques (Balcombe et al. 2017). Additionally, the gas 

mixture was used to mimic natural gas containing impurities, enabling an analysis 

of flow behaviours in both pure and mixed gas scenarios. 

3.2.4 Equipment used 
These equipment pieces played essential roles in conducting the experiments and 

gathering data for the study. 

a) Beam balance scale: Utilised for measuring the weights of the samples. 

b) Graphite seals: Employed to seal both ends of the core holder to prevent 

leaks. 

c) Snoop solution: Used for leak detection. 
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d) Oxygen gas detectors: Ensured safety during gas handling. 

e) Heat regulator: Controlled and adjusted the heating process. 

f) Heat jackets: Used to maintain controlled temperatures. 

g) Temperature transducer: Monitored and recorded temperature data. 

h) Vernier calliper and meter rule: Tools for precise measurements. 

i) Pressure gauge: Measured pressure conditions. 

j) Flow meter: Recorded flow rates. 

k) Gas cylinders: Contained various gases used in the experiments. 

l) Thermometer: Measured temperature. 

m) Conventional oven: Employed for specific heating processes. 

n) Fume cupboard: Ensured safe handling of chemicals and gases. 

3.3 Flow experiment and procedure 
Five nanoporous core samples, each with different pore throat sizes and 

dimensions, were utilised in the experiments. Additionally, three unique core 

holders were employed to accommodate the various core sizes. These core holders 

are capable of being heated up to a temperature of 400°C without significantly 

compromising the structural integrity of the shell material. To achieve this, heating 

tape is wrapped around the outer shell, and three to four strategically placed 

thermocouples are used to monitor the temperature inside the core holder at the 

top, middle, and bottom positions across the core as illustrated in Figure 15. 

These thermocouples are connected to a thermocouple selector switch, which, in 

turn, is linked to a temperature controller managing the heating tape. A digital 

thermometer is also connected to the thermocouple selector switch, allowing 

researchers to monitor and control the desired temperature. This setup not only 

ensures the safety of the researchers from high temperatures but also maintains 

a constant temperature within the reactor system. 
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Figure 15 (a) Plain core holder (b) Core holder wrapped with heating 
tape and equipped with thermocouples, (c) Heating tapes enclosed with a 
fibre material.  
 

 
Figure 16 Image of the core sample securely sealed within the core 
holder using graphite rings. 
 
A rig was meticulously assembled, consisting of the cylindrical nanoporous ceramic 

core placed within the annular space of a shell and tube mechanism (core holder), 

with both ends securely sealed with graphite to prevent gas leakage (Figure 16). 

Before each experiment, a leak test was conducted using a snoop solution, where 

the feed gas was released at double the required pressure to detect any pressure 

drops along the lines. The outer shell was insulated with fire-resistant glass fibre 
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material, and thermocouples were strategically placed to maintain the system's 

temperature stability. 

Once the system reached the desired temperature and thermal stability, gas from 

the cylinder was released through the gas regulator and introduced into the 

nanoporous core sample via the pressure valve. The gas flowed through the 

porous core and exited through an outlet line connected to the flow meter, where 

it was safely discharged. The flow meter readings were recorded after the system 

achieved a stable flow rate. 

The experimental procedure was conducted for the five nano-core samples. The 

experiments were systematically carried out at predefined pressure intervals, 

ranging from 0.4 bar to 2.5 bar, with 0.3 bar increments, aligning with the 

methodology established by Yildirim and Hughes (2003). This approach allowed 

for comprehensive coverage of low and high-pressure conditions in laboratory 

settings. Additionally, the experiments were meticulously conducted under 

assumed reservoir conditions, with thermal stability maintained at 293K, 323K, 

373K, and 473K for each core sample. These temperature settings spanned the 

spectrum from low to high reservoir temperature conditions, as documented by 

Fluorocarbon (2017). The feed gases employed in these experiments included 

methane (CH4), carbon dioxide (CO2) and a mixture (60%CH4/40%CO2). The 

experimental set up is illustrated in Figure 17 and 18.  
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Figure 17 Schematic of the experimental set-up. 
 
 

 
Figure 18 Laboratory view of experimental set-up: (1) pressure gauge, 
(2) pressure valve, (3) gas regulator, (4) gas cylinder, (5) thermocouple 
transducer, (6) thermometer, (7) flow meter, (8) heat regulator, (9) heat 
jacket, and (10) core holder. 
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3.4 Porosity determination 
In this study, the porosity of the ceramic core samples was determined through 

the direct measurement of the core samples using Archimedes buoyancy principle. 

The porosity determination procedure is as follows: The core sample is initially 

fully submerged in water to thoroughly saturate it (Figure 19). The saturated 

core's weight is measured using a specialised beam balance after removing it from 

the water and wiping the outer surface with tissue paper (Figure 20). This weight 

is the wet weight (WW). The core sample is then placed in an oven at about 100oC 

for 12 hours to remove any moisture (Figure 21). The oven-dried core is weighed 

to obtain the dry weight (WD). By subtracting the dry weight (WD) from the wet 

weight (WW) and dividing by the density of water, the pore volume (VP) of the core 

sample is determined. Next, the core is immersed in water again for complete 

saturation. The saturated core is then fully submerged in a beaker of water with 

a known volume, and the displaced water volume is measured. From Archimedes' 

principle (‘which states that a body submerged in a fluid experience an upward 

force equivalent to the weight of the fluid displaced’), this displaced water volume 

is the bulk volume (VB) of the core sample. The porosity, represented by the ratio 

of the pore volume (VP) to the bulk volume (VB), as shown in Equation 17, is 

estimated for each sample. The experiment was conducted three times for each 

core sample, and the summarised average results are presented in Table 2.  

 
Figure 19 Illustrations of core samples completely immersed in water 
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Figure 20 Picture showing beam balance scale measuring the weight of the 
core sample 

 

 
Figure 21 Picture showing the oven drying of the core samples. 
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Table 2 Core sample porosity summary 
 
Core 

(nm) 

Dry 

weight (g) 

Wet 

weight (g) 

Pore volume 

(cm3) 

Bulk volume 

(cm3) 

Porosity 

(%) 

S15 50.64 56.75 6.11 20 0.306 

B15  488.4 553.8 65.5 200 0.327 

S200  52.35 59.53 7.18 20 0.359 

S6000  48.93 56.03 7.1 20 0.355 

B6000                                  277.2 317.9 40.7 140 0.29 

3.5 Permeability  
Permeability is a crucial factor to consider when studying a reservoir properly, as 

areas with high permeability are favourable for production. Accurate permeability 

estimation is essential for depicting many physical processes. However, creating 

theoretical models for permeability can be challenging due to the complex 

geometry of interconnected pore spaces and porous media complexities (Costa 

2006). 

Numerous techniques are available to assess permeability, such as well testing 

assessments and core laboratory investigations, yet these methods often entail 

substantial costs and time investments (Pouria et al. 2017). In this study, 

laboratory-based measurements were employed to estimate the permeability of 

the core samples. The flow experiments, as detailed earlier, were performed on 

the five core samples. The volumetric flow rates obtained from these experiments, 

and other measured parameters were incorporated into the modified version of 

Darcy's equation, denoted as Equation 16, the results of these experiments have 

been compiled in an Excel spreadsheet (Appendix B) for detailed analysis. 

3.6 Mobility  
Li and Horne (2018) emphasise the importance of understanding fluid mobility 

within porous media to effectively determine how substances like oil, water, and 

gas traverse reservoirs. Fluid mobility, quantified as the ease with which a fluid 

passes through a porous structure, is calculated using the ratio of permeability to 

fluid viscosity. 

 𝑀𝑜𝑏𝑖𝑙𝑖𝑡𝑦	 = 	
𝑘
𝜇
 (18) 
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Where k represents the permeability in millidarcies (mD), and µ denotes the fluid 

viscosity in centipoise (cp). This equation, referred to as Equation 18, was utilised 

to determine the mobility values, and the results were systematically organised in 

an Excel spreadsheet for subsequent analysis. 

3.7 Darcy flux (Darcy velocity) 
The Darcy flux (J) which is the flow by unit area measured in cm3/cm2sec, is 

calculated using Darcy's law, which states that the flow rate (Q) through a porous 

medium is proportional to the pressure gradient (ΔP) and the permeability (k) of 

the medium, and inversely proportional to the viscosity (µ) of the fluid and the 

length (L) of the flow path, expressed in Equation 19.  

 𝐹𝑙𝑢𝑥	(𝐽) 	= 	
𝑄
𝐴
= 	
𝑘. ΔP
µ. L

	 

 
(19) 

Where: 

J is the Darcy flux (cm3/cm2sec)’ 

Q is the volumetric flow rate in (cm3.sec-1), 

A is the cross-sectional area of the core sample (cm2), 

K is permeability (mD), 

ΔP is the pressure drop across the core samples (atm), 

µ is the fluid viscosity (cp), 

L is the length of the core sample (cm). 

In this study, the volumetric flow rates were measured directly from the 

experiments, and the cross-sectional area of each core sample were estimated 

using the formula 2𝜋𝑟ℎ (as described in Section 2.7.1.3), the Darcy flux was 

computed for different conditions, providing insights into the flow characteristics 

of the nanoporous ceramic cores. These values were subsequently organised in an 

Excel spreadsheet for further analysis. 

3.8 Quality index  
According to Abouzar and Behzad (2022), the ratio of permeability to porosity is 

used as a quality indicator in scaling capillary pressure data in reservoir 

engineering. This ratio is referred to as the Reservoir Quality Index (RQI), 

measured in micrometers (µm).  

In this study, the RQI for the nanoporous ceramic cores was calculated using the 

measured permeability and porosity values. These values were obtained from 
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laboratory experiments conducted under controlled conditions, mimicking 

reservoir environments. The calculated RQI values provide insights into how well 

these ceramic cores can replicate the fluid flow characteristics of reservoirs. 

The study adopts Equation 20 documented by Abouzar and Behzad (2022) to 

estimate the values of the reservoir quality index for both the experimental and 

field data. 

 𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟	𝑄𝑢𝑎𝑙𝑖𝑡𝑦	𝐼𝑛𝑑𝑒𝑥	 = 	0.0314	𝑥	𝑘∅ (20) 

Where: 

k is the permeability in millidarcy (mD),  

∅ is the porosity in %. 

3.9 Viscosity  
Viscosity values were sourced from established literature (Engineering ToolBox, 

2004) corresponding to the temperatures used in this research and were 

measured at atmospheric pressure. For the gas mixture, the viscosity was 

calculated mathematically based on the respective component percentages at 

each temperature (60% x CH4 viscosity + 40% x CO2 viscosity). These values are 

summarised in Table 3. 

 

Table 3 Summary of viscosity at gases at different temperatures and 
atmospheric pressure (Engineering ToolBox, 2004). 
 
Gas Viscosity 

(cp) at 293K 

Viscosity 

(cp) at 323K 

Viscosity (cp) 

at 373K 

Viscosity 

(cp) at 473K 

 

CH4 

 

0.011 

 

0.0119 

 

0.0135 

 

0.0163 

 

CO2 

 

0.0147 

 

0.0161 

 

0.0185 

 

0.0230 

60%CH4 

/40%CO2 

 

0.0125 

 

0.0136 

 

0.0155 

 

0.0190 

3.10 Temperature 
To align the experiment closely with real-world reservoir conditions, the 

temperature range selected was based on documented global reservoir 

temperatures. According to a survey by the Oil and Gas Journal (2014), typical 

reservoir temperatures range from 290K to 573K, as further supported by data 
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from Fluorocarbon (2017). Consequently, the experiment was conducted at four 

specific temperatures: 293K, 323K, 373K, and 473K. This selection covers both 

the lower and upper bounds of typical reservoir temperatures, thereby ensuring 

that the experimental conditions span from 293K to 573K. 

3.11 Pressure 
Conducting laboratory experiments at pressures equivalent to those found in 

reservoirs poses challenges. Nonetheless, establishing a well-defined laboratory 

pressure range that mirrors those in actual reservoirs allows researchers to extend 

their findings to real-world scenarios (Ding et al. 2017, Chevalier et al. 2013). 

This methodology enhances understanding of reservoir behaviours and supports 

the development of effective management and optimisation strategies (Lin et al. 

2019).  

In this study, eight pressure points were selected: 0.4, 0.7, 1.0, 1.3, 1.6, 1.9, 2.2, 

and 2.5 bar, set at intervals of 0.3 bar as suggested by Yildirim and Hughes 

(2003). This range was designed to capture a variety of gas flow behaviours under 

both Darcy and non-Darcy flow conditions—where Darcy flow adheres to Darcy’s 

law of flow rate being proportional to the pressure gradient, and non-Darcy flow 

occurs when the relationship between flow rate and pressure gradient is nonlinear, 

often observed at higher flow velocities or in highly permeable media (Dejam et 

al. 2017, Al-Otaibi and Wu, 2010). 

3.12  Experimental and field data acquisition 
Reservoir data from CH4 and CO2 projects were collected from various sources, 

including the Oil and Gas Journal's Global EOR Survey, various Canadian journals, 

and EOR surveys conducted in regions such as the North Sea, China, and Brazil 

(George et al. 2021, Liu et al. 2020, Guo et al. 2018 and Awan et al. 2006). 

Some data were initially reported in different units and formats. These were 

standardised by applying the appropriate conversion factors. In cases where 

parameters, were reported as ranges, the simple arithmetic average of the range 

was computed (Saleh et al. 2014). The field fluid dynamics data were precisely 

processed to ensure accuracy and consistency, resulting in a robust field dataset 

for analysis. Concurrently, experimental data were gathered from tests conducted 

on nano-ceramic core samples. These experiments simulated the use of CH4 and 

CO2 under conditions closely replicating those of the reservoir, including matching 

temperature ranges. 
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Both qualitative and quantitative assessments were conducted on the datasets. 

The qualitative analysis utilised scatter plots and clustering techniques to visually 

examine relationships between parameters in both datasets, identifying patterns 

and similarities in fluid dynamic responses. Clustering techniques further classified 

data points based on their characteristics, highlighting analogous behaviours 

between the two sets. Quantitative analysis employed statistical tools such as 

mean and coefficient of variation to measure central tendency and dispersion 

within each parameter, facilitating detailed comparison. The parameters 

considered for comparison included permeability, mobility, reservoir quality index, 

and flux, which were determined for both the experimental and field data. 

 

The coupling employed data normalisation, which is a critical preprocessing step 

in data analysis involving scaling features to a common range, such as 0 to 1. This 

process enhances model performance by ensuring that all features contribute 

equally, preventing bias towards features with larger values (Kotsiantis et al. 

2006, Han et al. 2011, Singh and Chauhan, 2019). In this study, the field data 

scales were significantly larger than the laboratory experimental data. Hence, the 

permeability, mobility, Darcy flux and quality index were normalised to facilitate 

fair comparison, accurate distance calculations, and better visual interpretation of 

data while also mitigating the impact of outliers. Additionally, a log scale was 

applied to the features axis (y-axis) in the respective graphs to accommodate the 

wide range of values in the dataset. The features were plotted against temperature 

on the x-axis. The temperature variable was chosen because the experimental 

temperatures and the field temperatures fall within the same range, allowing for 

a more meaningful comparison. 

3.13  Precautions and experimental conditions 
During the material preparation for this research, several precautions were 

meticulously observed to handle the core samples with care. Specifically, only the 

laminated ends of the cores were held to prevent any contamination of the 

nanopores within the samples, ensuring that the surfaces through which 

permeation occurred remained untouched. Furthermore, the core samples were 

delicately secured within the stainless-steel core holder, with precautions taken to 

avoid contact with the inner walls, thus preventing any damage to the samples. 

To ensure the accuracy of the results, as advised by Morton-Thompson and Woods 
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(1993), all experiments were conducted under steady-state conditions. It was 

assumed that no chemical reactions occurred during the experimental procedures 

in both the PVT conditions and with the gases employed. Any potential system 

irregularities were expected to affect the performance of the various gases 

uniformly. 

The gases were introduced at pressure intervals of 0.3 bar, commencing from an 

initial gauge pressure of 0.4 bar and ascending to 2.5 bar, following the guidelines 

proposed by Yildirim and Hughes (2003). These intervals were thoughtfully chosen 

to encompass multiple data points within both the Darcy and non-Darcy flow 

regions. The experiments were executed at standard temperatures of 293K, 323K, 

373K, and 473K. This temperature range was selected to represent reservoir 

conditions spanning from low - high in-situ reservoir scenarios, aligning with the 

discussions presented in the literature review. Throughout the experimental 

process and parameter assessment, consistent unit conversions were applied for 

uniformity. For instance, the experiment was conducted in degree Celsius and 

later converted to Kelvin for analysis. The feed gas used in the experiments was 

methane (CH4), the primary component of natural gas. Additionally, carbon 

dioxide (CO2) gas, another component of natural gas but in smaller quantities, 

was employed as a reference gas to facilitate comparisons with methane. 

Furthermore, mixtures of CH4 and CO2 at a ratio of 60%/40% were used to 

simulate natural gas with impurities, allowing for the investigation of flow patterns 

under such conditions. 

3.14  Errors and accuracy 
The experiments were carefully conducted with a regulated variation in 

temperature and pressure. Temperature readings were taken with an accuracy of 

±5oC, which accounted for less than 10% error. Similarly, the readings on the 

pressure gauge were collected with an accuracy of ±0.01bar, also within 10% 

error. Careful measures were taken while using the vernier calliper to ensure 

accurate core diameter readings, considering potential parallax inaccuracies. 

To reduce potential errors, a calibrated digital weight balance was employed to 

measure sample weights, and electronic devices were frequently tared before 

taking new measurements. The aim was to maintain consistency and minimise 

any interference caused by changing operating conditions on experimental results. 

To maintain the integrity of the experiment, gas runs were attempted to be 
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completed on the same day and time whenever possible. Previous test runs 

indicated that pausing and starting a series of tests for the same gas had only a 

negligible impact on the results. 

For the experiment, a single set of apparatus was used to prevent calibration 

issues that might arise if different equipment were added to the setup. Before 

each new run, the core was flushed with fresh gas to ensure any remnants of the 

prior gas were removed, and it was qualitatively expected that the pressure 

differential would be enough to displace the older gas with the fresh gas. These 

precautions were taken to ensure the accuracy and reliability of the experimental 

results. 

3.15  Analysis and machine learning 
To generate the results for discussion, a systematic machine learning methodology 

which has been used by other authors like Ali et al. (2023), Rashid et al. (2022) 

and Otchere et al. (2021), was employed, encompassing several stages of data 

collection, preparation, analysis, and visualisation. The process began with the 

careful gathering and organisation of the experimental data into a structured 

format (CSV file) suitable for analysis. The data include key parameters such as 

permeability (with values ranging 7.9e-5mD to 1.74e-3mD), mobility 

(0.0054mD/cp to 0.11mD/cp), flux (0.049cm3/cm2sec to 0.619cm3/cm2sec), 

quality Index (7.23e-7µm to 1.94e-5µm), temperature (293K to 473K), pressure 

(0.4atm to 2.5atm) and viscosity (0.011cp to 0.023cp).  

Following data collection, the preparation phase involved importing essential 

python libraries necessary for data manipulation, analysis and visualisation in 

visual studio code (an integrated development environment software). These 

included pandas for data handling, seaborn for visualisation, matplotlib for plotting 

and sklearn for regression analysis. The data was then loaded into a panda 

DataFrame, enabling straightforward manipulation and access. It was crucial to 

ensure that the data was clean, which involved handling any missing values, 

duplicates, or outliers that could potentially skew the analysis. This step ensured 

that the data was ready for precise computation and visualisation. 

The next step involved calculating the correlation matrix, which is a statistical tool 

used to measure the strength and direction of the linear relationship between two 

variables. The pandas library provides a straightforward method that computes 

pairwise correlation of columns, excluding null values. The correlation matrix was 



 

 67 

then stored in a new DataFrame for ease of visualisation. This matrix was essential 

as it provided the basis for the heatmap, representing the relationships between 

the different experimental parameters. 

Following the computation of the correlation matrix, the visualisation phase was 

initiated. This involved setting up the plotting parameters using matplotlib and 

seaborn. The seaborn library's heatmap function was employed to create the 

heatmap, a graphical representation of data where individual values are 

represented as colours, highlighting areas of strong positive or negative 

correlation.  

The next step involved conducting a linear regression analysis to explore the 

relationship between the parameters. Linear regression is the most 

straightforward regression approach, made up of a dependent variable that 

depends linearly on the independent variable, this regression analysis established 

a mathematical model that best fits the observed data. The independent variables, 

temperature, pressure, porosity and viscosity, the dependent variable, 

permeability, mobility, flux and quality index were used to fit a linear regression 

model. The analysis provided the slope and intercept of the best-fit line, as well 

as the coefficient of determination (R²), which indicates the goodness of fit. These 

calculations were performed using the sklearn library in Python, which offers 

robust tools for statistical analysis. 

The final stage involved visualising the relationship between the parameters. This 

was achieved using Matplotlib, a comprehensive library for creating static, 

animated, and interactive visualisations in Python. A linear regression line was 

overlaid to illustrate the best-fit model. Annotations were added to the plot to 

include the equation of the regression line and the R² value, providing a clear and 

informative representation of the data and the derived relationships. 

In conclusion, this methodology ensures a rigorous and systematic approach to 

exploring the relationship between the dependent variables and the independent 

variables. By employing robust data collection, meticulous data preparation, 

comprehensive analysis, and clear visualisation, the study demonstrates the 

impact of temperature, pressure drop, porosity and viscosity on permeability, 

mobility, flux and reservoir quality index providing valuable insights for further 

research and practical applications in reservoir engineering. 
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CHAPTER 4  
RESULTS AND DISCUSSION 

This chapter begins by detailing the SEM/EDXA results for the core samples. It 

then proceeds to experimental data analysis, incorporating correlation and 

regression analysis, and provides a heatmap that illustrates the relationships 

between various parameters. The chapter further compares experimental data 

with field data for permeability, mobility, flux, and reservoir quality index. 

4.1 Scanning electron microscopy (SEM) and energy 
dispersive x-ray analysis (EDXA) analysis of 
nanoporous ceramic cores. 

The SEM and corresponding EDXA images are presented in Figures 22 through 

Figure 26. Figure 22 illustrates the SEM/EDXA images showing the outer surface 

of the S15nm core sample. Similarly, Figure 23 displays SEM/EDXA images of 

the outer surface of the B15nm core sample. Figure 24 showcases SEM/EDXA 

images of the outer surface of the S200nm core sample. Figure 25 highlights 

SEM/EDXA visuals providing insight into the outer surface of the S6000nm core 

sample. Finally, Figure 26 features SEM/EDXA imagery shedding light on the 

outer surface of the B6000nm core sample. 

4.1.1 Scanning electron microscopy (SEM) 
The Scanning Electron Microscope (SEM) images provide a detailed view of the 

core samples at a high magnification of 1.00 K X, using an accelerating voltage of 

20.00 kV and a working distance of 7.5 mm. Captured with a backscattered 

electron (BSD) detector under a chamber pressure of 100 Pa, the images highlight 

the cores’ grains and heterogeneous structures. 

The grains vary significantly in size and shape across the five core samples, 

indicating a diverse particle size distribution. Dark areas in the images represent 

pores or void spaces, which are crucial for determining the material's permeability 

and fluid transport properties. The bright spots, indicative of areas with higher 

atomic numbers, suggest the presence of minerals or compounds with higher 

atomic masses, such as metal oxides or other heavy minerals commonly found in 

porous media (Chevalier et al. 2013). 

The surface topography, characterised by sharp edges and irregular shapes, 

contributes to the material's rough texture. The observed microstructure implies 
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significant porosity and potential permeability, essential factors for fluid extraction 

in reservoir studies. The varying brightness across the image’s points to a 

composition of different elemental phases, affecting the material's mechanical 

strength and chemical reactivity (Ding et al. 2017). 

These properties suggest that the materials are suitable for applications requiring 

specific porosity and permeability characteristics, such as enhanced oil recovery 

(EOR) processes collaborating with (Al-Otaibi and Wu, 2010). These SEM images 

offer significant insights into the material's suitability for various industrial 

applications, highlighting its potential for effective fluid transport and storage, 

supporting their suitability for describing low permeability reservoirs. 

4.1.2 Energy dispersive x-ray analysis (EDXA)  
The Energy Dispersive X-ray Spectroscopy (EDS) spectrum for each of the core 

samples provides a detailed analysis of their elemental composition. This 

technique identifies the elements present by detecting the characteristic X-ray 

energies emitted when the sample is bombarded with high-energy electrons. The 

spectrum reveals the presence and proportions of carbon (C), oxygen (O), 

aluminum (Al), and titanium (Ti), which are essential components of the material. 

The samples contain between 4.9% to 9.36% carbon by weight, which 

corresponds to 7.99% to 15.93% in atomic percentage. The presence of carbon 

suggests the possibility of organic materials or carbonates within the samples. 

Such quantities of carbon may affect the material's reactivity and structural 

properties, potentially indicating residual organic substances or specific carbon-

based additives used during sample preparation (Dejam et al. 2017). 

Oxygen is the most abundant element across the five core samples, with weight 

percentages ranging from 37.67% to 50.54% and atomic percentages from 

58.52% to 61.61%. The high oxygen content indicates that the material is 

predominantly composed of oxides, a common characteristic in ceramics. The 

presence of oxides such as alumina (Al₂O₃) and titania (TiO₂) is suggested due to 

their prevalence in the spectrum and their known uses in creating stable, high-

performance materials. These oxides contribute significantly to the thermal 

stability and mechanical robustness of the sample (Lin et al. 2019). 

Aluminum and titanium are also present in substantial amounts. The combination 

of aluminum and oxygen suggests the presence of aluminum oxides (such as 

alumina), known for their hardness and thermal resistance. Similarly, the titanium 
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content, likely in the form of titanium dioxide, is noted for its photocatalytic 

properties and high refractive index. The significant percentages of these elements 

suggest that the material is a composite, such as alumina-titania ceramics, widely 

used for their enhanced mechanical properties and stability (Chevalier et al. 

2013). 

The findings indicate that the material is predominantly an oxide-based composite, 

with significant amounts of alumina and titania aligning with the detailed 

manufacturer’s specifications. The high oxygen content supports this, while the 

carbon detected may be due to minor organic contamination or specific 

preparation additives. The mechanical strength and stability provided by alumina 

and titania make the material suitable for various industrial applications. 

 

SEM 
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EDAX 

Figure 22 SEM/EDAX images of the outer surface of the S15nm core sample 
 

SEM 

EDAX 

Figure 23 SEM/EDAX images of the outer surface of the B15nm core sample. 
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SEM 

EDAX 

Figure 24 SEM/EDAX images of the outer surface of the S200nm core 
sample. 
 

SEM 
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EDAX 

Figure 25 SEM/EDAX images of the outer surface of the S6000nm core 
sample. 
 

SEM 

EDAX 

Figure 26 SEM/EDAX images of the outer surface of the B6000nm core 
sample. 
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4.2 Overview of the experimental results and analysis  
In this study, permeability serves as the fundamental parameter and was used in 

deriving additional engineering parameters, such as mobility, Darcy flux and 

reservoir quality index. These metrics are crucial for evaluating the transport 

properties of gases within nanoporous ceramic cores, which are utilised as 

analogues for low permeability reservoir cores. Kantzas et al. (2012) suggested 

that to achieve reliable experimental measurements of permeability, a minimum 

of 12 flow tests should be conducted, encompassing four distinct flow rates across 

three isobaric conditions. 

The scope of experimental work in this research significantly expanded on these 

guidelines, with over 1,000 permeation tests conducted and more than 10,000 

data points collected for analysis. This extensive dataset exceeds the 

recommendations of Kantzas et al. (2012) by more than a hundredfold, thereby 

enhancing the robustness and reliability of the findings. Such a comprehensive 

experimental approach not only solidifies the validity of the permeability 

measurements but also instils a high degree of confidence in the sophisticated 

analyses presented within this research. 

Engineering interpretations and assumptions have been systematically formulated 

to explain the phenomena observed throughout the experimental investigations. 

The extensive dataset, encompassing numerous permeation test runs, facilitates 

the direct computation of the dependent parameters such as permeability, 

mobility, Darcy flux and reservoir quality index. This dataset integrates diverse 

experimental conditions across the five distinctive core samples, the three types 

of gases (including a mixture), eight isobaric conditions, and four isothermal 

conditions, recording variables such as flow rate, operating temperature, and 

pressure conditions. 

For methodical analysis, the experimental data were systematically organised in 

an Excel spreadsheet, alongside additional parameters like the geometric 

dimensions and physical and petrophysical properties of the nanoporous core 

samples, as well as the viscosity of the gases involved. To enhance analytical 

robustness, this spreadsheet was subsequently imported into Python—a high-

level, interpreted programming language celebrated for its readability, simplicity, 

and wide applicability in data analysis. Python was selected for data analysis due 

to its comprehensive standard library and a vast ecosystem of third-party 

packages, which significantly augment its analytical capabilities. 
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An extensive analysis of the dataset was performed, yielding summary statistics 

for each numerical attribute, such as mean, median, standard deviation, 

maximum, and minimum values, as outlined in Table 4. A correlation matrix was 

also developed to reveal the interdependencies among variables, which was 

subsequently visualised using a heatmap plot, as depicted in Figure 27. This 

visual representation proved instrumental in uncovering significant relationships 

among variables. Further investigations concentrated on the selection of pertinent 

variables, including temperature, pressure and viscosity, chosen for their 

pronounced effects on critical reservoir parameters such as permeability, mobility 

etc. Building upon these foundational analyses, a machine learning model 

employing a regression algorithm was developed. This model captures the 

intricate relationships between the identified key features and the target variables. 

The analysis was further substantiated by integrating findings with established 

theoretical and empirical research from the domains of petroleum engineering, 

geomechanics, and hydrogeology, thus significantly bolstering the study's 

scientific rigor and validity. 

Finally, the analysis concludes with a comparison of experimental data and field 

data for permeability, mobility, Darcy flux, and reservoir quality index, to ascertain 

the applicability of nanoporous ceramic cores as mimetic models for low 

permeability reservoirs. 
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Table 4 Statistical summary of feature and target variables 
 
Variables Mean Median Standard 

Deviation 

Min Max 

Temperature  

(K) 

365.5 348 68.4 293 473 

Pressure Drop 

(atm) 

1.43 1.43 0.68 0.4 2.47 

Viscosity 

(cp) 

0.0155 0.0151 0.0033 0.011 0.023 

Permeability 

(mD) 

4.29 X 

10-4 

3.17 X 

10-4 

3.21 X 10-

4 

7.9 X 

10-5 

1.74 X 

10-3 

Mobility 

(mD/cp) 

0.028 0.021 0.021 0.005

4 

0.11 

Flux 

(cm3/cm2*sec) 

0.270 0.280 0.158 0.049 0.619 

Reservoir Quality 

Index (mD) 

4.45 X 

10-6 

3.28 X 

10-6 

3.41 X 10-

6 

7.23 X 

10-7 

1.94 X 

10-5 

4.3 Experimental data correlation matrix of the 
nanoporous ceramic cores. 

The correlation heatmap depicted in Figure 27 provides a quantitative evaluation 

of the interrelationships among the key reservoir parameters pertinent to the 

conducted experimental investigations. Each cell within the heatmap represents 

the correlation coefficient between pairs of these variables, with values spanning 

from -1.0 to 1.0. These values reflect a spectrum from perfect negative correlation 

to perfect positive correlation, respectively, thereby quantifying the degree to 

which one variable may predictably vary in relation to another within the 

experimental context. 

Temperature exhibits a strong positive correlation with viscosity (0.78), 

suggesting that as temperature increases, viscosity of the gas also tends to 

increase. Additionally, temperature exhibits a mild positive correlation with 

permeability (+0.23), suggesting that increase in temperature may slightly 

enhance permeability. These findings are backed by existing literatures such as 

Cramer (2012), Ling et al. (2009). Temperature also shows a weak or negligible 
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correlations with other variables, meaning it has little to no direct effect on 

pressure, mobility, reservoir quality index, and Darcy flux. 

Pressure shows strong negative correlations with permeability (-0.79), mobility (-

0.79), and reservoir quality index (-0.77). These negative correlations suggest 

that higher pressure is associated with lower values of these variables, which could 

be because higher pressure indicates greater resistance within the medium, 

reducing these properties as documented by Lake and Fanchi (2006) and 

Naaktgeboren et al. (2012). There is also a moderate positive correlation with flux 

(0.30), implying that higher pressure is somewhat associated with increased Darcy 

flux, possibly due to the increased driving force overcoming resistance to fluid 

flow. Pressure has negligible correlations with temperature, indicating that it does 

not significantly influence these variables. 

Viscosity demonstrates a strong positive correlation with temperature (0.78), 

reinforcing the idea that as temperature increases, the viscosity of gas increases 

because the gas molecules gain kinetic energy, leading to more frequent collisions 

(Palmer and Wright, 2003). A slight positive correlation (+0.14) was observed 

between viscosity and permeability, supporting the modified Darcy’s equation that 

indicates a direct relationship between these two parameters. Conversely, a 

negative correlation (-0.14) was observed between viscosity and mobility. This 

aligns with the understanding that increased viscosity reduces mobility when 

permeability is constant, highlighting the significant impact of fluid properties on 

reservoir dynamics (Chen and Zhao, 2020, Li and Horne, 2018, Al-Busafi and 

Jones, 2021). Viscosity shows negligible correlations with other variables, 

indicating little to no direct impact on pressure, reservoir quality index and Darcy 

flux. 

Permeability has strong negative correlations with pressure (-0.79) and strong 

positive correlations with mobility (0.94) and reservoir quality index (0.99). These 

correlations indicate that higher permeability is associated with lower pressure 

drops and higher mobility and reservoir quality index. This relationship highlights 

the interconnected nature of these properties in facilitating fluid flow. Permeability 

has a negligible correlation with flux (0.02), indicating almost no direct effect on 

flux. 

Mobility shows strong negative correlations with pressure (-0.79) and strong 

positive correlations with permeability (0.94) and reservoir quality index (0.93). 

These strong relationships suggest that higher mobility is associated with lower 
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pressure and higher permeability and reservoir quality. This indicates the 

interconnectedness of these variables in enhancing fluid flow properties. Mobility 

shows negligible correlations with other variables, indicating little to no direct 

impact on temperature, viscosity, and Darcy flux. 

Reservoir quality index demonstrates strong negative correlations with pressure 

(-0.77) and strong positive correlations with permeability (0.99) and Mobility 

(0.93). These correlations indicate that a higher reservoir quality index is 

associated with lower pressure and higher permeability and mobility. The reservoir 

quality index has a negligible correlation with the Darcy flux (0.06), indicating 

almost no direct effect on flux. 

Lastly, the Darcy flux has a weak positive correlation with pressure (0.30), 

indicating that higher Darcy flux can be associated with higher pressure, likely due 

to the increased driving force overcoming resistance to fluid flow. Flux shows 

negligible correlations with other variables, indicating little to no direct impact on 

temperature, viscosity, permeability, mobility, and reservoir quality. 

In summary, the heatmap reveals that the strongest correlations are between 

temperature and viscosity, pressure and permeability/mobility/reservoir quality, 

and permeability/mobility/reservoir quality. These relationships are vital for 

optimising reservoir performance and fluid flow characteristics in experimental 

settings, providing valuable insights into how changes in one variable can affect 

others. 
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Figure 27 Correlation matrix. 

4.4 Permeability analysis of the nanoporous ceramic 
cores 

Permeability analysis is a fundamental aspect of evaluating the performance and 

suitability of nanoporous ceramic cores in simulating reservoirs. The research 

rigorously examines key parameters—temperature, pressure, and viscosity—and 

their effects on permeability, which has been extensively studied and documented 

by notable authors (Zhou et al. 2020, Ahmed, 2018, Johnson, 2018, Zoback, 

2010, Holstein, 2007, Nelson, 2009 and Wang, 2000). The well-established 

permeability analysis serves as a model to enhance the application of nanoporous 

ceramic core samples in simulating reservoir core samples. This implies that if the 

permeability estimated in this study, when plotted against the independent 

pressure variables, corroborates widely discussed findings in the literature, the 
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experimental data using the nanoporous ceramic cores can significantly be used 

to study other reservoir parameters. The study evaluates the correlations between 

these independent factors (temperature, pressure, and viscosity) and 

permeability, mobility, Darcy flux, and reservoir quality index. It also investigates 

the performance of the selected gases (CH4, CO2, and 60%CH4/40%CO2) across 

the five nanoporous ceramic cores. This approach aligns with the perspectives of 

Berg (2019), Tiab and Donaldson (2014), and Ahmed (2006), who emphasised 

that the geometry and connectivity of pore spaces are crucial in determining 

reservoir parameters, that fluid properties such as viscosity significantly affect the 

ease of flow through porous media, and that changes in temperature and pressure 

can alter both fluid and rock properties, thereby influencing permeability, mobility, 

Darcy flux, and reservoir quality index characteristics. 

4.4.1 Permeability response to pressure in the nanoporous 
ceramic cores.  

The graph provided in Figure 28 illustrates the relationship between permeability 

(in milliDarcies, mD) and pressure (in atmospheres, atm) at various temperatures 

(293K, 323K, 373K, and 473K). Each temperature is represented by a different 

coloured line, showing how permeability changes as the pressure increases. 

Additionally, the graph includes a linear regression equation, and R-squared value, 

providing a statistical overview of the trend observed in the data. 

One key observation is the negative correlation between pressure and 

permeability. As the pressure increases, permeability decreases consistently 

across all temperature conditions. This inverse relationship suggests that higher 

pressure result in lower permeability aligning with Darcy equation and reservoir 

studies from several notable literatures (such as Wang, 2000, Nelson, 2009 and 

Zoback, 2010). The alignment of these authoritative works with this current 

study’s findings enriches the analysis and lends substantial credibility to the 

application of the nanoporous ceramic core model. 

Temperature also plays a significant role in influencing permeability. The graph 

shows that at higher temperatures (473K), the permeability values are generally 

higher across the entire pressure range compared to lower temperatures (293K). 

This indicates that higher temperatures enhance permeability, making it easier for 

fluids to pass through the porous medium. Consistent with this study's findings, 

both Ahmed (2018) and Zhou et al. (2020) observed that increases in temperature 

tend to slightly enhance the permeability of rock formations. These observations 
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are further corroborated by empirical data from Li and Horne (2018) and Tian and 

Babadagli (2022). Collectively, these studies provide a robust scholarly 

foundation, supporting the validity of the study and deepening our understanding 

of the nuanced ways in which temperature influences permeability across various 

geological contexts. 

The linear regression analysis further quantifies this relationship. The regression 

equation y = -3.74 x 10-4x + 9.64 x 10-4 and an R-squared (R2) value of 0.62 are 

annotated on the graph 

The negative slope of the regression equation, -3.74 x 10-4x confirms the inverse 

relationship between pressure and permeability, while the R-squared value 

indicates that approximately 62% of the variability in permeability can be 

explained by changes in pressure. This moderate level of correlation suggests that 

other factors, in addition to pressure, may also influence permeability. 

The shaded regions around each line represent confidence intervals, indicating the 

variability of the data. These intervals provide a visual representation of the 

degree of confidence in the measured permeability values at each pressure drop. 

The width of the confidence intervals varies, reflecting the precision of the 

measurements and the inherent variability in the data. 

 

 

Figure 28 Permeability response to pressure at different temperatures across 
the entire experimental dataset.  
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4.4.1.1 Industrial and engineering implications 
The findings from the analysis of permeability response to pressure at different 

temperatures have significant industrial and engineering implications, particularly 

in the fields of reservoir engineering, enhanced oil recovery (EOR), and fluid 

transport within porous media. 

Firstly, the observed relationship between temperature and permeability 

highlights the potential benefits of thermal EOR techniques. As the study indicates 

that higher temperatures enhance permeability, EOR methods such as steam 

injection or in-situ combustion could be optimised to improve oil recovery rates. 

By increasing the temperature within the reservoir, the viscosity of the oil is 

reduced, facilitating its flow through the porous rock as emphasised by Johnson, 

(2018) and Holstein, (2007). This knowledge helps in designing more effective 

thermal EOR strategies, potentially leading to increased hydrocarbon recovery and 

prolonged reservoir life. 

Secondly, understanding how pressure and temperature affect permeability is vital 

for reservoir simulation and management. The inverse relationship between 

pressure and permeability implies that managing reservoir pressure is 

fundamental to maintaining optimal fluid flow. Reservoir engineers can use this 

information to develop more meaningful models that predict fluid behaviour under 

varying pressure and temperature conditions (Dake, 2001). These models are 

essential for planning production schedules, designing well placements, and 

implementing pressure maintenance strategies to maximise extraction efficiency. 

Thirdly, the findings also have implications for hydraulic fracturing and other well 

stimulation techniques. Knowing that higher temperatures can improve 

permeability suggests that pre-heating the reservoir rock before fracturing could 

enhance the effectiveness of the fractures (Alfarge et al. 2020). This approach 

could create more efficient pathways for oil and gas to flow to the wellbore, 

improving the overall productivity of the well. Additionally, understanding the 

pressure-permeability relationship helps in optimising the fracturing process to 

avoid excessive pressure drops that could hinder fluid flow. 

4.4.2 Permeability response to viscosity in the nanoporous 
ceramic cores.  

Figure 29 presents a plot that illustrates the relationship between viscosity, 

measured in centipoise (cp), and permeability, measured in millidarcies (mD for 

three different gases: methane (CH4), a 60% methane and 40% carbon dioxide 
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mixture (60%CH4/40%CO2), and carbon dioxide (CO2). Each gas is represented 

by a different coloured line with shaded areas indicating confidence intervals, 

which enhances the visual representation of data variability and trend reliability. 

 

The key observations from the plot include the linear fit equation y = 1.35 × 10-2 

x + 2.21 × 10-4 with an R2 value of 0.02. This low R2 value suggests that viscosity 

accounts for only a small fraction of the variability in permeability across the 

different gases. This indicates that other factors may significantly influence 

permeability, overshadowing the effect of viscosity. 

For methane (CH4), represented by the blue line, there is a slightly increasing 

trend in permeability as viscosity increases. The confidence interval for methane 

is relatively narrow, indicating consistent data with less variability. This suggests 

that methane's flow behaviour through the porous medium is more predictable 

compared to the other gases. 

The 60% methane and 40% carbon dioxide mixture (60%CH4/40%CO2), 

represented by the orange line, also shows a slightly increasing trend in 

permeability with increasing viscosity. However, the confidence interval for the 

mixture is wider than that for methane, suggesting greater variability in the data. 

This could be due to the complex interactions between methane and carbon 

dioxide molecules within the pores. 

Carbon dioxide (CO2), represented by the green line, displays the highest 

permeability stretch among the three gases as viscosity increases. However, the 

confidence interval for carbon dioxide is the widest, indicating significant 

variability in the data. This could be due to CO2's distinct physical properties, such 

as higher density and different molecular interactions with the porous medium, 

leading to more erratic flow behaviour. 

The positive slopes for all three gases indicate that as viscosity increases, 

permeability also increases, albeit weakly aligning with the Darcy’s equation 

(Bear, 2013, Dullien, 2012, Bird et al. 2002). 
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Figure 29 Permeability response to viscosity for the different gases across the 
entire dataset. 
 
4.4.2.2 Industrial and engineering implications 
The observed trend that permeability slightly increases with viscosity, suggests 

that other factors significantly influence fluid flow through the nanoporous ceramic 

cores. This insight can help engineers better predict and manage fluid behaviour 

in reservoirs. For instance, in EOR techniques, in-depth understanding of gas 

permeability can lead to more effective injection strategies. Methane (CH4) shows 

a consistent relationship between permeability and viscosity, indicating it could be 

a reliable choice for gas injection projects aimed at improving oil recovery. 

The significant variability observed with carbon dioxide (CO2) permeability 

highlights the importance of considering gas-specific properties when designing 

and implementing CO2 injection strategies for EOR or carbon sequestration. The 

wide confidence intervals indicate that CO2's behaviour in the reservoir can be 

unpredictable, which necessitates careful monitoring and adaptive management 

techniques. This finding underscores the need for robust reservoir simulation 

models that incorporate the unique characteristics of CO2 to ensure effective and 

safe operations. 

The mixture of 60% methane and 40% carbon dioxide (60%CH4/40%CO2) 

showing intermediate permeability values suggests that blending gases could be 

a viable strategy for optimising gas injection processes. This blend might balance 
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the predictable behaviour of methane with the effective displacement properties 

of CO2, potentially leading to improved overall reservoir performance. This 

approach could be particularly useful in reservoirs where single gas injection has 

proven less effective  

From an engineering perspective, the results highlight the importance of tailoring 

gas injection and fluid management strategies to the specific conditions of each 

reservoir. Engineers must consider not only the general properties of the injected 

gases but also how these properties interact with the unique geological and 

petrophysical characteristics of the reservoir. The findings advocate for a more 

nuanced approach to reservoir engineering. 

4.5 Mobility analysis of the nanoporous ceramic cores 
As delineated by Dake (2001), mobility stands as a critical parameter in 

influencing hydrocarbon recovery and production efficiency. Its role is essential 

within the oil and gas industry, primarily because it significantly impacts 

displacement efficiency during reservoir exploitation. A higher mobility ratio 

typically results in more efficient displacement and enhances sweep efficiency, 

both of which are vital for refining production strategies. In the context of 

enhanced oil recovery (EOR) operations, particularly those employing chemical 

and thermal methods, the manipulation of mobility is pivotal, as highlighted by 

Alfarge et al. (2020) 

For analytical consistency, this research has identified three principal parameters 

(temperature, pressure and viscosity) that could affect mobility and explored their 

correlation with mobility. 

 As underlined by Berg (2019) and Selley (2000), higher viscosity tends to 

decrease mobility, impacting hydrocarbon recovery rates and the efficacy of 

displacement processes. Conversely, higher temperatures typically reduce oil 

viscosity, which may enhance mobility. Additionally, variations in pressure can 

modify fluid densities and viscosities, thereby influencing mobility.  

4.5.1 Mobility response to pressure in the nanoporous ceramic 
cores.  

The provided graph in Figure 30 illustrates the relationship between mobility 

(mD/cp) and pressure (atm) for different temperatures (293K, 323K, 373K, and 

473K). The graph presents a clear downward trend in mobility with increasing 
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pressure across all temperature levels, which is indicated by the linear regression 

equation y = −2.47×10-2x +6.37 × 10-2 and an R² value of 0.63. 

The shaded regions around the lines represent the confidence intervals, showing 

the variability in the data. The steepness of the slope, which is negative, implies 

a significant decrease in mobility as pressure increases. This trend is consistent 

across all the temperatures tested, indicating a robust inverse relationship 

between pressure and mobility. 

At lower pressures, mobility values are relatively higher, suggesting that fluids 

move more easily through the porous media under these conditions. As the 

pressure increases, the mobility decreases, likely due to the increased resistance 

to fluid flow within the pore spaces of the material. The near overlap of the mobility 

curves for different temperatures suggests that changes in temperature have 

virtually no effect on mobility within the studied dataset, and that pressure plays 

a more dominant role in this relationship. This observation aligned with Bear’s 

(1972) seminal work on fluid dynamics within porous media, supporting the 

observed notion that temperature has a minimal effect on fluid mobility, 

reinforcing the idea that other variables might be more influential. This 

observation is also echoed by McAllister et al. (2017) and Lake and Fanchi (2006). 

The R² value of 0.63 suggests a moderate fit of the linear model to the observed 

data, indicating that the linear relationship between pressure and mobility is 

reasonably moderate. This implies that the model can predict the mobility 

response based on pressure changes within the tested temperature range.   

To bolsters the observed negative correlation between pressure and mobility, this 

study incorporates theoretical foundations and empirical evidence, enhancing the 

credibility of the analysis. Bear (1972), a seminal figure in hydrogeology and 

petroleum engineering, provides insights explaining how increased flow resistance 

due to increasing pressure could account for this correlation. His discussions on 

the interplay between pressure gradients and fluid mobility directly relate to the 

trends identified in this research. Additionally, Darcy's work (Darcy, 1856) 

supports these findings by demonstrating how fluid flow through porous media 

decreases as resistance from increasing pressure gradients intensifies. This 

empirical relationship elucidates why higher pressure might reduce mobility, 

indicating that flow resistance grows with pressure, hindering fluid movement. 

Lake and Walsh (2008) research into advanced topics in oil recovery, providing 

detailed analyses on how pressure impacts oil mobility within reservoirs, further 
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validating the negative correlation observed in this study. Hommel et al. (2018) 

research on permeability and fluid flow also adds valuable context, showing how 

varying pressures can influence the mobility of different phases within a reservoir, 

enhancing our understanding of pressure-mobility dynamics. 

 

 
Figure 30 Mobility response to pressure at different temperatures across the 
entire experimental dataset.  
 
4.5.1.1 Industrial and engineering implications 
In enhanced oil recovery (EOR) operations, understanding how pressure 

influences mobility is essential for designing effective recovery strategies. The 

data suggests that maintaining lower pressures can enhance fluid mobility, 

thereby improving the efficiency of oil and gas extraction from reservoirs. This is 

particularly important in the context of unconventional reservoirs, such as shale 

gas and tight oil formations, where fluid flow is inherently more challenging due 

to low permeability. By strategically managing pressure, operators can maximise 

hydrocarbon recovery while minimising operational costs (Ahmed, 2018). 

Furthermore, the findings indicate that temperature variations, while having some 

impact, are less significant than pressure changes in influencing mobility. This 

insight can guide the design of thermal EOR techniques, such as steam injection 

or in-situ combustion. These methods can be optimised by focusing more on 

pressure modulation rather than solely on temperature increases, potentially 
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reducing the energy input required for heating and thereby lowering operational 

expenses (Green and Willhite, 2018). 

In terms of reservoir management, the ability to predict mobility based on 

pressure conditions allows for more precise modelling and simulation of reservoir 

behaviour. Advanced reservoir simulation models that incorporate these findings 

can provide more meaninful forecasts of production rates and reservoir 

performance over time. This can aid in the planning and execution of drilling 

programs, well placement, and the design of artificial lift systems. It also helps in 

identifying the optimal operational settings to sustain reservoir pressure and 

enhance long-term production (Lake and Fanchi, 2006). 

Additionally, the findings are relevant to the design and implementation of 

hydraulic fracturing operations. Understanding how pressure impacts mobility can 

inform the selection of fracturing fluids and proppant materials, ensuring that the 

induced fractures remain open and effective at enhancing fluid flow. This can lead 

to more efficient fracturing treatments, improving the overall productivity of wells 

(Tiab and Donaldson, 2014). 

4.5.2 Mobility response to viscosity in the nanoporous ceramic 
cores. 

Figure 31 presents a graph showing the relationship between mobility and 

viscosity for three different gases: methane (CH4), a mixture of 60% methane and 

40% carbon dioxide (60%CH4/40%CO2), and pure carbon dioxide (CO2). The 

mobility is measured in millidarcy per centipoise (mD/cp), and the viscosity is 

measured in centipoise (cp). The plot shows individual data points and the fitted 

regression lines for each gas, along with the shaded regions representing 

confidence intervals. The regression equation y = −8.80 × 10-1x + 4.20 × 10-2, 

and R-squared value R² = 0.02 for the overall fit are also displayed on the graph, 

indicating the strength and nature of the relationship between viscosity and 

mobility. 

For methane (CH4), represented by the blue data points and line, the regression 

line shows a slight downward trend, suggesting a minor decrease in mobility with 

increasing viscosity evident from the negative slop, −8.80 × 10-1. However, the 

R-squared value is very low (R² = 0.02), indicating that viscosity has a minimal 

effect on the mobility of methane within the observed range. The confidence 

interval is relatively wide, reflecting significant variability in the data. This 
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variability suggests that other factors may influence the mobility of methane more 

than viscosity alone. 

The orange data points, and line correspond to the 60%CH4/40%CO2 gas mixture. 

The regression line for this mixture appears relatively flat, indicating little to no 

change in mobility with varying viscosity. The low R-squared value (R² = 0.02) 

further supports that viscosity does not significantly impact the mobility of this 

gas mixture within the observed range. Similar to methane, the confidence 

interval for the mixture is also wide, suggesting considerable variability in the 

data. This flat trend implies that the combination of methane and carbon dioxide 

in this ratio does not significantly alter the mobility as viscosity changes. 

For carbon dioxide (CO2), denoted by the green data points and line, the 

regression line is almost horizontal, indicating no significant relationship between 

viscosity and mobility. The R-squared value is again low, reinforcing that viscosity 

does not substantially affect the mobility of CO2 within the observed range. 

Notably, the confidence interval for CO2 is the narrowest among the three gases, 

indicating less variability in the data compared to methane and the gas mixture. 

This stability suggests that CO2's mobility is less influenced by viscosity changes, 

possibly due to its consistent physical properties in the given range. 

Overall, the regression analysis shows that for all three gases, there is no strong 

correlation between viscosity and mobility within the given viscosity range. The 

flat slopes of the regression lines and low R-squared values indicate that changes 

in viscosity do not significantly influence mobility for CH4, CO2, or their mixture. 

Methane and the gas mixture exhibit more variability in their mobility data 

compared to carbon dioxide, as indicated by the wider confidence intervals. These 

findings suggest that other factors, such as pressure, temperature, or the intrinsic 

properties of the porous medium, might play a more crucial role in determining 

mobility than viscosity alone. 

The interpretation aligns with findings from studies by Ahmed (2018) and Lake 

and Fanchi (2006), which emphasise the complex interplay of various reservoir 

parameters on fluid flow. Alfarge et al. (2020) also highlight that while viscosity 

is a crucial factor in fluid dynamics, its impact on mobility must be considered 

alongside other parameters. Additionally, Bachu (2008) discusses the importance 

of understanding gas properties in the context of reservoir management and 

environmental implications. 
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Figure 31 Mobility response to viscosity for the different gases across the 
entire dataset. 
 
4.5.4.1 Industrial and engineering implications 
The negative correlation between viscosity and mobility plays a crucial role across 

various industrial and engineering fields, especially in areas involving fluid 

dynamics such as chemical processing, oil and gas production, and hydraulic 

engineering. 

In enhanced oil recovery (EOR) techniques, fluids with lower viscosity are 

preferred as they enhance mobility, facilitating more efficient oil extraction. This 

negative correlation implies that decreasing the viscosity of injected fluids 

improves their transport through the reservoir, thereby enhancing their ability to 

displace oil and boost recovery rates. Understanding this relationship is key for 

effectively managing fluid transport within reservoirs. For instance, heavier, more 

viscous oils may require heating or dilution with lighter hydrocarbons to enhance 

mobility and recovery efficiency. Terry et al. (2015), provide valuable insights into 

reservoir engineering techniques that explore how fluid properties like viscosity 

affect oil recovery.                                                                                                     

The minimal impact of viscosity on mobility, as indicated by the low R-squared 

values in the regression analyses, suggests that viscosity alone may not be a 

primary factor influencing fluid movement through porous media. Enhanced oil 

recovery (EOR) techniques, which often rely on modifying fluid properties to 
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improve extraction efficiency. The results imply that while viscosity adjustments 

can be beneficial, they should be considered alongside other factors such as 

pressure and temperature to achieve the desired mobility enhancements (Lake 

and Fanchi, 2006). 

4.6 Darcy flux analysis of the nanoporous ceramic cores 
Darcy flux, also known as Darcy velocity, is a fundamental concept in reservoir 

engineering that quantifies the flow rate of a fluid through a porous medium as 

described by Zijl (2004). In the context of the nanoporous ceramic cores analysed 

in this study, Darcy flux analysis involves calculating the volumetric flow rate per 

unit area of the core samples. This analysis helps to understand how much the 

cores can transmit fluids, which is crucial for applications in enhanced oil recovery 

and other reservoir engineering processes. This analysis is essential for evaluating 

the performance of the ceramic cores in mirroring natural reservoirs. By 

understanding the flux behaviour under various pressures, temperatures, and fluid 

viscosities, researchers can assess the suitability of these materials for reservoir 

applications and develop strategies to optimise fluid extraction processes.   

4.6.1 Darcy flux response to pressure in the nanoporous ceramic 
cores.  

The graph in Figure 32 illustrates the Darcy flux response to pressure at different 

temperatures, providing insight into how pressure influences fluid flow through 

the nanoporous ceramic cores at various temperature levels. Darcy flux is plotted 

against the pressure applied across the core samples for four different 

temperatures: 293K, 323K, 373K, and 473K. 

The linear regression equation displayed on the graph, y = 6.93×10-2x + 1.71 × 

10-1, along with an R2 value of 0.1, suggests a positive relationship between 

pressure and Darcy flux. However, the relatively low R2 value indicates that the 

linear model explains only 10% of the variability in Darcy flux, implying that other 

factors may also significantly influence the flux. 

At all temperature levels, an increase in pressure results in a higher Darcy flux. 

This trend is expected, as higher pressure generally enhances the driving force for 

fluid flow through the porous media. Notably, the flux increases more sharply at 

lower pressures, particularly between 0.5atm and 1.0atm, indicating a nonlinear 

relationship in this range. 
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The graph also reveals that temperature has a modest effect on Darcy flux. Higher 

temperatures (323K, 373K, and 473K) show a slightly higher flux compared to the 

lowest temperature (293K). However, the temperature effect appears less 

pronounced than the pressure effect, as the flux values at different temperatures 

converge closely. 

The shaded regions around the lines represent the confidence intervals, 

highlighting the variability in the data. The overlapping shaded regions suggest 

that the differences in flux due to temperature changes are within a similar range 

of variability.  

These findings are largely supported by the research works of notable authors 

such as Rosti et al. (2020), Srinivasan (2016), and Jiang and Tsuji (2014), who 

have extensively studied the interplay between pressure, temperature, and fluid 

flow in porous media. They examined the dynamics of fluid movement through 

nanoporous materials, highlighting how increased pressure enhances fluid flow by 

reducing resistance within the porous structure. This study corroborates the 

observation that higher pressures lead to a significant increase in Darcy flux, 

emphasising the critical role of pressure in optimising fluid extraction processes in 

various industrial applications. 

 

 
 

Figure 32 Darcy flux response to pressure at different temperatures across the 
entire experimental dataset.  
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4.6.1.1 Industrial and engineering implications 
By comprehending how pressure influences fluid flow through porous media, 

engineers can better design and manage reservoir operations to maximise 

hydrocarbon recovery. For instance, knowing that higher pressures significantly 

increase Darcy flux suggests that applying higher injection pressures in EOR 

techniques can enhance the extraction efficiency, especially at the initial stages of 

fluid injection. The findings indicate that the combined effects of pressure and 

temperature should be carefully considered in reservoir management. For 

example, in geothermal energy extraction, where both high pressures and 

temperatures are encountered, understanding how these factors interact can help 

optimise the design of geothermal wells to enhance fluid circulation and heat 

extraction efficiency. It’s similar to optimising both the pressure and temperature 

settings on a coffee machine to brew the perfect cup of coffee. 

Additionally, the data suggests that while temperature influences fluid flow, the 

primary driver remains pressure. This knowledge can inform the development of 

more efficient pumping systems and the selection of appropriate materials for 

wellbore construction that can withstand high pressures without significant loss of 

permeability. 

4.6.2 Darcy flux response to viscosity in the nanoporous ceramic 
cores. 

The graph in Figure 33 presents an analysis of how the Darcy flux varies with 

changes in viscosity for three different gases: methane (CH4), a 60% methane 

and 40% carbon dioxide mixture (60% CH4/40% CO2), and carbon dioxide (CO2). 

Each gas is represented by a distinct line on the graph, and the shaded regions 

around each line denote the confidence intervals, reflecting the variability in the 

data. 

For methane (CH4), depicted by the blue line, the regression equation y = −8.30 

× 10-4x + 3.98 × 10-1 suggests a slight negative slope, indicating that an increase 

in methane's viscosity slightly decreases its Darcy flux. The R² value of 0.030, 

however, signifies that only 3% of the variability in Darcy flux can be attributed 

to changes in viscosity. This low R² value implies that factors other than viscosity 

play a more significant role in determining the Darcy flux for methane. The broad 

confidence interval also indicates considerable variability in the measured data for 

methane. 



 

 94 

The 60% methane and 40% carbon dioxide mixture, represented by the orange 

line, shows a relatively flat slope, suggesting minimal impact of viscosity on Darcy 

flux for this gas mixture. The flat slope implies that the flow through the porous 

medium remains relatively stable despite changes in viscosity. The confidence 

interval for this gas mixture is narrower compared to methane, indicating a higher 

degree of certainty in the measured values and reinforcing the observation that 

viscosity changes have a negligible effect on the flux. 

For carbon dioxide (CO2), shown by the green line, the graph similarly displays a 

flat relationship between viscosity and Darcy flux. This indicates that CO2's Darcy 

flux is not significantly influenced by changes in viscosity within the observed 

range. The confidence interval around the CO2 line, while broader than that of the 

gas mixture, still suggests a reasonable level of certainty, reinforcing the minimal 

impact of viscosity on the flux for CO2. 

Overall, the trends depicted in the graph reveal that changes in viscosity do not 

substantially alter the Darcy flux values for all three gases. This finding suggests 

that, within the range of viscosities tested, the flux remains relatively stable 

regardless of the gas type. The minimal impact of viscosity on Darcy flux implies 

that other parameters, such as pressure and temperature, likely play a more 

crucial role in determining fluid flow through the nanoporous ceramic cores. The 

low R² values across all gases underscore that viscosity alone does not sufficiently 

explain the variability in Darcy flux, highlighting the necessity of considering 

multiple factors in reservoir engineering analyses. 

These findings are consistent with previous research by Xaba et al. (2020), Jiang 

and Tsuji (2014) and Karan et al. (2012) which have indicated that while viscosity 

can influence fluid flow, its effect may be overshadowed by other dominant factors 

in certain contexts. Understanding the interplay between these variables is 

essential for optimising fluid extraction processes in industrial applications, 

ensuring efficient and effective resource management. 
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Figure 33 Darcy flux response to viscosity for the different gases across the 
entire dataset. 
 
4.6.2.1 Industrial and engineering implications 
the observed minimal impact of viscosity on Darcy flux for methane (CH4), CO2, 

and their mixture suggests that within the tested viscosity range, other 

parameters such as pressure and temperature might have a more pronounced 

influence on fluid flow. This insight can guide engineers to focus on optimising 

these other factors to enhance fluid extraction efficiency. For instance, in EOR 

operations, engineers might prioritise pressure management and temperature 

control over viscosity adjustments to improve hydrocarbon recovery rates. This 

approach aligns with the findings of Rosti et al. (2020), who emphasised the 

importance of considering multiple factors in fluid dynamics. In the context of 

natural gas extraction, the stability of Darcy flux across varying viscosities 

indicates that gas production can remain consistent even with fluctuations in gas 

composition. This is particularly relevant for unconventional reservoirs where the 

gas composition can vary significantly. The ability to maintain stable flux 

regardless of viscosity changes can simplify operational processes and reduce the 

need for complex adjustments, thereby lowering operational costs and enhancing 

productivity. Xaba et al. (2020), highlighted the relevance of such stability in 

ensuring efficient gas flow in porous media. 
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For CO2 sequestration and enhanced oil recovery, the findings imply that injecting 

CO2 into reservoirs can be done successfully without major concerns about 

changes in its viscosity significantly affecting the flux. This can streamline CO2 

injection processes and enhance the predictability of CO2 behaviour in subsurface 

formations, contributing to more reliable and effective EOR strategies. Jiang and 

Tsuji (2014) noted the importance of understanding fluid dynamics in CO2 

sequestration to improve the effectiveness of these environmental and industrial 

initiatives. 

4.7 Quality index analysis of the nanoporous ceramic 
cores 

As pointed out in the literature, the reservoir quality index (RQI) is a crucial 

parameter in reservoir engineering used to evaluate the potential productivity of 

reservoir rocks. It combines permeability and porosity to provide a comprehensive 

assessment of the reservoir's ability to transmit and store fluids. In the analysis 

of nanoporous ceramic cores, the RQI is used to gauge the effectiveness of these 

synthetic cores in replicating the properties of low permeability reservoirs. By 

analysing the RQI, researchers can assess the suitability of the nanoporous 

ceramic cores for various industrial applications, such as enhanced oil recovery 

(EOR) and other reservoir management techniques. A higher RQI indicates better 

reservoir quality, suggesting that the core can transmit and store fluids, making 

it ideal for use in experimental and field studies. 

4.7.1 Quality index response to pressure in the nanoporous 
ceramic cores.  

The graph in Figure 34 provides a comprehensive view of how the quality index, 

measured in micrometers (µm), responds to varying pressure levels at four 

distinct temperatures: 293K, 323K, 373K, and 473K.  

The general trend observed in the graph is a consistent decrease in the quality 

index as pressure increases across all temperature conditions. This suggests that 

higher pressure levels tend to reduce the reservoir quality index, indicating a 

potential decrease in permeability or flow efficiency within the core samples. Such 

a trend underscores the inverse relationship between pressure and the quality of 

fluid flow through the porous medium. 

Temperature has a notable impact on the quality index. At lower pressures, 

particularly between 0.5atm and 1.0atm, there is significant variability in the 
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quality index values across different temperatures. However, as the pressure 

increases beyond 1.5atm, the quality index values for different temperatures tend 

to converge, showing less variability. For instance, at 293 K (blue line), the quality 

index starts higher but decreases more sharply compared to the other 

temperatures. This indicates that at lower temperatures, the quality index is more 

sensitive to pressure changes. Conversely, at higher temperatures, the initial 

quality index values are lower, but the rate of decrease with pressure is more 

gradual. For example, at 473 K (red line), the quality index starts lower and shows 

a less steep decline, implying that higher temperatures might mitigate the adverse 

impact of pressure on the quality index to some extent. 

The regression analysis, represented by the equation y = −3.88e-6 x +1.00e-5 with 

an R2 value of 0.6, indicates a moderate fit for the linear model. The negative 

slope (-3.88e-6) confirms the downward trend of the quality index with increasing 

pressure. An R2 value of 0.6 suggests that 60% of the variability in the quality 

index can be explained by changes in pressure, indicating a reasonably strong 

relationship. However, it also implies that other factors, possibly related to the 

inherent properties of the porous media or additional environmental conditions, 

contribute to the remaining 40% of the variability. 

The shaded regions around each temperature line represent confidence intervals, 

highlighting the degree of uncertainty or variability in the measurements. The 

wider intervals at lower pressures suggest greater variability or uncertainty in the 

quality index values under these conditions. The narrowing of the shaded regions 

at higher pressures indicates more consistent quality index values, suggesting that 

the effects of pressure on the quality index stabilise as pressure increases. 

These findings are strongly supported by the research of Nabawy et al. (2020), 

Zhuang et al. (2020), Al-Rbeawi and Kadhim (2017). These studies collectively 

underscore the significant impact of pressure and temperature on reservoir quality 

and fluid dynamics. Nabawy et al. (2020) provide comprehensive insights into the 

intricate relationship between reservoir properties and fluid behaviour under 

varying conditions. Al-Rbeawi and Kadhim (2017) highlight the importance of 

maintaining optimal reservoir conditions to maximise extraction efficiency and 

ensure reservoir longevity. Similarly, Zhuang et al. (2020) offer foundational 

knowledge on pressure and fluid flow in reservoirs, further validating the critical 

parameters identified in this study. These corroborations emphasise the 
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robustness and applicability of the current research findings within the broader 

context of reservoir engineering and management. 

 

 
 
Figure 34 Quality index response to pressure at different temperatures across 
the entire experimental dataset.  
 
4.7.1.1 Industrial and engineering implications 
In the realm of enhanced oil recovery (EOR), the study reveals that maintaining 

higher temperatures can mitigate the adverse effects of pressure on the quality 

index. This suggests that thermal EOR techniques, such as steam injection, could 

be more effective in enhancing oil recovery. By managing the temperature within 

reservoirs, operators can sustain higher permeability and fluid flow efficiency, 

leading to increased hydrocarbon recovery rates. This insight aligns with the 

broader understanding in the industry that temperature management is critical for 

optimising extraction processes, as highlighted by previous research from Bear 

(1972) and Holstein (2007). 

Effective reservoir management is another key area where these findings have 

substantial implications. Understanding the interaction between pressure and 

temperature on the quality index allows reservoir engineers to develop more 

effective pressure management strategies. Maintaining optimal pressure levels is 

crucial for preserving the quality index, especially at lower temperatures where 

the impact of pressure changes is more pronounced. This knowledge helps in 

designing reservoir management practices that maximise production efficiency 
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and prolong the reservoir's productive life. Such practices are essential for 

ensuring the economic viability and sustainability of reservoir operations, as noted 

by Dake (2001) and Craft et al. (2014). 

In terms of production strategies, the study's results can inform the optimisation 

of production parameters, such as pressure and temperature, to achieve the best 

possible outcomes in terms of hydrocarbon recovery and reservoir performance. 

Operators can use this information to adjust production strategies in real-time, 

ensuring that the conditions within the reservoir remain optimal for fluid 

extraction. This dynamic approach to reservoir management is crucial for 

maximising production efficiency and adapting to changing reservoir conditions, a 

practice supported by Zhuang et al. (2020). 

4.7.2 Quality index response to viscosity in the nanoporous 
ceramic cores. 

The graph in Figure 35 depicts the quality index response to viscosity for different 

gases (CH4, 60%CH4/40%CO2 mixture, and CO2). The quality index (measured in 

micrometers, µm) is plotted on the y-axis, while viscosity (measured in centipoise, 

cp) is plotted on the x-axis. The data points for each gas are fitted with linear 

regression lines, each accompanied by a shaded area representing the confidence 

interval. 

The linear regression equation for CH4 is given by y = 1.40e-4x + 2.29e-6 with an 

R2 value of 0.02, indicating a very weak positive correlation between viscosity and 

quality index for methane. The confidence interval for CH4 is relatively wide, 

suggesting variability in the data points. 

For the 60%CH4/40%CO2 mixture, the trend is similar, with a slightly weaker 

correlation, as indicated by the lower slope and the narrower confidence interval 

compared to CH4. This suggests that the mixture behaves more consistently in 

terms of quality index response to viscosity. 

The CO2 data also shows a weak positive correlation between viscosity and quality 

index, with an R2 value of 0.02, similar to CH4. The confidence interval is wider 

than that of the mixture but narrower than that of CH4, indicating moderate 

variability in the data points. 

Overall, the findings indicate that the quality index slightly increases with 

increasing viscosity for all gases, but the correlations are weak. The variability in 

the confidence intervals suggests that other factors may be influencing the quality 

index beyond viscosity alone. This weak correlation and variability highlight the 
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complexity of fluid dynamics within nanoporous ceramic cores and the need for 

further investigation to understand the underlying mechanisms fully. 

These findings are supported by various studies such as Nabawy et al. (2020), Al-

Rbeawi and Kadhim (2017), who investigated the effect of fluid viscosity on 

permeability and reservoir quality index in tight gas sandstones. Their study 

demonstrated that while viscosity influences permeability and the quality index, 

the correlation is often weak due to the complex interactions within the pore 

spaces. 

 

 
 
Figure 35 Quality index response to viscosity for the different gases across the 
entire dataset. 
 
4.7.2.1 Industrial and engineering implications 
The weak correlation between viscosity and the quality index suggests that while 

viscosity is an essential factor, other parameters such as pore structure and 

pressure conditions play a more significant role in determining the quality of the 

reservoir. This finding implies that reservoir engineers should consider a holistic 

approach, integrating multiple factors, when assessing reservoir quality and 

planning extraction strategies. Advanced characterisation techniques and 

modelling tools that account for the complex interactions between these factors 

can lead to more significant predictions and better reservoir management. 
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4.8 Parameters coupling: experimental data with field 
data  

Experimental data were qualitatively and quantitatively compared with field data 

for four reservoir parameters—permeability, mobility, reservoir quality index, and 

Darcy flux—to identify patterns that could determine the suitability of nanoporous 

ceramic cores as mimetic models for low-permeability reservoirs. 

4.6.1 Permeability coupling of experimental data with field data 

Figure 36a and Figure 36b present the coupling of experimental permeability 

data and reservoir field data on a semi-log graph plotted against temperature. The 

geometry of the plots in both figures indicates a coupling correlation with similar 

patterns, qualitatively suggesting that the two datasets mirror each other 

extensively in terms of data point distribution. Both the field and experimental 

data show that methane (CH4) permeability values exhibit a notable range. 

Despite differences in magnitude, both datasets display a significant spread in 

permeability values, with methane generally exhibiting higher permeability 

compared to carbon dioxide (CO2). In the experimental data, CH4 permeability 

values are concentrated around lower ranges, which is consistent with the trends 

observed in the field data.                                                                            

Additionally, CO2 clusters in both the field and experimental datasets are more 

dispersed, as indicated by their relatively higher coefficients of variation (CVs) of 

3.22 and 0.97, respectively, compared to those of methane, which are 1.32 and 

0.92, respectively. Despite differences in the range of permeability values and the 

magnitude of variability, both the field and experimental data for methane (CH4) 

and carbon dioxide (CO2) reveal significant similarities. The temperature influence 

on permeability is not the dominant factor in either dataset.                          

The observed trends and variability in permeability for both gases across the two 

datasets suggest that experimental conditions, while controlled, reasonably 

capture the fundamental behaviour observed in field conditions. This reinforces 

the validity of using experimental data to model and predict reservoir behaviour, 

acknowledging that natural variability in field conditions introduces a broader 

range of outcomes. These findings support the reliability of these experimental 

studies in providing insights into reservoir characteristics, which can be applied to 

improve the understanding and management of natural reservoirs. 
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Figure 36 Permeability coupling of CH4 and CO2 dynamics (a) Experiment 
and (b) Field. 
 

4.6.2 Mobility coupling of experimental data with field data 
Figure 37a and Figure 37b display the mobility data from experimental and field 

measurements, respectively, plotted on a semi-log graph against temperature. 

In both figures, the data distribution patterns for methane and carbon dioxide 

show notable similarities. Methane (CH4) mobility values in the experimental data 

(Figure 37a) exhibit a range of values that are concentrated, indicating consistent 

mobility across different temperatures. This trend is mirrored in the field data 

(Figure 37b), where methane also shows a clustered distribution of mobility 

values, although with a broader range compared to the experimental data. 

For carbon dioxide (CO2), both the experimental and field data demonstrate a 

wider dispersion of mobility values. In the experimental data, CO2 mobility values 

are spread out more than those of methane, with a CV of 0.75, indicating 

moderate variability. The field data show an even broader spread for CO2 mobility 

values, with a higher CV of 2.62, indicating significant variability. Despite these 

differences, the overall trend of higher variability in CO2 mobility compared to 

methane is consistent across both datasets. 

Additionally, both Figure 37a and 37b shows that temperature does not have a 

strong influence on the mobility of either gas. The mobility values for methane 

and carbon dioxide remain relatively stable across the temperature range 

examined. 
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This similarities between the experimental and field data, especially in terms of 

the general trends and variability patterns, reinforce the reliability of the 

experimental setup in replicating real-world conditions. This consistency supports 

the use of experimental data from the nanoporous ceramic cores to model and 

predict field behaviour, providing valuable insights into gas mobility in reservoir 

studies. 
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Figure 37 Mobility coupling of CH4 and CO2 dynamics (a) Experiment and 
(b) Field. 
 

4.6.3 Darcy flux coupling of experimental data with field data 
Figures 38a and 38b illustrate the Darcy flux data from experimental and field 

measurements, respectively, plotted on a semi-log graph against temperature. 

The graphs display the Darcy flux (cm³/s) for methane (CH4) and carbon dioxide 

(CO2), along with their coefficients of variation (CV) to highlight the variability in 

the data. 

Methane (CH4) shows a consistent pattern of Darcy flux values across the 

temperature range in both figures. In the experimental data, CH4 values are tightly 

clustered, indicating a narrow range of variability, with a low CV of approximately 

0.6. This consistency suggests a stable flow rate for methane under the controlled 

conditions of the experiment. In the field data, CH4 also displays a relatively tight 

clustering, though with slightly more variation than the experimental data, as 

indicated by a CV of around 1.26. Despite this, the overall trend of stable methane 

flux is observed in both datasets. 
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The experimental data for CO2 on the other hand shows a wider range of Darcy 

flux values compared to methane, with a CV of about 0.9, indicating moderate 

variability. This suggests that CO2 flow rates are more variable under experimental 

conditions. While in the field data, CO2 displays even greater variability, with a 

higher CV of approximately 3.36. This indicates significant variability in CO2 flow 

rates in the field, reflecting the more complex and less controlled environmental 

conditions. 

Both graphs reveal that temperature does not have a pronounced effect on the 

Darcy flux for either gas. The flux values for methane and carbon dioxide remain 

relatively stable across the temperature range examined, indicating that other 

factors, such as the intrinsic properties of the gases and the interaction with the 

porous media, have a more significant impact on flow rates than temperature 

alone. 

The observed similarities between the experimental and field data, particularly in 

their general trends and variability patterns, underscore the reliability of the 

experimental setup. This consistency affirms the validity of the synthetic cores in 

modelling and predict field behaviour, offering valuable insights into gas flux 

dynamics in reservoir studies. 
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Figure 38 Darcy flux coupling of CH4 and CO2 dynamics (a) Experiment 
and (b) Field. 
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4.6.4 Quality index coupling of experimental data with field data 
Figures 39a and 39b present the quality index data from experimental and field 

measurements, respectively, plotted on a semi-log graph against temperature. 

The graphs show the quality index for methane (CH4) and carbon dioxide (CO2), 

along with their coefficients of variation (CV) to highlight the variability in the 

data. 

In both figures, methane (CH4) shows a consistent pattern across the temperature 

range, with relatively lower variability as indicated by the lower CV values (0.68 

for experimental data and 0.79 for field data). This suggests that methane 

maintains a more stable quality index across varying temperatures in both 

experimental and field conditions. 

Carbon dioxide (CO2) demonstrates a higher degree of variability, as seen in the 

higher CV values (0.97 for experimental data and 1.39 for field data). This 

indicates that CO2's reservoir quality index is more sensitive to temperature 

changes, leading to greater fluctuations. 

The similarity in the patterns and CV values between the experimental and field 

data reinforces the reliability of the experimental setup. It suggests that the 

experimental data can significantly replicate real-world conditions and provide 

valuable insights into the behaviour of methane and carbon dioxide in reservoir 

studies. The consistency in methane's stability and CO2's variability across both 

datasets validates the experimental approach and supports its use for modelling 

and predicting reservoir behaviour. 
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Figure 39 Quality index coupling of CH4 and CO2 dynamics                       
(a) Experiment and (b) Field. 
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4.6.5 Coupling summary 
The coupling analysis of the data sets and gases has extensively demonstrated 

that the four quantities examined have an analogous potential that can be 

qualitatively and quantitatively transformed. Consequently, the nano-ceramic core 

can be significantly used as a mimicking material for reservoirs in studying gas 

dynamics. This research presents a noteworthy opportunity to enhance reservoir 

studies by reducing costs, technical challenges, and environmental impacts 

associated with coring. 

This comparison provided valuable insights into how various parameters influence 

fluid flow and reservoir performance, aiding in the optimisation of gas injection 

strategies and overall reservoir management practices. Additionally, the findings 

highlighted areas for further research to refine the use of ceramic cores as 

analogues, including exploring different types of ceramic materials, varying 

experimental conditions, and incorporating additional reservoir parameters and 

upscaling experimental data. 

By integrating qualitative and quantitative analyses, this study offers a 

comprehensive assessment of the applicability of nano-ceramic cores in 

representing reservoir core characteristics, ultimately contributing to 

advancements in reservoir engineering and management. 
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CHAPTER 5  
CONCLUSION AND RECOMMENDATION 

5.1 Conclusion 
This research has significantly advanced the understanding of gas transport in 

low-permeability reservoirs by employing nanoporous ceramic cores as mimetic 

models. Through an extensive experimental design involving over 1,000 

permeation tests and the collection of more than 10,000 data points, the study 

has provided robust and reliable findings. The data from these experiments were 

meticulously compared with field data from over 100 reservoirs that have 

undergone CH4 and CO2 dynamics, demonstrating that nanoporous ceramic cores 

can describe the behaviour of low permeability reservoirs. 

5.1.1 Key findings 
Enhanced permeability and mobility with CH4 

The study's findings reveal that CH4 exhibits higher permeability and mobility than 

CO2 in both field and experimental settings. This suggests that CH4 is more 

effective in enhancing reservoir performance under the tested conditions. This 

insight is crucial for optimising gas injection strategies, as it indicates that the 

choice of gas can significantly impact the efficiency of the reservoir management 

process. 

Validation of nanoporous ceramic cores 
The results indicates that nanoporous ceramic cores can serve as analogues in 

studying gas transport in low permeability reservoirs, offering a cost-effective and 

environmentally friendly alternative to traditional coring methods. This is based 

on the observed analogous potential between key reservoir parameters—

permeability, mobility, Darcy flux and reservoir quality index—in experimental and 

field data. 

Modified Darcy’s equation 
The introduction of a modified Darcy’s equation tailored for nanoporous ceramic 

cores represents a significant advancement in determining permeability and other 

reservoir parameters. This modified equation accounts for the unique challenges 

posed by nanoporous materials, such as their distinct pore structures and the 

radial flow patterns observed in the experimental setup. This adaptation ensures 

that the experimental results are robust and applicable to real-world conditions. 
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5.1.2 Implications for reservoir management 
Cost savings 
Using nanoporous ceramic cores can significantly reduce the costs associated with 

traditional coring methods. Traditional coring processes are expensive and labour-

intensive, requiring specialised equipment and personnel. By substituting real core 

samples with nano-ceramic cores, research and operational expenses can be 

substantially lowered without compromising the accuracy and reliability of the 

data. 

Technical advantages 
Nanoporous ceramic cores provide a controlled and consistent medium for 

experimentation. Unlike natural reservoir cores, which can exhibit significant 

variability due to heterogeneous geological formations, ceramic cores can be 

manufactured with precise specifications. This consistency enhances the reliability 

of experimental results and facilitates more reasonable comparisons between 

different studies. 

Environmental impact 
Traditional coring can be environmentally intrusive, often involving drilling and 

extraction processes that disturb the subsurface environment. Using nanoporous 

ceramic cores minimises the need for such invasive techniques, reducing the 

environmental footprint of reservoir studies. This aligns with the industry's goals 

of sustainability and reduced ecological disruption. 

5.1.3 Advancements in reservoir engineering 
The successful application of nanoporous ceramic cores can lead to significant 

advancements in reservoir engineering. It enables more precise modeling of 

reservoir conditions, which can improve the design and implementation of 

extraction techniques. Additionally, it supports the development of new 

technologies and methods for reservoir management. The insights gained from 

this research contribute to more effective reservoir management practices. By 

understanding the nuanced behaviors of different gases and the impact of various 

parameters, engineers can make informed decisions that enhance the 

sustainability and productivity of reservoir operations. 
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5.1.4 Practical implications 
This study supports both academic research and practical applications in the field. 

For industry professionals, the findings offer valuable guidelines for optimising gas 

recovery and managing reservoirs. The ability to simulate reservoir conditions 

significantly using nanoporous ceramic cores can lead to better planning and 

execution of extraction strategies, ultimately improving the efficiency and 

profitability of reservoir operations. 

5.1.5 Summary 
In conclusion, this research not only support the use of nanoporous ceramic cores 

as mimetic models for low permeability reservoirs but also opens new avenues for 

research and technological advancements in the field. The findings contribute 

significantly to understanding and developing more efficient gas recovery methods 

tailored for the complexities of these reservoirs. The comprehensive approach 

adopted in this study ensures that the findings are robust and applicable, 

ultimately advancing the field of reservoir engineering and management. By 

integrating qualitative and quantitative analyses, this study provides a holistic 

assessment of the applicability of nano-ceramic cores in representing reservoir 

core characteristics, paving the way for future innovations and improvements in 

reservoir engineering practices. 

5.2 Further recommendations 
based on the findings and conclusions drawn from the experimental 

analysis presented in this study, the following recommendations are made 

to further advance research in this area and enhance the efficiency of 

natural gas extraction from these challenging geological formations: 

 

1. Exploration of different ceramic materials 

Future research should explore a variety of ceramic materials to better 

replicate the properties of different low permeability reservoirs. This could 

involve experimenting with different compositions and manufacturing 

processes to optimise the physical and chemical properties of the ceramic 

cores. By tailoring the porosity, permeability, and mechanical strength of 

the ceramic cores, researchers can create more significant analogues for a 

wider range of reservoir conditions. 
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2. Expanded range of experimental conditions 

It is recommended to conduct experiments under a broader range of 

conditions to understand how various factors such as temperature, 

pressure, and fluid composition affect fluid dynamics in ceramic cores. This 

could involve simulating extreme reservoir conditions to test the robustness 

and reliability of the ceramic cores in different scenarios. By expanding the 

experimental conditions, researchers can gather more comprehensive data 

to support the applicability of ceramic cores in diverse reservoir 

environments. 

3.  Incorporation of additional reservoir parameters 

Future studies should incorporate a wider array of reservoir parameters, 

including but not limited to tortuosity, fluid density, thermal conductivity, 

and rock-fluid interaction properties. By including these parameters, 

researchers can develop a more holistic understanding of reservoir 

behaviour and improve the accuracy of the ceramic core models. This 

comprehensive approach will enhance the predictive capabilities of the 

models, making them more useful for practical applications in reservoir 

engineering. 

4.  Long-term field studies 

Conducting long-term field studies to validate the findings from laboratory 

experiments is essential. These studies should compare the performance of 

nano porous ceramic cores with actual reservoirs over extended periods and 

under varying operational conditions. By monitoring the long-term 

behaviour and performance of the ceramic cores in real-world settings, 

researchers can further confirm their reliability and effectiveness as 

analogues for reservoir studies. 

5.  Integration with advanced simulation techniques 

Future research should explore the integration of nano porous ceramic core 

experiments with advanced simulation techniques such as computational 

fluid dynamics (CFD) and machine learning models for upscaling 

experimental data. By combining experimental data with simulation results, 

researchers can develop more precise and predictive models of reservoir 

behaviour. This integrative approach will enhance the ability to optimise 

reservoir management strategies and improve the efficiency of gas recovery 

processes. 
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Implementing these recommendations will further enhance the understanding and 

application of nano porous ceramic cores in reservoir engineering. By exploring 

new materials, expanding experimental conditions, incorporating additional 

parameters, and validating findings through long-term studies, researchers can 

refine and improve the accuracy of ceramic core models. Collaboration with 

industry partners and the development of standardised protocols and training 

programs will ensure the successful integration of this technology into practical 

reservoir management practices. 
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APPENDIX 
APPENDIX A: Experimental Formula  

Permeability formular. 
 

	𝑘	 = 	
𝑄	𝜇
𝜋ℎ

			
𝐼𝑛	 𝑟-𝑟.

		

(𝑃-. −	𝑃..)
  

 

Where: 

Q is the volumetric flow rate in cm3.sec-1. 

k is the permeability in mD. 

µ is the fluid viscosity in cp. 

h is the height of the core in cm. 

r1 and r2  are the external and internal radii respectively. 

P1 and P2 denote the pressures at the inlet and outlet respectively. 

Mobility formular. 
 𝑀𝑜𝑏𝑖𝑙𝑖𝑡𝑦	 = 	

𝑘
𝜇
 (19) 

Where:  

k represents the permeability in millidarcies (mD), and  

µ denotes the fluid viscosity in centipoise (cp). 
Reservoir Index Quality Formular 

𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟	𝑄𝑢𝑎𝑙𝑖𝑡𝑦	𝐼𝑛𝑑𝑒𝑥	 = 	0.0314	𝑥	𝑘∅ 
Where: 

k is the permeability in millidarcy (mD) and ∅ is the porosity in % 

Flux Formular. 

𝐹𝑙𝑢𝑥	 = 	
𝑄
𝐴
 

Where: 

Q is the volumetric flow rate in cm3.sec-1. 

A is the cross-sectional area in cm2 

 

APPENDIX B: Experimental Database 



 

 135 

 

 



 

 136 

 



 

 137 

 

 



 

 138 

 
 

APPENDIX C: Field Database 
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APPENDIX C: Python Codes 
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