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ABSTRACT 

 

Production from gas condensate reservoir poses the major challenge of condensate banking or 

blockage in a gas condensate reservoir. Condensate banking reduces the relative permeability 

of the gas and thereby acts as a partial blockage to gas production. Condensate occurs near the 

wellbore as the pressure decline around the wellbore. A promising sign of condensate banking 

is observed in the rise of gas-oil ratio (GOR) through production and a decrease in the 

condensate yield of the well. It led to a considerable reduction in well deliverability and well 

rate for gas condensate reservoirs. Determining the well deliverability of a gas condensate 

reservoir and methods to optimise productivity is paramount in the industry. 

This research investigates the fluid phase-change behaviour in a gas condensate reservoir 

during depletion to determine the related problems encountered in well deliverability during 

condensate production. Moreover, it evaluates the optimisation techniques using relative 

permeability through wettability alteration to treat the reservoir from strongly liquid wet to 

strongly gas wet, which enhances the deliverability of gas/condensate in the reservoir.  

The research utilises simulation techniques in studying the compositional changes in 

hydrocarbon composition over time at near well-bore and a distance from the wellbore.  The 

work's outcome helps determine the timing of condensate blockage and its distance from the 

wellbore.  The techniques use two geometric grid spacing schemes, global and local grid 

analysis, to determine the size and timing of the three common regions associated with 

immobile and mobile gas condensate.  The study analyses the influence of absolute 

permeability (100 mD, 10 mD, and 1mD) and the effect of relative permeability on the 

wettability alteration. These procedures were applied using a single well model to evaluate the 

phase change tracking approach predicted.  

The findings help to better understand the hydrocarbon phase change near wellbores in gas 

condensate reservoirs from the gas phase to condensate. The suggested approach to tracking 

the timing and location of condensate formation can also assist the production engineers in 

managing condensate production and selecting appropriate optimisation techniques to improve 

condensate recovery. 
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CHAPTER ONE 

1.0  INTRODUCTION 

Gas condensate reservoirs are attractively more common as deeper depths are being targeted 

to explore oil and gas. Globally, the increasing demand for natural gas liquids on the world 

markets has stimulated interest in optimizing gas condensate resources BP Energy [1].  Figure 

1.1 shows the trend of global demand and supply of LNG. Due to intermediate hydrocarbons 

in their composition, retrograde condensate is a valuable feed for oil refineries. Due to this and 

the new advances in drilling and production technologies, there has been considerable growth 

in new gas field exploration, development, and production activities.  

 

Figure 1.1: shows the global demand and supply of LNG (BP Energy Outlook 2035). 

 

Asia remains the largest consumer of LNG supply, as illustrated in the figure shown above. 

Emerging industrial markets such as China, India and other Asian countries all increasing their 

demand for LNG greatly influence the price of LNG. They require more and more LNG to 

support their economic growth and a significant rise in energy consumption. However, the 

supply of LNG is limited and cannot be increased further since it has become increasingly 

difficult to find and develop new gas reserves in recent years.  As a result, the price strongly 
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influences international economic development since it is urgently needed in all industrialised 

countries when supplies are limited. Table A2 in the appendix shows hydrocarbons' prices; this 

plays a vital role in industrial and economic development. 

 

 

Figure 1.2: Price index of Hydrocarbon (BP Statistical Review of World Energy 2016). 

 

The price index was calculated using Table A1 in Appendix (A) to get the trend in the price 

index for hydrocarbon for 1986, 2000, and 2014. A significant price reduction was observed 

from 1995-2004, as shown in Figure 1.2, which later experienced continuous average growth 

from 2005. 

The Liquefied natural gas (LNG) formed from methane and ethane is an essential subsection 

of production from dry gas and gas condensate well, which occupies about 1/600th of the 

volume as those of the same compounds in the gas phase Shell [2]. Consequently, as the 

technology in the transportation of LNG continues to develop, the price will eventually increase 

in the international market. As the primary market in Asia becomes available to the American 

product. The natural gas and LNG markets are more localised due to the difficulty of 

transportation, unlike the oil market, which has a unified price internationally. This makes the 

gas condensate reservoirs have a great potential to be profitable in multiple areas of the world. 

As the world oil reserves decrease, the challenge of producing more oil out of existing 

reservoirs has been raised to a higher degree of competency on knowledge and technology. The 

challenge requires a solid understanding of the basic concepts of reservoir engineering. As 

0

50

100

150

200

250

1980 1985 1990 1995 2000 2005 2010 2015 2020

P
ri

c
e
 (

U
S

D
)

Years

LNG Gas Crude Oil



3 
 

technology and knowledge grow, the benefit of a better understanding of such concepts also 

evolved to become an integral part of any reservoir study. Nowadays, barely any project will 

happen before a comprehensive study is conducted; such a study must consider the effect of 

relative permeability and phase behaviour on well deliverability and recoverability of 

hydrocarbons. Therefore, the reservations related to developing new fields and production from 

existing ones have been reduced Al-Shaidi [3]. 

Furthermore, in the process of understanding the basics of reservoir engineering concepts, 

technological advancements in experimental measurements and computer simulation have 

empowered us to perceive and measure unexpected, perhaps formerly overlooked, behaviours. 

This has been widely used in reservoirs in the oil and gas industry to represent a potential means 

to improve well performance positively. In either sandstone or carbonate reservoirs with a 

range of scalable and flexible solution types, it is suited to tight, low permeability reservoirs 

and very low permeability reservoirs. 

1.1 Gas Condensate Reservoir 

The original single-phase (gas phase) changes into two-phase, gas and liquid (condensate). Gas 

condensate reservoirs occur when the pressure in the reservoir falls below the dew point due to 

production. This shows complex behaviour due to a two-fluid system composed of reservoir 

gas and liquid condensate. The added economic value of the liquid condensate and gas makes 

condensate recovery significant in developing gas condensate reservoirs.   

The behaviours of such systems are complex and still not understood, especially in the near-

wellbore region, where the largest pressure drops occur. A characteristic gas-condensate 

reservoir pressure may be above or close to the critical pressure. The condensate formation 

results in a build-up of a liquid phase around the wellbore; this process creates concentric zones 

with different liquid saturations around the well Fevang, Kniazeff [4, 5]. The condensate is 

typically known to exhibit a high API gravity. The existence of the liquid phase is dependent 

on pressure and temperature conditions in the reservoir. With the pressure constantly dropping 

during production, the composition of the gas and liquid (condensate) in the reservoir 

constantly changes, complicating the prediction of the fluid behaviour in the reservoir.  

The gas condensate is unique because when the pressure decreases isothermally, instead of 

having gas evolution from the liquid, we have liquid condensation from the gas. Hence, 

sometimes, gas condensate is also called “retrograde gas”. The following fields are examples 
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of the world’s largest gas condensate reservoir; The Arun gas field in Indonesia, the 

Karachaganak field in Kazakhstan, the Cupiagua field in Colombia, the Shtokmanovskoye field 

in Russia, and the North Field in Qatar Miller [6]. 

Condensate banking formation is a significant problem when producing gas condensate fields. 

From the first day a gas condensate field is being produced, heavy components, i.e., valuable 

components in the reservoir, condense near the wellbore and continue growing over time. Thus, 

reducing productivity over time. Productivity losses of around 50% or even more have been 

registered Basilio [7]. A multi-stage separator is attached to the producer wells, which is under 

a selection of pressure and temperature. To maximise the liquid (condensate) recovery, 

The development of gas condensate fields demands an understanding of the reservoir's phase 

and flow behaviour. Most are discovered at a pressure above dew point pressure when the flow 

in the reservoir is in a single phase. The concern arises when the pressure drops below the dew 

point near the wellbore. From this time, the two-phase flow starts at the vicinity of the wellbore. 

The situation results in the deposition of condensed liquid around the wellbore leading to 

blockage of pores previously occupied by the gas phase. The deposited liquid hydrocarbon 

grows in radius until the saturation of the condensed liquid is high enough for the fluid to 

become mobile. That is when saturation exceeds critical condensate saturation.  

Different techniques have been used to study the improvement of gas and condensate reservoir 

productivity. Amongst which is an injection of organic and inorganic gases, an injection of 

solvents for wettability alteration, water injection, use of heat and recently compositional 

simulation of gas condensate reservoirs Rocke et al. [8]. The convenience of the gas injection 

operation for a specific gas condensate reservoir is strongly tied to the flow characteristics of 

the reservoir and the phase behaviour of the fluid. The research integrates technical and 

economic evaluation of gas condensate projects to achieve optimal condensate recovery.  

1.2 Problem Statements 

The formation of the liquid saturation can lead to a severe loss of well productivity and 

therefore lowers gas recovery Hashemi et al. [9]. Due to lower permeability to liquid and a 

high liquid-to-gas viscosity ratio, most of the condensed liquid in the reservoir is unrecoverable 

and constitutes the “condensate loss.” It is one of the most significant economic concerns since 

the condensate contains the valuable intermediate and more substantial components of the 

original fluid trapped in the reservoir. El-Bambi [10], in their study, discovered that the 
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production rate reduces in gas condensate wells (in low permeability reservoirs) due to the 

liquid drop around the wellbore. 

The factors that contribute to this phenomenon are the operating conditions and fluid and rock 

properties. These effects have been studied widely in the last three decades [11- 14]. Some 

practical solutions have been found; however, there is still a need for further research in the 

gas-condensate well model to accurately predict near-wellbore fluid behaviour and its effect 

on well productivity.  

The main challenges associated with developing a gas condensate reservoir are condensated 

blockage/banking around the wellbore (shown in Figure 1.3), which occurs because of a 

decrease in pressure below the dew point pressure near the wellbore region. Thereby causing 

reduction of gas/condensate production and, in some extreme cases, killing the gas production 

ultimately Engineer [15]. The condensate blockage/banking initiates my research study, which 

leads to some questions being asked on how to reduce condensate banking and enhance the 

condensate production at the surface level of the reservoir. And how to accurately model and 

predict the near-wellbore fluid behaviour of a gas condensate reservoir, what are the essential 

parameters that could influence the fluid behaviour around the near-wellbore and why such 

parameters are crucial in the prediction of condensate blockage in the near-wellbore of a gas 

condensate reservoir.  
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Figure 1.3: A schematic diagram of a gas condensate reservoir showing condensate blockage 

around the wellbore. 

 

The contributing parameters for developing the optimum strategy for condensate recovery are 

the phase behaviour, relative permeability, and production scheme. The same factors are 

responsible for the impairment of excellent deliverability near the wellbore. Adequate 

modelling of flow behaviour will address this deliverability problem. Well, producing schemes 

may significantly influence the phase behaviour, which is sensitive to condensate banking. 

Development of gas condensate reservoir requires adequate study of PVT in characterizing the 

fluid behaviour of reservoirs using EOS correlation. Peng-Robinson EOS correlation was 

utilized to describe hydrocarbon composition and the phase behaviour of the reservoirs under 

investigation in this research study. 

The research work evaluates the effects of production schemes on recovery. It also describes 

the integrated application of modelling and optimization of the gas condensate reservoir 

development through compositional reservoir simulation. 
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1.3 Aims and Objectives. 

The reservoir simulation model is a common practice used in predicting the performance of 

gas condensate fields. The research study aims to accurately predict the near-wellbore fluid 

behaviour, the multiphase flow behaviour and its effects to achieve a maximum condensate 

recovery. 

In order to achieve the above aim, an investigation is performed to identify parameters that 

affect the condensate formation. A proposed approach based on the models, the fluid and rock 

properties used to propose a novel approach in predicting the timing and distance of the 

condensate formation from the wellbore. The objectives of this research study, therefore, can 

be summarised as thus;  

➢ Investigate various reservoir scenarios and then develop an optimum management plan 

using a compositional reservoir simulator for the gas-condensate reservoir under 

investigation.  

➢ Identify ways of reducing hydrocarbon loss to retrograde condensation to enhance 

production by performing sensitivity analysis of permeability, condensate saturation, 

pressure, and cell grid parameters.  

➢ Improve the condensate total recovery by minimizing the loss through gas flow re-

distribution in the original production.  

➢ The compositional simulation of the gas condensate reservoirs is correlated and verified 

against recently completed work and validated against other methods to meet the 

appropriate requirement. 

➢ Evaluating relative permeability with Corey’s two-phase correlation equation using 

wettability Alteration to identify the effect on gas condensate reservoir performance. 

1.4 Potential Application and Benefit to Industry 

The development of gas condensate reservoirs required a large sum of capital being invested 

in the developmental plan. The success of such a plan is of utmost importance to the operator 

and ensure that the venture is achieved determined by the accurate prediction of the reservoir 

for optimum production and sustainable income revenue. The following are, therefore, the 

potential application and benefit to the industry on the research studied. 
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i. The research work would contribute to understanding the flow of gas condensate 

reservoirs in the near-wellbore region. It is accomplished by simulation modelling 

of reservoir data with emphasis on the wellbore fluid behaviour effect. 

ii. Though most large oil fields have developed and are still developing due to the 

exploration for energy resources, the optimal development of gas-condensate fields 

in inclusion will help increase the availability of natural gas. 

iii. Introducing the optimum strategy for condensate recovery through adequate 

modelling of gas condensate flow behaviour, relative permeability, and production 

scheme. The same factors are responsible for the impairment of well deliverability 

near the wellbore. Proper modelling of flow behaviour will address this 

deliverability problem. 

iv. A single well model was used to account for condensate formation in a full field 

model. It addresses and provides revenue to rapidly check the impact of 

permeability reduction due to compaction caused by pressure drop and provide a 

suitable solution when a fine grid is used. 

v. The study serves as an essential tool for evaluating the performance of gas 

condensate reservoirs and ways to enhance condensate recovery. 

1.5 Contribution to Knowledge 

➢ The study has provided an approach that could be applied to evaluate condensate in gas 

condensate reservoirs. 

➢ The research study provided techniques to calculate the different regions in a gas 

condensate reservoir using the phase tracking approach proposed. 

➢ The Published papers for the academic purpose could be further researched 

experimentally, and the field application can be conducted on a gas condensate 

reservoir field. 

1.6 Thesis Outline  

Chapter 2 Discusses the basic concept in gas condensate reservoirs well deliverability and the 

effect of a condensate blockage with the literature review on past research work carryout on 

gas condensate reservoirs.  
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Chapter 3 Highlight and describe the approach and methods used to construct the model utilised 

for the research study.   

Chapter 4 Developed an approach used in the application for phase change tracking to predict 

condensate formation timing and its distance from the wellbore in gas condensate reservoirs 

using three different gas condensate techniques to determine the phase change. 

Chapter 5 Validate the phase change approach by applying the phase change tracking in 

predicting condensate blockage in tight, low, and high permeability gas condensate reservoirs. 

The approach was illustrated, and the effect around the near wellbore was explicit. A 

parametric study was undertaken to determine its impact in this chapter of the research work.  

Chapter 6 Wettability alteration, one of the permanent techniques, is used in solving the 

condensate blockage and validated using the phase change tracking approach with some of the 

databases obtained from published research work.  

Chapter 7: Conclusion and Recommendation, a summary of the results generated from this 

research work and some insights into a future research study of condensate phase change 

tracking in a gas condensate reservoir was proposed.  
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CHAPTER TWO 

WELL PRODUCTIVITY OF GAS CONDENSATE RESERVOIR 

2.1 Concepts and Literature Review 

The basic concept and previous work are reviewed based on condensate build-up. The effect 

of condensate blockage is a broad and active research area that has attracted many researchers 

on well productivity. It is the primary factor causing the decrease in the relative permeabilities 

and consequently reducing the well deliverability in gas-condensate reservoirs. 

Muskat [16] was the first to suggest that liquid condensate build up around the wellbore when 

bottom hole pressure drops below the dewpoint pressure, and he explained the condensate 

saturation profile mathematically around the producing well in a gas condensate reservoir. 

Kniazeff & Eilerts et al. [5&17] investigated a gas condensate well deliverability, a numerical 

model concerning time and radial distance and investigated the effect of non-Darcy flow. 

Gondouin et al. [18], after two years, extended the work done by Kniazeff and Naville [5] to 

show the significance of non-Darcy flow effects and condensate blockage by applying their 

formulations to the result data of the final pressure test from Hassi Er R’Mel Field, Algeria. 

Fussell [11] described using a modified version of the one-dimensional radial model developed 

by Roebuck et al. [19] to study the long-term single-well performance. The condensate 

accumulations in the producing region are higher than those measured experimentally during 

the constant volume depletion (CVD). Hinchman and Barree [20] studied the effect of the fluid 

characteristics on the predicted productivity decline of a gas-condensate well. They 

demonstrated that the amount of gas-condensate accumulation near the wellbore depends 

significantly on the richness of the gas condensate, the relative permeability data, and the liquid 

viscosity.  

Well test analysis performed on a gas condensate reservoir forms a liquid bank in the vicinity 

of the well; only the radial flow problem was considered in the study Thompson et al. [21]. He 

studied the procedure that can be applied to a semi-log analysis in a two-phase flow problem; 

the contributions and result of the study were; i. The theoretical results for drawdown and the 

buildup semi-log analysis equations were based on the single-phase real gas pseudo pressure 

of Al-Hussainy. ii. The derivation of the theoretical apparent skin factor during the buildup. 

And iii. Combining the result of drawdown and buildup analysis data from a modified 
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isochronal test can separate the components of the skin factor. i.e., determine the mechanical 

skin factor, the radial extent of the liquid zone, and the average effective permeability of the 

region.   

The gas mobility reduction has usually been modelled as a pseudo-skin and analytical solution 

for productivity prediction and well test analysis Jones et al., Vo [22; 23]. The analytical 

solutions have limited success in accurately quantifying the impact of the retrograde 

condensation Bertram et al.; Penuela [24; 25] and the effect of multi-flow, which is 

characterized by relative permeability and the relative inertial resistance factors. 

Fevang and Whitson [13] addressed the physics of condensate banking and came up with the 

three-flow region theory.  According to this theory, a gas condensate reservoir with an initial 

pressure above the dew-point pressure is divided into three flow regions. The outer part (part 

3) is above the dewpoint pressure, and only gas exists. In an intermediate region (region 2), the 

pressure is below the dewpoint pressure, but the condensate saturation is still below the critical 

saturation, so only gas flows in this region. Region 2 is the region of net accumulation of the 

gas condensate. Finally, there is an inner region (region 1) where the pressure is decreased 

further. Hence the condensate saturation exceeds the critical condensate saturation and both 

condensate and gas flow in this region. 

Leemput et al. [26] investigated the well impairment in the central Oman gas condensate field 

due to the near well condensate accumulation. In their study, the damage was accessed by using 

measured capillary number dependent and relative permeability curves. Henderson [27] 

discovered that the critical parameter controlling the increase in relative permeability is the 

Bond and capillary numbers, not the IFT alone. 

Bertram et al. [28] use a compositional reservoir simulator to analyse perforated and 

hydraulically farced gas condensate well. The objectives for the studies are the impact of 

retrograde condensation and fracture flow dynamics on well productivity. The method used for 

the study was to model the effect using innovative features such as capillary number dependent 

relative permeability and inter-grid block non-Darcy flow. The critical success of the work was 

the extensive data collection and a versatile equation of state simulator for specialised 

programming of saturation functions and well inflow equations.  

John Lee et al. [29] presented a case history of integrating numerical and analytical well test 

analysis methods to interpret the pressure and production history of a complex multi-layered 

and multiphase reservoir. It focuses on the Gas Research Institute (GRI) Stage Field 
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Experiment (SEF). The analysis involves the flow and the build-up tests performed on type 

curve matching using analytical solutions, numerical modelling with single-phase, multilayer 

radial and Cartesian grids, and numerical modelling with multi-phase, multi-layer radial and 

Cartesian grids. It was observed that the simpler models match the segments of production and 

pressure history. Still, only the full multiphase and multi-layer model could satisfactorily match 

the complete production and pressure history (John Lee et al. [29]. Therefore, they found out 

that the strategy used successfully combined the analytical and numerical models. 

Marhaendrajana et al. [30] demonstrated the analysis/interpretation techniques that exhibit 

condensate banking and non-Darcy flow. They discovered that the 2-zone radial composite 

reservoir model helps diagnose the effects of condensate banking at the Arun field. The 

development and application of a new solution for the analysis and interpretation of wells 

exhibit a strong interference effect by treating the impact as a regional pressure decline. The 

proposed solution accurately represents the well interference effect observed at Arun Field. 

Their solution provides a much better interpretation of well test data from multiwall reservoir 

systems than the existing approaches. 

Gringarten et al. [31] investigated well test analysis in gas condensate reservoirs to confirm the 

zone near the well with a high capillary number, which increases the gas relative permeability, 

resulting in a recovery of much of the gas mobility lost from condensate blockage. Cases of 

well test analysis were discussed, such as build-up and drawdown data that illustrate the 

difficulty of identifying such zone, dominated by wellbore phase redistribution effects. Data 

were analysed using the three-zone radial composite model to fully characterise the near-

wellbore effects Gringarten et al. [31]. The existence of the three zones and the analysis result 

are verified with a compositional simulator where relative permeability depends on the 

capillary number. The objective is to investigate the conditions of the different mobility zones 

due to condensate dropout and velocity stripping. The result, in conclusion, was considered 

with caution until more systematic evidence of such behaviour becomes available. 

The Peng-Robinson equation of state (PR-EOS) was used to model the fluid-phase behaviour 

and volumetric predictions improved by considering the shift factors using an implicit pressure 

and compositional numerical solution approach for simplicity and adaptability [25]. The model 

developed was used to design a comprehensive methodology for a compositional simulator 

field application, consisting of the four-step parametric study, well-test design, well-test 

interpretation, and production forecasting.  
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In furtherance to gas condensate productivity studies, Mott [32 & 33] reviewed recent 

developments in understanding near-well behaviour in condensate reservoirs and estimating 

well productivity through numerical simulation. They used different calculation approaches to 

determine skin factors, local grid refinement, and pseudo pressure methods. 

Chowdhury et al. [34] developed a new semi-analytical method to forecast the well 

deliverability of a gas condensate well damaged by condensate banking. They divided the near-

well region into several small increments. They integrated the equation with radius from the 

well as an independent variable by adding the trapping number effect and non-Darcy flow into 

the new model. They concluded that the new model accurately captured the effect of 

condensate banking and non-Darcy flow near the well. The method was general than that of 

the pseudo pressure method of Fevang and Whitson [4]. 

Hashemi et al. [35] focused on different mobility zones caused by condensate dropout using a 

3D fully compositional model to develop derivative shapes expected from horizontal well test 

data in gas/condensate reservoirs below the dew point under various conditions. The 

compositional model was used to verify the result obtained from a conventional well test 

analysis. The result showed that condensate deposits near the wellbore yield a well test 

composite behaviour comparable to vertical wells. The challenges encountered in interpreting 

gas/condensate well test are the relatively short duration of individual flow periods in 

production tests and the phase redistribution of the producing fluid in the wellbore. In this 

research study, the investigation was carried out using a relatively long duration of flow period 

in production tests.  

Udosen and Ahiaba [36] studied a gas condensate reservoir on the best production method and 

future exploitation plans for gas condensate. Highlights using a compositional simulator to 

justify the application of water alternating gas (WAG), Pressure depletion, and Gas cycling 

Technique for the optimum reservoir and production performance were stated. The result 

showed a remarkable improvement of condensate recovery after optimization done for different 

scenarios using the methods indicated. It then concluded that it would cost less to produce the 

gas condensate field when injected water than a gas injection, but condensate recovery will be 

low compared to when gas is injected. Therefore, the best production method to be adopted for 

the field development will then depends entirely on the production facilities on the ground and 

the decision from the operators of the field. 
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Igder and Hashemi [37] study the pressure transient data obtained from a production well in a 

gas condensate reservoir in Iran. Their objective is to interpret data analytically and verify the 

result with compositional simulation results.  A Standard well test package was used to analyse 

the pressure transient test and later explained using a commercial compositional simulator. The 

conclusion derived showed capillary number effect should be included for history match. The 

challenge was to find the capillary number correlation parameters. 

Seah et al. [38] used a compositional reservoir simulator to predict the well deliverability 

impairment, which results from condensate dropout under typical operating conditions. A 

single well model quantified the effectiveness of different production methods and remediation 

solutions in minimizing condensate build-up below the dewpoint pressure. Then full-field 

models of tight and low permeability gas condensate reservoirs in six vertical wells were 

compared with two horizontal wells. They observed that though both horizontal and vertical 

wells simulation improves the well productivity, the productivity enhancement depends much 

on well and reservoir parameters such as horizontal well lengths, well placement, reservoir 

permeabilities, and gas condensate compositions. Seah et al. [38] discovered that the six 

vertical wells perform a little better in low permeability gas condensate reservoirs than the 

horizontal wells for the same amount of gas production. But in a tight gas condensate reservoir, 

gas recovery in the two horizontal wells was significantly higher than the six verticals well. 

They concluded that well stimulation could increase productivity in vertical wells in their 

model but is more effective using horizontal wells in tight gas condensate reservoirs. 

2.2  Phase Change Tracking Approach in Predicting Timing of Condensate 

Formation and Distance from Wellbore in Gas Condensate Reservoir. 

 

A gas condensate reservoir is a type of reservoir whose phase and fluid flow exhibit complex 

behaviour due to the formation of hydrocarbon liquid which condenses out of the system when 

the bottom-hole pressure drops below the dew point pressure. The accumulation of condensate 

around the wellbore results in condensate blockage, causing a reduction in effective 

permeability in the reservoir. Condensate loss is a significant issue in production from gas 

condensate reservoirs and is of the utmost concern since large volumes of fluid become residual 

and unrecoverable Fevang and Whitson [4].  

Condensate is a petroleum product from gas fields; it comprises light carbon chains and has 

enormous economic value. It can be said that most condensate reservoirs have a heavier 
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concentration of methane (C7+), with a contraction of 75% - 90%. The behaviour of the 

hydrocarbons is derived from the nature of the condensate gas, which forms two-phase. This 

concept is referred to as phase change.   

Numerous studies have been carried out on gas condensate reservoirs and their deliverability 

and optimisation methods to improve recovery from this reservoir type [4, 33, 38 - 47]. The 

first study to refer to this phenomenon as condensate banking was conducted by Muskat [16], 

who found that liquid condensates concentrate in the wellbore vicinity as the pressure declines 

below the dew point pressure. O’Dell [48] presented a basic method for investigating steady-

state flow concepts that could estimate the productivity from a well and the effect of production 

rate based on the steady-state concept. This study found that the prediction of the production 

rate is critical if the average reservoir pressure is below the saturation pressure of the in-situ 

fluid. Roebuck et al. [49] developed the first models that accounted for component mass 

transfer between phases following phase equilibria data and an individual component flow.  

Furthermore, Fussell [11] questioned the O’Dell equation and used a pseudo-pressure function 

to describe the condensate blockage effect. Based on a modified version of the model developed 

by Roebuck et al., it was found that the level of productivity in a gas condensate reservoir is 

higher than that derived from the proposed theory using the O’Dell equation based on the 

steady state flow concept. It was shown that the effect of condensate accumulation on well 

productivity, with a minor correction to account for gas dissolved in the flowing oil phase, 

dramatically over predicts the deliverability loss due to condensate blockage compared with 

the results provided by the method used and simulation output. Also evaluated in this study 

was the effect of phase behaviour and relative permeability characteristics on production 

performance. It was concluded that the effect of condensate blockage depends on (1) the 

relative permeabilities, (2) pressure-volume temperature (PVT) properties, and (3) how the 

well is being produced in terms of constant rate vs constant bottom hole flowing pressure 

(BHFP).  

Sognesand [50] discussed condensate built up in vertically fractured gas condensate wells. He 

showed that the condensate build-up depends on the relative permeable characteristic and 

production mode, increased permeability to gas yields reduced condensate accumulation, and 

constant pressure production yields the largest near fracture condensate build-up. 

Afidick et al. [14] study the decline in Arun gas condensate reservoir productivity due to 

condensate accumulation. Experimental PVT analysis fluids show that the reservoir fluid was 
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a lean gas condensate with a maximum liquid dropout of 1.1%. The decline in the well 

productivity by a factor of 2 as the reservoir pressure fell below the dew point pressure. They 

were attributed to the accumulation of condensates around the wellbore. The well test 

confirmed the condensate accumulation around the wellbore. The well test confirmed the 

analysis done on the wellbore and the analysis done on the reservoir cores. (Afidick et al., 

1994) [14]. 

Bourbiaux et al. [12] and Kalaydjian et al. [51] performed experimental studies of critical 

condensate saturation (Scc) and relative permeabilities (kr) in gas condensate fluid systems to 

measure the local condensate saturation and condensate drop-out. Two procedures were used 

to determine the critical condensate saturation: The injection of equilibrium and two-phase or 

steady-state injection—the innovative characteristics of the visual on-stream control the fluid 

PVT behaviour. And local condensate saturation measurements using gamma-ray attenuation 

techniques with specified calibration were used in their studies. It was found that the 

experimental methods enable a reliable determination of IFT Indexed kr curves required to 

predict the productivity of a gas condensate field subjected to pressure depletion.  

Fevang [13] suggested that a decline in well deliverability depends mainly on relative 

permeability. Within a narrow and well-defined range between 1 to 50 mD, no direct effect of 

critical saturation on well deliverability was found. The influence of gas–oil interfacial tension 

on relative permeability was insignificant in terms of the performance of a gas condensate well. 

Fevang and Whitson [4] and Penuela and Civan [25] addressed the physics of condensate 

banking and developed a three-flow region theory. In region 2, condensate saturation is below 

the critical level; only gas flows in this region while the condensate is immobile. In outer region 

3, the pressure is above the dew-point pressure, and only gas exists. Finally, in inner region 1, 

the pressure decreases. Further, condensate saturation exceeds the critical level, and both 

condensate and gas flow. 

In their study, Fang et al. [52] introduced the condensate gas and its main phase behaviour and 

the gas condensate field development characteristics and schemes in China. They suggested 

that for the efficient development of condensate gas reservoirs, gas recycling techniques should 

be considered. They gave a condition stating that the condensate oil should be produced first 

before the natural gas under the gas pipeline system and downstream installation lacking 

distance. Their studies discussed the retrograde condensation and vaporization characterization 
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as pressure decreases, the oil displacement efficiency using the energy of the condensate gas 

cap, and the pilot effect of the gas cycling.   

A numerical study was performed by Roussennac [53] to demonstrate the compositional 

changes in hydrocarbon fluid during production. It was found that the fluid located near the 

wellbore could change from a retrograde gas into a volatile oil during early production. This 

occurs in the vicinity of the wellbore because it contains a heavier component which initiates 

a change in the overall fluid from its initial behaviour. Wheaton and Zhang [54] suggested that 

gas-condensate rich reservoirs experience a higher rate of change in heavy component 

composition than in a lean gas-condensate reservoir.  

Sharma [55] performed a simulation on the Hatter’s Pond gas condensate reservoir to 

understand the near-well condensate build-up and the related decrease in gas relative 

permeability, including the trapping number (interfacial tension) effect. He discovered that the 

effect of condensate blocking on the well productivity was very large. Hence, the gas relative 

permeability was minimal. The trapping number has a substantial effect on well productivity. 

The result showed that the trapping number with production rate was 20% to 30% higher than 

those without the trapping number. Sharma developed a new hybrid well model for better 

resolution close to the wellbore. The model captures the near-wellbore behaviour accurately 

and is much faster compared to the fine grid compositional simulation. 

Ayala and Ertekin 2005 [56] used a neuro simulation to study the gas recycling performance 

of a gas condensate reservoir, which helped in solving production-related optimization 

challenges. Their parametric study identified the most influential parameters and fluid 

characteristics in enhancing an optimum production approach in applying pressure 

maintenance in gas and condensate reservoirs. They showed that pressure maintenance could 

be justified economically when the reservoir pressure is above the dew point pressure or if 

condensate is re-vaporised.  

Work performed by Shi et al. [57 & 58] showed that a combination of condensate phase 

behaviour and the relative permeability of the rock strata results in a compositional change in 

the reservoir fluid as heavier components separate into the reduced liquid. In contrast, the 

flowing gas phase becomes leaner in composition. This was quantified by developing a 

scientific understanding of the phenomenon. The results derived were used to investigate ways 

to enhance gas and condensate production by controlling the liquid composition that drops out 

from the gas in the vicinity of the wellbore. 
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Wall [44] conducted a simulated work to examine the cyclic gas injection to re-vaporise liquid 

dropout in a gas field. A compositional simulation model was studied that confirmed the theory 

of condensate re-vaporization. The results indicated that the cyclic gas injection gave a viable 

production method that could improve gas deliverability and increase condensate recovery.  

Hamidov and Fataliyev [59] conducted an experimental study on the partial gas cycling 

process's effectiveness in developing a gas condensate reservoir. The study highlighted that if 

a gas cycling (dry gas) injection is applied at a pressure near the reservoir dew point, it could 

improve the yield in condensate recovery. 

 Recent research by Bilal et al. [60] and Min et al. [61] demonstrated that the miscibility and 

vaporization of condensate by injected gas is a more efficient mechanism for condensate 

recovery. They found that applying gas recycling in a five-spot well pattern greatly enhances 

condensate recovery, helping to prevent financial, economic and resources losses. Recently, an 

experimental investigation on the CO2 injection process at different periods during gas-

condensate reservoir development was carried out by Su et al. 2017 [62]. A series of water/CO2 

flooding experiments were conducted with a numerical core flooding model built in a 

generalized equation of state model reservoir simulator (GEM). They concluded that CO2 

treatment could improve gas productivity as compared to water flooding mode. They concluded 

that CO2 treatment could improve gas productivity as compared to water flooding.  

Although various methods have been proposed for the performance evaluation of condensate 

reservoirs, knowledge of phase behaviour and optimization techniques for enhanced 

condensate recovery from gas-condensate reservoirs is still lacking. A more complex method 

was proposed by Qiu et al.  [63], [64] to measure the vapour-liquid transition. A new isochoric 

procedure was developed using a differential scanning calorimeter (DSC) to measure the onset 

of vapour-liquid phase transitions. The procedure was successfully utilized in experiments 

measuring the vapour pressures of pure substances and the dew points of gas mixtures. The 

results showed that the phase transition boundaries of fluids in Nano pores are below those of 

bulk fluids on the phase diagram and that the boundaries of fluids in a smaller pore are below 

those in a larger pore. 

 Another knowledge gap concerns the need to understand how hydrocarbon composition 

correlates with time and space characteristics and how changes in composition impact gas 

production and condensate recovery Shi [58]. Models developed by Wheaton and Zhang [54] 

focus on the description of condensate banking, and they only demonstrate the behaviour of 
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heavy components from production wells over time as production progresses. Compositional 

change has been observed in the field, but studies of its effects have rarely been reported.  

2.3 Application of Phase Change Tracking Approach in Tight, Low and High 

Permeability Reservoirs. 

 

Recently, low-permeability tight gas condensate reservoirs, or so-called unconventional 

reservoirs, have focused on exploitation by operators worldwide. Holditch [65] defined a tight 

gas reservoir as “a reservoir that cannot produce at economical rates nor recover economic 

volumes of natural gas unless the well is stimulated by large-scale hydraulic fracture treatment 

or produced using a horizontal wellbore or multilateral wellbores. 

Condensate blockage occurs in a gas condensate reservoir due to a rapid decline in pressure 

below the dew point. Condensate blockage is a common problem in tight reservoirs, which can 

experience severe damage near the wellbore compared to their higher permeability counterparts 

due to a high degree of sensitivity to capillary retentive effects, rock-fluid, and fluid-fluid 

compatibility concerns. Several factors can cause this formation damage; however, the drilling 

process is considered the primary source Bennion et al., Ayyalasomayajula et al. [66, 67]. 

Production from these reservoirs commonly exhibits a long period of transient flow, during 

which a two-phase flow of oil and gas begins Clarkson and Qanbari [68], where the oil phase 

is often referred to as "condensate" or "distillate" Kamath [69]  

The behaviour of such systems is complex and still not fully understood, especially in the near-

wellbore region where the most significant pressure drops occur. A characteristic gas-

condensate reservoir pressure may be above or close to the critical pressure. Condensate 

formation results in a build-up of a liquid phase around the wellbore, and this process creates 

concentric zones with different liquid saturations around the well [4; 5; 70]. Condensate 

blockage near the well may cause a significant loss in productivity for low-to-moderate 

permeability high-yield condensate reservoirs since the primary source of pressure loss in tight 

reservoirs depends primarily on reservoir permeability Shi [57]. Tight condensate reservoirs 

have an extreme affinity to hydrate production and are very sensitive to damage formation 

compared to the high permeability reservoirs. 

However, significant challenges are associated with hydrocarbon production from these 

reservoirs. Furthermore, the primary recovery factors are less than 20%, implying a compelling 

need for advanced technologies. However, applying such techniques requires the accurate 
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prediction of condensate formation concerning timing and location in the reservoir Bennion et 

al., Fairhurst et al. [154; 155]. 

2.3.1  Tight Permeability Reservoirs. 

A high to medium permeability reservoir is essentially a conventional reservoir. One 

can drill a vertical well, perforate the pay interval, and then produce the well at commercial 

flow rates and recover oil and gas economic volumes. On the other hand, an unconventional 

reservoir cannot be produced at economic flow rates or that does not produce economic 

volumes of oil and gas without assistance from massive stimulation treatments or unique 

recovery processes and technologies, such as steam injection Naik [71]. A typical example of 

unconventional reservoirs is tight-gas sands, coal-bed methane, heavy oil, and gas shales.  

Thomas and Ward [72] studied the effect of the overburden pressure and water saturation on 

the gas permeability of tight sandstone core (K < 2mD). They found that the gas permeability 

decreased with an increase in the overburden pressure. For example, the permeability decreased 

by 75% at an overburden pressure of 3000 psi. The reduction of gas permeability reached 90% 

of the original permeability at 6000 psi. The result showed that cores with micro-fractures lost 

permeability by 90% at 3000 psi. However, the gas relative permeability is not significantly 

affected by increasing overburden pressure. Increasing water saturation of the core reduced the 

gas relative permeability. The result agrees with the result from Wilson [73].  

Literature sources state that three gas-liquid phase zones may be present during the productive 

life of a condensate reservoir [ 9; 13; 25; 53; 74 - 78]: A mobile phase involving the movement 

of both gas and condensate towards the wellbore; a condensation phase including mobile gas 

and immobile condensate; finally, the single phase of the hydrocarbon where the fluid pressure 

is above the dew point pressure known as the gas phase. Due to the lower permeability to liquid 

and a high liquid-to-gas viscosity ratio, most of the condensate liquid in the reservoir is 

unrecoverable. Hence condensate loss is a significant economic concern because it contains the 

valuable intermediate and a heavier component of the original fluid trapped in the reservoir 

Allahyari et al. [79]. 

Changes in the behaviour of the fluid phase and the timing of condensation need to be 

investigated in a gas condensate reservoir. To understand the problems encountered during 

production and the optimisation techniques employed to enhance deliverability. Allahyari et 

al. [79] studied a series of fine grid numerical compositional simulations with gas condensate 
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and dry gas reservoir data using a condensate skin factor to calculate reservoir production data. 

They concluded that absolute permeability and pressure drawdown of the well significant 

influence gas deliverability and the condensate blockage skin factor.  Orodu et al. [80] studied 

the effect of liquid dropout at the near wellbore on well production at low pressure and 

condensate unloading pressure. Their findings stated that production should be carried out 

under a high flowing pressure above the dew point pressure to avoid the liquid dropout effect.  

Marhaendrajana [81] conducted a compositional simulation study to a better understanding of 

retrograde gas reservoir performance. Especially the parameters that affect condensate 

blockage. It was found that gas production rate, gas composition, critical liquid saturation, 

absolute permeability and rate scheme can all affect condensate blockage, where permeability 

and critical liquid saturation are the most influential. It was also discovered that, even if the 

maximum liquid drop-out derived from traditional constant volume depletion (CVD) analysis 

is very small, the ultimate liquid saturation in the pore space could be several times higher.  

Khazamet et al. [82] studied the prediction of condensate reservoirs using a compositional and 

a modified black oil model. They investigated the impact of condensate blockage liquid drop-

out by examining several flow parameters such as the reservoir’s absolute permeability (K), 

critical condensate saturation (Scc), relative permeability shape, and endpoints (krgmax, kromax). 

The results show that permeability of 5mD has a more significant effect on well deliverability 

than 50mD and 200mD, which have a negligible impact.  

Bilotu Onoabhagbe et al. [83] developed a novel approach to tracking the timing and location 

of condensation formation in a gas condensate reservoir. The study involved a compositional 

analysis of changes in hydrocarbon components over time from the reservoir to the near 

wellbore. The results were used as a guide to optimising condensate production and helped 

provide a better understanding of changes in the hydrocarbon phase in the near-wellbore area 

of the reservoir.  

2.4 Improvement using Wettability Alteration in the Application of Phase 

Change Tracking Approach in Tight and High Permeability gas condensate 

Reservoirs. 

 

The most basic way a petroleum reservoir can be classified is through its fluid type. Irrespective 

of the rock type, the reservoir fluid is regularly described by two indissolubly linked properties: 

the chemical composition and the phase behaviour. The chemical composition often involves 
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hydrocarbons chains such as alkanes and alkenes, aromatics, impurities such as nitrogen, 

hydrogen sulphide and carbon dioxide, as well as resins and asphaltenes. At the same time, 

phase behaviour defines the PVT (pressure, volume, and temperature) relationship that affects 

the chemical compounds' physical state, namely the solid, liquid, and gaseous phases.  

The reservoirs engineers are mainly concerned with how the isothermal decreases in pressure 

in fluid from the reservoir to the wellbore and from the wellbore to the surface will affect the 

production of liquid and gas from the well. The relationship is not entirely spontaneous because 

phase change of a multi-component system is path dependent. However, two petroleum 

systems may contain identical fluids and initial pressure and temperatures. But, if the same 

endpoint pressure is reached at different rates, they may conclude with different fluid 

compositions. 

Wettability plays a vital role in the oil and gas production process. It determines the initial fluid 

distributions in the reservoir conditions, and it is the main factor in the flow procedures in the 

reservoir rock. The contact angle measurement is a typical technique to determine the degree 

of wetting of solids by liquids Heinemann [84]. 

 

Figure 2.1: Wetting (water) and non-wetting (mercury) fluid shape on the surface 

Sheydaeemehr et al. [85]. 

 

Wettability alteration as an essential factor in condensate build-up around the wellbore 

can be clarified using the Young-Laplace equation [86]: 

𝑃𝑐  =
2𝜎𝑐𝑜𝑠𝜃

𝑟
        6.1 

Pc is capillary pressure, 𝜎 is the interfacial tension, 𝜃 is the contact angle, and r is the 

pore size. Condensate build up in the wellbore can be decreased if the interfacial tension is 

reduced or the contact angle is decreased. Li and Firoozabadi [87] showed that the best way to 
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reduce critical condensate saturation through wettability is by decreasing the contact angle. The 

contact angle or wetting angle is a dynamic variable that depends on the interfacial tension of 

the surfaces (Figure 2.1). If the theta is between 0 and 90 degrees, the surface is gas-wet, but 

the surface is oil-wet between 90 and 180. The fluid phase is 180 degrees if the matrix is 

perfectly wet (Figure 2.2). 

 

 

Figure 2:2 A full spectrum of liquid to gas of wettability relationship Njobuenwu et al. [88]. 

 

Several methods, such as solvent injection, gas injection, hydraulic fracturing, horizontal 

well, etc., have alleviated condensate banking. However, these methods have only recorded 

temporary successes as the condensate accumulation at the near wellbore returns. 

2.4.1 Types of Wettability 

The wettability states could be defined for any petroleum reservoirs, depending on the relative 

distribution of the reservoir fluids concerning the rock framework. Depending on the specific 

interaction of rock, oil and brine, a system's wettability can range from strongly water-wet to 

strongly oil-wet. When there is no strong preference for either oil or water, the system is neutral 

or intermediate wettability Abdallah et al. [89]. The intermediate state between water-wet and 

oil-wet can be caused by a mixed-wet system, in which some surfaces or grains are water-wet, 

and others are oil-wet, or neutral-wet system, in which the surface is not strongly wetted by 

either water or oil (Figure 2.3). Both water and oil are wetting phases for most materials in 

preference of gas. 
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Figure 2.3: The schematic definition of the three types of wettability Abdallah et al. [89]. 

2.4.2 Literature Review of Previous Studies 

Low permeability gas condensate reservoir over time has received an increased emphasis in 

recent years. They are characterised by a sharp reduction in gas well deliverability often 

observed in many low-permeability gas condensate reservoirs with high reservoir pressure. The 

reduction in well deliverability is credited to condensate build-up and water blocking. 

Condensate blockage around the wellbore is one of the major causes of reduced productivity 

in low permeability gas condensate reservoirs [87, 90]. 

 The wettability of the reservoir near the wellbore is the main factor determining the position, 

flow, and distribution of reservoir fluid in porous media. It also dramatically affects the 

reservoir's oil-water relative permeability and oil recovery [91-92]. Wettability knowledge 

serves as an essential tool for petroleum engineers and geologists.  

In 1942, Buckley and Leverette [93] recognised the importance of wettability on Oil recovery 

and water flooding performance. They discovered that reservoir wettability could be altered if 

the liquid used for drilling and production were inappropriate. Hence, further research studied 

were conducted on the effect of wettability on capillary pressure, relative permeability, initial 

water saturation, residual oil saturation, oil recovery and electrical properties of reservoir rocks 
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[94-98]. At the same time, other researchers studied the result of wettability adjustment on 

reservoirs and well simulation, such as oil displacement efficiency improvement during water 

flooding and oil recovery increase [99-100]. 

Froning and Leach [101] reported a field test performed at Clearfork and Gallup reservoirs to 

study oil recovery improvement by wettability alteration. Donaldson et al. [102] determined a 

quantitative method for evaluating wettability and its effect on oil recovery. Penny et al. [103] 

Proposed a zero-capillary pressure (non – wetting approach) that could be accomplished by 

altering the water–solid contact angle to 900 in fracturing treatments to control the capillary 

pressure and the enhanced relative permeability improvement the oil recovery. 

The relative permeability defines the rock characteristic that describes the quantitative 

simultaneous flow of two or more immiscible fluids through porous media. This property is 

essential for predicting fluid movement in a reservoir during various recovery processes. 

Relative permeabilities can be obtained from the following sources 1.) Reservoir production 

data 2.) Published data on general rock types and 3.) Laboratory displacement tests using 

representative reservoir rocks and fluids. The most reliable source is laboratory measurements 

of relative permeability. The two-method used for laboratory measurement of relative 

permeability are unsteady state and steady-state. It is assumed that the unsteady state method 

simulated a waterflood process more closely than the steady state in obtaining relative 

permeabilities Okasha [104]. 

Capillary pressure is one of the most important parameters contributing to condensate blockage 

through its effect on immobile condensate saturation. Wettability alteration towards liquid 

wetting aims at reducing the value of capillary pressure resulting in enhanced liquid mobility 

and less liquid accumulation.  

The application of wettability alteration for liquid blockage issues in gas condensate systems 

was first proposed by Li and Firoozabadi [87]. Their study proposed altering wettability to gas 

wetting and conducted a theoretical and experimental study to demonstrate these methods. The 

first approach modelled a simple model's gas and liquid relative permeabilities of a gas 

condensate reservoir. An increase was discovered when the wettability was altered from 

strongly liquid wetness to gas wetness. In a gas condensate reservoir, many rocks in their 

natural state are liquid wet. A further study on the experimental approach showed that 

wettability could be changed from strongly liquid wet to gas wet in a gas-liquid rock system. 

They also reported that the oil recovery and gas-phase relative permeability at the residual oil 
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saturation in gas oil reservoir could be increased significantly by wettability alteration to gas 

wet. They reported an increase in relative permeability and improvement in productivity rates.  

Tang and Firoozabadi [86] continued with the imbibition test at a temperature of 900C.  They 

altered the wettability by using two polymers, fluorochemicals (FC722 and FC759), in 

reducing the capillary pressure and enhancing the liquid phase relative permeability of the test 

core from Berea and chalk samples in Ohio by altering the wettability from liquid–wet to 

intermediate gas – wet. The results showed a significant increase in the deliverability of gas 

condensate reservoirs. 

O’Carroll et al. [105] predicted the two-phase capillary pressure and saturation relationships in 

fractional wettability systems in their study. A new two-phase capillary pressure and saturation 

model application was presented to predict the fractional wettability media's primary drainage 

and imbibition relations. The model was based on the extension of Leverett scaling theory. 

Kumar et al. [106] studied the improvement of the gas and condensate relative permeabilities 

using chemical treatment under reservoir conditions. The results showed that when Novec FC 

4430 polymeric surfactant was used in the methanol-water mixture as solvent was used, it was 

discovered that the productivity index was increased and improved by a factor of 2-3. This was 

experienced in sandstone cores over the temperature ranges of 143 – 2750 F.  

An investigation on the effect of wettability on high-velocity coefficient in two-phase flow was 

studied by Noh and Firoozabadi [90]. Their study shows that when the core is strongly water-

wetting, the measurement for high-velocity coefficient increases to about 270-fold in the two-

phase flow of water and gas. It was concluded that altering the wettability by treating the 

wellbore region could significantly improve the well deliverability. 

An investigation was conducted on the gas wettability alteration of artificial sandstone cores 

with the methods of capillary rise, the Washburn equation and spontaneous imbibition through 

wetting angle determination. Yao et al. [107] evaluated five kinds of chemicals 

(Dodecylbenzene sulfonate, cetyl trimethyl ammonium bromide, OP-15, GB-201 and DMS). 

The result showed GB-201achieved a preferential gas wettability alteration from water-wet and 

oil-wet, thereby increasing relative permeability to the liquid phase and decreasing the liquid 

saturation. 

The wettability, capillary pressure, and initial fluids saturation for Saudi Arabia crude oil was 

correlated by Al-Garni and Al-Anazi [108]. Their study correlated the irreducible oil saturation 
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and capillary pressure using rock centrifuge measurements.  Berea rock sandstone sample on 

Saudi crude oil during drainage and imbibition cycles by varying the tested samples' wettability 

using different samples of Saudi oil (heavy, medium, and light). 

Li et al. [109] conducted experiments in the rock sampled from Dongpu and gas condensate 

field in Henan, China. They developed a new and cheaper chemical to alter the rock wettability 

alteration from preferential water to preferential gas-wetness; the relative permeabilities of both 

the gas and the water phases were increased remarkably. Also, the residual water saturation 

decreased, and the gas production was enhanced significantly. 

In their study, Gilani et al. [110] concluded that the empirically derived correlations were the 

best method of predicting relative permeability changes based on laboratory measurements of 

wettability improvement. It was also determined that the change in wettability is directly 

related to the concentration of fluorine, which decreases as the distance from the core inlet 

increases. 

Wu and Firoozabadi [111] showed that the change in the mobility of the gas phase is a function 

of the minimum liquid saturation. It has been confirmed that the wettability alteration may 

result in a substantial decrease in the two-phase high-velocity coefficient (β). The increase in 

relative permeabilities and a decrease in the high-velocity coefficient of the two-phase flow 

from wettability alteration improve the gas well productivity. 

Zhang et al. [112] study the mobility of gas and liquid phase both oil and water before and after 

wettability alteration from strong liquid-wetting to intermediate gas-wetting. They conducted 

several tests to demonstrate that liquid mobility can be improved significantly due to wettability 

alteration. The result showed that fluorinated polymers, a wettability modifier, can deliver a 

good level of oil and water repellence to the rock surface.  Thereby, making it intermediate 

gas-wet and alleviating liquid blockage under high temperature. Several tests were used to 

estimate the effect of treatments on wettability; contact angle analyses, capillary rise, flow tests, 

and spontaneous imbibition test Zhang et al. [112]. They discovered from 1.) The experimental 

result was that the fluorinate polymers could alter the wettability of cores from strong liquid-

wetting to gas-wetting, which could decrease the amount of water that invaded and resided in 

the gas formation. 2.) The core flood test result demonstrated that the relative permeability of 

both gas and liquid phases were increased significantly after the wettability alteration to 

preferential gas-wetting. The residual liquid saturation was decreased, and the gas production 

was enhanced dramatically due to wettability alteration. Their results indicated gas well 
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deliverability might increase significantly when wettability is altered to intermediate gas-

wetting. 

Falode and Manuel [113] study how the wettability alteration of an initial water-wet reservoir 

rock to oil-wet affects the properties that govern multiphase flow in porous media, capillary 

pressure, relative permeability, and irreducible saturation. They carried out different initial 

water-wet reservoir core samples with porosities ranging from 23-33%, an absolute 

permeability of 50 to 233mD, and initial brine saturation of 63 to 87% were tested first as water 

wet samples and under air brine system. It was further tested by modifying the wetting phase 

to oil-wet using a surfactant obtained from glycerophtalic paint. The result obtained yielded an 

irreducible wetting phase saturation of 25 to 34%, which indicates that changing the wettability 

of the sample to oil-wet improved the recovery of the wetting phase. 

Jahanbakhsh et al. [114] summarize the influence of fluid saturation and saturation history, 

pore structure and distribution, absolute permeability, and interfacial tension over wettability 

alteration. The test was conducted on a higher permeability rock because they are faster and 

therefore less expensive. But a problem was encountered when they tried to normalize these 

results to that of low permeability rock. They concluded in their research work that the relative 

permeability data from high permeability rock can be normalized to remove the effect of 

irreducible saturation. The relative permeability is then de-normalized and assigned to a rock 

type specific to the irreducible saturation of the low permeability rock. 

Sheydaeemehr et al.  [85] reviewed the recent studies on the effect of wettability alteration on 

gas and condensate production improvement in gas condensate reservoirs was presented. From 

the review carried out, it was discovered that Both gas and condensate cumulative productions 

are significantly improved after the wettability alteration. Thus, wettability alteration could 

increase the well productivity at a relatively low cost because only the near-wellbore region 

needs to be treated. 

Ali et al. [115] performed an experimental and simulation study on the impact of near-wellbore 

wettability on gas and condensate reservoirs production. They investigate the optimizing 

wettability conditions towards maximizing productivity. A range of wetting conditions was 

examined experimentally and using numerical simulation techniques. The result shows a 

chance in targeting an optimum wettability state that maximizes the gas well deliverability. 

Jin et al. [116] presented a review to integrate the overlapping research between the current 

knowledge in organic chemicals and enhanced oil and gas recovery. The difference between 



29 
 

wettability alteration, gas wetting alteration, and the methods utilised to evaluate the gas-

wetting. The recent advanced application of fluorochemicals for gas-wetting alteration, the 

mechanisms of fluorochemicals with different surface morphologies, and the factors that affect 

the gas-wetting performance were elaborated extensively in their study conducted by Jin et al. 

[116].  Their research study provides an insight into the relevance of gas wetting, surface 

morphology and fluorochemicals, the mechanism of flow efficiency improvement of fluids in 

unconventional oil and gas reservoirs. 

Many of these research works have proven to be effective. Hence, from the various 

experimental and simulation studies presented in past research studies, from the temporary 

solution to permanent methods. And in finding chemicals to perform permanent wettability 

alteration. The effect of wettability changes in oil and gas mobility to improve recovery 

methods and measure the relative permeability in gas condensate reservoirs.  

2.5 Gas Condensate Phase Behaviour  

Hydrocarbon reservoirs can be regarded as oil reservoirs or gas reservoirs. However, the terms 

are inadequate.  The changes in the state of combination during production should always be 

considered a significant change of the reservoir pressure and changes in the production system. 

A phase is a homogeneous part of a system that is physically distinct and separated by definite 

boundaries from other parts Ahmed T [117].  An example of phase is Ice, Liquid water, and 

water vapour constitute three separate phases of the pure substance H20 because each is 

homogeneous and physically distinct from the other. 

Furthermore, each is clearly defined by the boundaries existing between them. Whether a 

substance exists in a solid, liquid or gas phase is determined by the temperature and pressure 

acting on the substance. It is known that ice (solid phase) can be changed to water (liquid phase) 

by increasing its temperature and, by further increasing its temperature, water changes to steam 

(vapour phase) Ahmed T. [117]. This change in phases is referred to as phase behaviour. 

The hydrocarbon system found in petroleum reservoirs displays multi-phase behaviour over 

wide ranges of pressures and temperatures. The important phases which occur in petroleum 

reservoirs are: 

• The liquid phase, e.g., crude oil or condensates 

• Gas-phase, e.g., natural gases 
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The phase behaviour of a hydrocarbon mixture in a reservoir can be described as a function 

of the system's state. A system in a thermodynamic equilibrium controlled an accurately 

defined relationship between the state variables. These are joint in the alleged equation of 

state.  

F (P, V, T) = 0            Equation 2.1 

The gas condensate phase diagram shown in Figure 2.4 illustrates the reservoir temperature 

between the critical temperature and the cricondentherm, the maximum temperature at which 

two phases can coexist in equilibrium Vo and Horne [118]. The vertical line on the phase 

diagram below shows the line of isothermal pressure depletion in the reservoir. In contrast, the 

curve line shows these changes as the fluid flows toward the wellbore and into the separator. 

Liquid drops out as pressure drops below the dew point pressure. Point A-A1 represents the dry 

gas region on the pressure-temperature phase diagram Vo [119]. Due to the occurrence of B 

above the dew-point pressure, the hydrocarbon is said to exist in a single phase and maintains 

the phase from B-B’ during the isothermal decline. Further reduction in reservoir pressure will 

drop below the dew point, thereby developing a liquid condensate from the gas. 

 

Figure 2.4: Phase diagram of a condensate system Fan et al. [120]. 

 

This continues to accumulate until it reaches its maximum liquid drop out. Continuous 

reduction in pressure allows the heavier molecules to start the vaporization process.  The entire 

http://www.petrocenter.com/reservoir/Gas%20condensate.htm


31 
 

liquid drop out formed are re-vaporized and thus creating a ring or bank around the producing 

well in the near-wellbore region. 

 

 

Figure 2.5: Liquid dropout of a gas condensate behaviour Danesh [121]. 

A common characteristic of a gas condensate fluid is shown in Figure 2.5.  The liquid drop-out 

reaches its maximum and then decreases by vaporisation during pressure depletion. This 

behaviour demonstrates that when the reservoir pressure decreases sufficiently, the condensate 

will be recovered by vaporisation. 

2.6 Gas Condensate Characterization 

Hydrocarbon reservoir fluids constantly range from dry gases comprising almost no 

condensable liquid to solid tars and bitumen. Those hydrocarbons are categorized in arbitrary 

divisions based on their colour, density, and gas-oil ratio Gravier et al. [122]. Though a few 

gases have their supply in carbonaceous rocks, nearly all hydrocarbon accumulations originate 

from organic-rich shales. The extent of degradation of dense organic molecules raises with the 

temperature and pressure to which the organic matter has been exposed. Consequently, the 

deeper the source rock, the more likely the resulting hydrocarbon mixture is to be a gas or 

condensate. Gas condensates are indeed found in deep reservoirs. The classical categories of 

hydrocarbons are in decreasing order of volatility: 

 

• Gases  
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• Gas condensates  

• Volatile oils  

• Black oils  

• Heavy oils 

 

Figure 2.6: Ternary visualisation of hydrocarbon classification Whitson and Brule [123] 

 

• Oil sand oils  

• Asphalts/bitumens 

 

The classification in which a given fluid falls varies on its composition and pressure and 

temperature reservoir conditions. The same mixture can fall in a different category for different 

reservoir pressure and temperature for a given composition. Figure 2.6 indicates an estimated 

category of reservoir fluids as a function of their composition for a given pressure and 

temperature. Regular compositions for the fluid types are given in Table 2.1. A gas condensate 

will usually yield about 30 to 300 barrels of liquid per million standard cubic feet of gas. 

Generally known retrograde gas-condensate reservoirs are in the range of 5000 to 10000 ft 

deep, at 3000 psi to 8000 psi and temperature from 200oF to 400oF. These pressure and 

temperature ranges and broad composition ranges lead to gas condensate fluids with very 

different physical behaviour (Moses and Donohoe [124]). 
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Table 2.1: Typical Composition and Characteristics of Three Fluid Types from Wall C. [125] 

Component Black Oil Volatile Oil Condensate Gas 

Methane 

Ethane 

Propane 

Butane 

Pentane 

Hexane 

C7+ 

48.83 

2.75 

1.93 

1.60 

1.15 

1.59 

42.15 

64.36 

7.52 

4.74 

4.12 

2.97 

1.38 

14.91 

87.07 

4.39 

2.29 

1.74 

0.83 

0.60 

3.80 

95.85 

2.67 

0.34 

0.52 

0.08 

0.12 

0.42 

 

Molecular wt C7+ 

Gas-Oil Ratio SCF/Bbl. 

Liquid-Gas Ratio 

Bbl/MMSCF 

Tank Oil Gravity API 

Colour 

 

225 

625 

1600 

 

34.3 

Green/Black 

 

 

181 

2000 

500 

 

50.1 

Pale red/Brown 

 

112 

182000 

55 

 

60.8 

Straw 

 

157 

105000 

9.5 

 

54.7 

White 

 

 

McCain [126], in his study, classified fluid from field data based on their surface-determined 

properties listed in Table 2.2. Gas-condensate reservoirs produce condensate and gas in the 

reservoir and at the surface, producing a gas-liquid ratio from 3,200 to 150,000 SCF/STB. The 

stock tank oil density changes throughout the life of the reservoir. This is different from the 

wet-gas reservoir, where the liquid is formed only at the surface, and the density of the stock 

tank oil does not change. McCain [45] further distinguished the difference between volatile oil 

and gas condensate based on a cut-off composition of 12.5% C7+.  

 

Table 2.2: Summary of guidelines for determining fluid type from field data McCain [126]. 

 Black Oil Volatile Oil Retrograde Gas  Wet Gas  Dry Gas 

Initial producing 

gas/liquid ratio 

(scf/STB) 

<1,750 1,750 to 

3,200 

>3,200 >15,000 1000,000 
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Initial stock-tank 

liquid gravity 

(0API) 

<45 >40 >40 Up to 70 No liquid 

Colour of stock-

tank liquid 

Dark Coloured Lightly 

coloured 

Water 

white 

No liquid 

 

 

2.7 Fluid Behaviour in Gas-Condensate Reservoir 

2.7.1 Flow Regimes and Primary Flow Behaviour 

The Three-zone flow model was first introduced by Fevang [13]. Figure 2.7 shows the fluid 

description. Fluid flow towards a gas condensate well producing from a reservoir undergoing 

depletion can be divided into three central flow regions, extending from the wellbore outward 

[13]. 

     

 

 

 

 

 

 

 

 

 

 

  

 

Figure 2.7: Schematic near-wellbore region fluid description Penuela and Civan [25]. 

 

Region 1:   An inner near-wellbore area saturated with oil and gas, which both are flowing 

simultaneously. It is the inner part of the reservoir where the pressure drops far below the dew 

point pressure. The accumulated condensate saturation exceeds the critical condensate 

saturation, so both the gas and condensate flow in proportion to their relative permeabilities. 
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The flowing Gas-oil ratio (GOR) in this region is almost constant throughout Roussennac [53]. 

Pressure drops in this region at a very rapid rate. Hence, most pressure drop due to condensate 

blockage occurs here, where flow rates are very high. Figures 2.8 and 2.9 show the pressure 

and saturation flow profile of a gas condensate reservoir, respectively. It also serves as the 

primary source of loss in deliverability in gas condensate well, where the gas relative 

permeability is reduced radically due to the condensate build-up. Since the composition of the 

liquid mixture is constant throughout region 1, the liquid saturation could be calculated by a 

continued composition expansion of the producing fluid. The amount of liquid dropout in 

region 1 depends primarily on the PVT properties of the gas-condensate mixture and the 

production rate Rajeev [75]. The gas relative permeability in region 1 is mainly a function of 

liquid saturation distribution. 

 

   

            

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: Schematics of gas – condensate flow behaviour Allahyari et al. and Chunmei 

[79,127] 
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Figure 2.9: Schematics of gas-condensate flow behaviour. Saturation profile Roussennac 

[53]. 

 

Region 2: An area of condensate build-up where the liquid condensate is practically immobile 

and only gas is flowing. It is also the intermediate zone where condensate dropout begins below 

the dew point pressure, and it defines a region of net accumulation of condensate. The 

condensate saturation is below the critical value (Scc). There are two mechanisms caused by 

build-up in condensate (A) condensate dropping out of the reservoir gas due to pure decline in 

the bulk of the reservoir and (B) condensate dropout due to the pressure gradient imposed on 

the liquid reservoir gas within region 2 Fevang and Whitson [13]. The condensate saturation 

from the gas flowing through region 2 increases towards the well because pressure decreases 

radially inward, the pressure gradient increases, and the flow area falls.  

Region 3:  A region containing a single-phase (original) reservoir gas. Regions 3 only exist in 

a gas condensate reservoir that is currently under saturated. The reservoir pressure is higher 

than the dew point pressure in region 3, and it is in a single phase. 

For a given producing condition, one, two, or all three regions may exist. The three flow regions 

develop after reaching a pseudo-steady state (not related to the transient-flow definition). 

Established, the flow region pseudo-steady state conditions will change only gradually with 

time (as a series of steady-state conditions). Away from the well, an outer region has the initial 
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liquid saturation; next, there is an intermediate region with a rapid increase in fluid saturation 

and a corresponding decrease in gas relative permeability. The liquid in that region is immobile. 

Closer to the well, an inner region forms where the liquid saturation reaches a critical value. 

The effluent travels as a two-phase flow with the condensate's constant composition deposited 

as pressure decreases are equal to that flow towards the well Gringarten et al. [74]. 

The various flow regions stated above can be identified through well test analysis using various 

analytical and numerical models. 

2.7.2 Coexistence of Flow Regions 

The following observations have been made regarding the coexistence of the three flow 

regions. 

Region 1 will always (and only) exist when BHFP is below the dewpoint. A short transition 

period is required to build up steady-state saturations in region 1. The build-up period is more 

extended for a vertically fractured well because of linear flow close to the well than radial or 

horizontal wells with radial convergent flow near the well. Furthermore, linear flow close to a 

vertically fractured well reduces the near-wellbore pressure gradients and increases the initial 

build-up region Fevang and Whitson [13]. 

Region 2 will always exist together with region 1 after reservoir pressure drops below the 

dewpoint. In this case, Region 3 will vanish. Regions 2 and 3 cannot exist in the absence of 

region 1 (after steady-state conditions are reached). 

All three regions exist for slightly undersaturated reservoirs with BHFP less than the dewpoint. 

Region 2 may "disappear" or have a negligible effect on highly undersaturated reservoirs. 

For a very rich (near-critical) gas condensate, Region 1 may exist throughout the drainage area 

(in the absence of regions 2 and 3) after the reservoir pressure drops below the dewpoint 

Roussennac [53]. This requires that the condensate saturation calculated from the CVD liquid 

dropout curve is sufficiently higher than critical oil saturation. The reservoir pressure drops 

below the dewpoint has two main results, which are both negative. The gas and condensate 

production decreases due to the near well blockage. This produced gas that contains fewer 

valuable heavy ends because of the dropout throughout the reservoir, where the condensate has 

insufficiently mobility to flow toward the well. 
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Table 2.3: Summarizes the existence conditions of the different flow regions Fevang and 

Whitson [13]. 

                                          Table 1 Coexistence of Flow Regions 

 Pwf > Pd PR < P d Pwf < Pd and PR > Pd 

Region 1  X X 

Region 2  (X) (X) 

Region 3 X  X 

X exists. 

(X) may exist 

 

2.8 Flow Behaviour of Gas-Condensate Systems  

To analyse the flow behaviour of a gas-condensate system, we need first to understand the 

difference between the values of static and flowing properties (dynamic value) of the system. 

The static values are for in-situ fluid properties defined at a specific reservoir location at a 

given time, such as well length, fracture location, etc. At the same time, the flowing values are 

also referred to as the dynamic values associated with the properties of the flowing fluids, such 

as the time-series data, production data, pressure, rate data, etc. In reservoir simulations, static 

values will refer to the property values of a given grid block at a given time. At the same time, 

in laboratory experiments and field sampling cases, the sample collected at the wellhead only 

comes from the flowing phase. Hence, the compositions of the wellhead samples will not be 

the same as the overall compositions in the reservoir or the static values in reservoir 

simulations. However, they can indicate the changes of flow property variations in the reservoir 

Shi [57]. 

2.9  PVT Measurement 

The PVT measurements for the gas condensate system includes fluid compositional analysis at 

separator conditions, constant volume depletion (CVD) and constant composition expansion 

(CCE). The procedure to conduct the above experiment of CCE and CVD are illustrated by 

Whitson and Brule [123].  
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2.9.1 Constant Composition Expansion (CCE) 

The gas-condensate fluid is investigated primarily using Constant Composition Mass/ 

Expansion (CCE/CME) to obtain the dewpoint and Constant Volume Depletion (CVD) to 

simulate reservoir production behaviour. CCE is also called flash vaporization and is simulated 

by expanding a mixture with a fixed composition (zi) in a series of pressure steps.  It can also 

be referred to as incrementally expanding the cell volume to lower fluid pressure while the total 

composition remains constant.  During the CCE experiment, no gas or liquid is removed from 

the cell, and at each step, the pressure and total volume of the reservoir fluid (oil and gas) are 

measured (Figure 2.10). As the name CCE implies, the reservoir fluid composition does not 

change during the production process. However, in a reservoir, the heavier component drops 

out to the reservoir during production as condensation develops in the reservoir. This will alter 

the configuration of the fluid composition in the reservoir. The CCE test can represent the fluid 

behaviour within the condensate ring, where the mixture composition remains almost constant 

as the condensate flows with the gas under a quasi-steady-state condition. The procedure is 

also called flash vaporization, liberation, and expansion or constant mass expansion Whitson 

and Brule [123]. 

 

Figure 2.10: Schematic of constant composition expansion Whitson and Brule [123]. 
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2.9.2 Constant Volume Depletion (CVD) 

Constant Volume Depletion, also generally known as the CVD experiment, is usually 

performed on a gas condensate reservoir to achieve various important information used in 

reservoir calculations. The CVD aims to simulate the actual behaviour of the gas condensate 

reservoir fluid in bulk, where the condensate is minimally dropped out. Therefore, it can be 

assumed to be immobile Danesh [121]. The results of the experiment obtained are therefore 

used to calculate the surface gas condensate recovery to pressure. This can be influenced by 

whether the provided gas condensate splits into two phases or occurs as a single phase. The 

CVD experiment is performed to provide volumetric and compositional data for gas condensate 

reservoirs produced by pressure depletion.  

As shown in Figure 2.11, the CVD procedure is simulated in the following procedure: 1.) The 

sample of reservoir liquid in the laboratory cell is brought to the dewpoint pressure, and the 

temperature is set to the reservoir temperature. 2.) The pressure is reduced by increasing the 

cell volume causing condensate to form. 3.) Part of the gas is expelled from the cell till the 

volume equals the volume at the dewpoint where compositional analysis is performed. 4.) The 

process is repeated for several pressure steps, and the liquid volume at each pressure is 

recorded, and liquid dropout is calculated.  

The CVD experiment is a good representation of the reservoir depletion only if the condensate 

phase is immobile, which is not valid if the condensate saturation exceeds the critical 

condensate saturation (SCC), and part of the condensate can flow in a porous medium 

Roussennac [53]. At the same time, the liquid estimation from the CVD experiment does not 

account for the condensate build-up in the reservoir; hence it cannot indicate the maximum 

possible condensate accumulation in the reservoir. 
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Figure 2.11: Schematic diagram of constant volume depletion (CVD) process (CMG, 

WinProp, 2014) Whitson and Brule [123]. 

2.10 Condensate Banking 

Condensate banking can rapidly build up around producing well; as the wellbore or the bottom 

hole pressure falls below the dew point pressure of the condensate fluid, liquid dropout occurs, 

causing loss of substantial components at the surface due to retrograde condensation. This 

results in the fluid saturation buildup starting from the wellbore and gradually moving away 

from it with time; this is illustrated in Figure 2.9. An approximate 10 STB/MMscf in a lean 

gas reservoir and up to 300 STB/MMscf in rich gas reservoirs of condensate produced Kamath 

[69]. Depending on the value of the critical condensate saturation (Scc), which tend to make 

the liquid phase to be mobile or immobile. This is so because the condensate liquid formed in 

a gas reservoir is immobile due to the capillary forces that act on the fluids. The microscopic 

liquid droplet tends to be trapped in tiny pores or pores throat. For rich gas condensate 

reservoirs with significant liquid dropout, condensate mobility, the ratio of relative 

permeability to viscosity remains insignificant away from the wellbore. The effect of the 

dropout on gas mobility is usually inconsequential Fan et al. [120]. 

 The mobile liquid phase reduces the relative permeability of gas considerably, and thus, the 

well deliverability also decreases. Once the liquid is mobile, the producing composition (GOR) 

reaches a constant value (higher GOR than the original fluid). This phenomenon of condensate 



42 
 

dropout is referred to as “condensate banking”. Condensate banking decreases the gas 

production, and the dropped-out liquid in the reservoir becomes unrecoverable, which means 

that the dropped-out liquid cannot be vaporized and produced, even if the reservoir pressure is 

increased by gas injection to a value above the dewpoint. The liquid dropout can be from 2% 

to 20% of production, depending on the composition of the hydrocarbons. The condensate 

banking formed results from the decreased gas mobility around a producing well below the 

dewpoint Figure 2.12. It is shown that condensate saturation increases near the well to 

approximately 68%, reducing gas permeability and, therefore, gas productivity through 

compositional Modeling. 

During condensate banking, once the bottom hole pressure in a well falls below the dewpoint, 

condensate will drop out from the gas phase. The capillary force favours condensate in contact 

with the grains Figure 2.12. Following a brief transient period, the region achieves a steady-

state flow condition with both gas and condensate flowing. The condensate saturation So is 

highest near the wellbore because the pressure is lower, implying more liquid dropouts Fan et 

al. [120]. The oil relative permeability, Kro, rises with saturation. The reduction in gas relative 

permeability, Krg near the wellbore, demonstrate the banking effect.  
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Figure 2.12: A Schematic diagram showing condensate banking Fan et al. [120]. 

 

Before a well is drilled, reservoirs with a consistent raise could usually be assumed to have 

constant pressure. Therefore, immediately after the reservoir is drilled and completed, there is 

a reduction in pressure that impacts every part of the reservoir that has hydraulic 

communication. The reservoir pressure is constant at a point of equal distance from the 

wellbore. This phenomenon could be conceptualised as a ring of constant pressure for a vertical 

well or an equivalents constant pressure for a horizontal well. The fluid flow occurs from high 

pressure to an area of low pressure (wellbore).  

The single-phase oil or gas reservoirs are much simpler to model and quantify reserves, while 

the condensates have a composition that varies with distance Fan et al. [120]. The phase 

behaviour is significant to retrograde condensate because of the reservoir’s proximity to the 

dew point line. The seriousness of the effect can be increased as the permeability of the 

reservoir decreases due to less fluid dropout is required to block the pore throats. 
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The condensate banking is formed vertically along the well in Figure 2.13. The liquid 

saturation blocks the near-wellbore region, decreasing the productivity to 50% Kamath [69].  

A typical condensate bank can reach up to tens of feet in radius and even more in extreme 

cases, depending on the reservoir's formation. Hence, in the illustration below, it can be 

observed that the saturation of condensate decreases as the radial distance increases. The 

condensate banking affects the near-wellbore region primarily, thereby making the mobility in 

this region the focus of my research A 

study. 

 

Figure 2.13: Condensate banking near the wellbore Kamath [69]. 

 

 

2.11  Common Techniques in Alleviating Condensate Blockage and Improving 

Productivity in Gas Condensate Reservoirs 

 

Several methods have been presented in the literature to alleviate condensate blockage in the 

region around the wellbore in gas condensate reservoirs. These methods can be classified as 

follows: 

1. Chemical injection method: These include using solvents, inhibited dry gas and inhibited 

diesel, and wettability alteration chemicals, which can be used to reduce the impact of 

condensate blockage in gas wells. 
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2. Pressure maintenance method: It includes the gas cycling and injection of carbon 

dioxide and nitrogen. This method increases the reservoir pressure and improves the liquid 

recovery by reducing the liquid dropout. 

3. Productivity improvement methods: This may include horizontal drilling wells, 

hydraulic fracturing, and matrix acidizing with a combination of two or more primary 

methods. 

Some of the method mentioned above depends on the increase in the viscosity force, thereby 

allowing improved sweep effectiveness and therefore, a higher condensate recovery Boom et 

al. and Kewen [128 and 129]. The method such as the solvents depends on reducing the 

interfacial tension Ali et al. [130], while the use of wettability alteration depends on the change 

in the rock wetting phase Li et al. [87] a corrective technique for the condensate blockage 

problem. The productivity improvement depends on generating higher permeability flow paths 

or fractures or increasing the contact area between the reservoir and the wellbore to reduce the 

pressure drop and enhance the well productivity Sayed and Al-Muntasheri [131]. 

The methods described above can be classified further into two groups, based on the effects of 

the reservoir system.  

1.) Temporary or short-term solution  

 2.) permanent or long-term solution  

The impact of the temporary method on the reservoir is gone after a short period. In contrast, 

the permanent method creates a long-term change in the reservoir, such as hydraulic fractures 

or horizontal well drilling. The various methods of condensate blockage are highlighted with 

their benefit, risks, and roles to reinstate original gas output before condensation occurrence 

below Hassan et al. [132]. 

2.11.1  Gas Injection/Recycling 

Injecting dry gas such as CO2 or nitrogen into the reservoir helps maintain the reservoir 

pressure above the dew point pressure and relocate the valuable condensate in the reservoir. 

Consequently, the existence of condensate already in the reservoir, the re-injection of dry gas 

help to re-vaporize the condensate present. This has proven to be the most common method to 

prevent condensate blockage Bloom and Hagoort; Fan et al. [133; 120]. However, as the gas 

injection effectively alleviates condensate blockage, gas consumption for higher-value 
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applications has motivated researchers to find an alternative for Amani and Nguyen's injected 

supply [134]. 

Azizi [135] discovered that the condensate recovery factor could be increased up to 75% by re-

injecting dry gas into the reservoir. Though, because of the current increase in the economic 

value of natural gas, it has become inefficient to utilize it for gas injection development. Thus, 

CO2 and nitrogen were substituted as an alternative for dry gas. Some factors may impact the 

effectiveness of the gas injection processes when they are applied to alleviate the problem of 

condensate blockage. The factors include sweep efficiencies and re-vaporisation of the formed 

liquid condensate bank Havlena et al. [136].  

Simulation studies of gas injection in gas condensate reservoirs consider many parameters, 

such as geological and petrophysical data. Using gas injection techniques, they can predict the 

optimal scenario to develop a gas condensate reservoir to maximize the condensate recovery. 

Several simulation studies were performed by many researchers on the different fields such as 

Toual field in Algeria Belaifa et al. [137], Hassi R’Mel south field, Algeria Adel et al. [138], 

and western Siberian field Kolbikov [139]. Linderman et al. [140] presented a simulation study 

for condensate removal using nitrogen injection. They discovered that nitrogen injected into a 

condensate region reduces the condensate saturation. Thereby increasing the pressure around 

the wellbore and aiding to vaporize the condensate liquid into a gaseous phase. They concluded 

that the mixing of nitrogen with lean gas would increase the condensate recovery.  

The dry gas recycling in the Sleipner field in the Norwegian North Sea was executed with the 

dual purpose of minimizing the rate of the reservoir pressure. Decrease and re-vaporising the 

dropped-out condensate recovery to 81% compared to 56% predicted according to a 

hypothetical natural depletion scheme, Figure 2.14 Eikeland and Hansen [141]. The 

experimental investigations have also shown the viability of injecting nitrogen, methane 

Sanger. Al-Anazi et al. [142, 143] and propane [144] into the reservoir to vaporise the 

condensate and restore the effective gas permeability Fahimpour [145]. 

An insight into the mechanism of the gas injection process in reducing gas well productivity 

losses due to condensate blockage near the wellbore region was investigated by Moradi et al. 

[146]. They focused on lean gas recycling in the reservoir to enhance condensate recovery and 

to prevent permeability reduction. The area of concentration of their work was on the phase 

change diagram in the gas condensate reservoir initial gas in place and prediction of the amount 

of condensate. Recovery factor evaluation at different scenarios involves natural depletion and 
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gas injection, the implementation of gas recycling and the comparison of the methods on CO2, 

N2 and methane injection. They discovered that CO2 produces a better recovery factor than 

others, and methane has the lowest. Carbon dioxide injection into gas condensate reservoir 

increases the condensate recovery significantly because it removes the condensate blockage 

and prevents condensate accumulation for a specific time after the injection is stopped. Amini 

et al. [147] also reduce the dew point pressure. The gas injection to enhance the well 

deliverability in gas condensate reservoirs does not result in a lasting solution as they do not 

fundamentally solve the core problem (Li et al. [148]). The shortcoming of CO2 injection is 

that it is a temporary solution. The use of CO2 injection to optimise gas production in gas 

condensate reservoirs needs to be repeated regularly Hassan et al. [149]. 

 

 

Figure 2.14: Daily and cumulative condensate production from Sleipner field for two cases of 

actual dry gas reinjection (Red) and hypothetical pure pressure depletion (blue) Eikeland and 

Hansen & Fahimpour [141 & 145]. 

2.11.2  Solvent Injection 

Using solvent injection (low-molecular-weight alcohol) to improve the relative permeability to 

gas was decreased because of the accumulation of liquid condensate in the wellbore.  Hence, 

the techniques by which the solvents increase the relative permeability of gas is first, to reduce 

the interfacial tension (IFT) between the gas and condensate to enhance the gas effective 
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permeability and secondly, to dissolve the condensate into the main gas stream by improving 

the gas mobility. The most used solvent both in the laboratory and field application is Methanol.  

Du et al. [150] studied methanol application to displace and dissolve both liquid and condensate 

accumulations.  Their result shows that the methanol injection can significantly reduce the 

condensate banking and increase the endpoint of the gas relative permeability from 1.2 to 2.5 

due to the capability to displace liquid condensate.  However, they noticed that the technique 

was short live because of the accumulation of condensate around the wellbore and a decrease 

in gas production. 

Al-Anazi et al. [151-154] investigated methanol treatment in sandstone and carbonate 

reservoirs. They stated that the condensate blockage was evacuated using methanol injection, 

thereby improving the relative permeability of the reservoir.  The gas production was reduced 

from 33 MMscf/D to 0.25 MMscf/D and condensate from 4,700bbl/D to 87 bbl/D because of 

the condensate accumulation blocking the region around the wellbore of the reservoir. The 

treatment was calculated to interfere with the formation of 1000 bbl of methanol.  Resulting in 

the increase in gas production from 0.25MMscf/D to 0.5MMscf/D and condensate from 

87bbl/D to 157 bbl/D (Figure 2.15). The production was observed to decrease after a short 

period of treatment time before and after treatment.  

In their study, Bang et al. [155] used isopropyl alcohol to mitigate the condensate blockage. 

They stated that solvent injection into the gas reservoirs delays the condensation process by 

reducing the dew point pressure. Asgari et al. [156] investigated the reduction in gas relative 

permeability due to condensate blockage. They stated that the gas relative permeability could 

be reduced by 80% in carbonate formation due to the accumulation of condensate liquid. 

Though, it could be improved by a factor of 1.5 by using methanol injection. The use of solvent 

in alleviating condensate blockage problems has proven to be very effective and has been 

adapted in many field cases in the industry Hassen et al. [149]. However, most cases have 

shown that the improvement will disappear after a few months of treatment due to the solvent 

depleting the well production, leading to a significantly decreased effectiveness. 
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Figure 2.15: Gas and Condensate production rates for Hatter’s Pond field before and after 

methanol injection Al-Anazi et al. [153]. 

2.11.3  Acid Treatment 

The acid operation has been introduced to stimulate the well's productivity by removing the 

damages in a sandstone formation or creating wormhole-like structures in a carbonate 

formation, increasing the permeability around the wellbore in gas and oil reservoirs Gidley and 

Fredd [157 and 158]. The acid treatment is applied in gas condensate reservoirs to improve 

permeability around the wellbore and increase the flow condition for condensate liquid. Thus, 

enhancing the trapped condensate produced, which eventually minimises the condensate 

blockage.  

Al-Anazi et al. [159 & 154], in their research work, tried to stimulate both carbonate and 

sandstone gas reservoirs with methanol/acid mixtures. The result showed that the injected 

mixtures used to improve the gas relative permeability after the acid treatment lower the 

interfacial tension of the gas and condensate interface. Though, the alcoholic acids have a 

slower reaction with the rocks than that of the regular acids. Their investigation was extended 

by adding methanol to the acids, which caused a deep acid penetration, thereby attaining a 

lower interfacial tension (IFT) and increased gas production.  

Trehan et al. [160] presented a case study of two unconventional tight gas and condensate wells, 

where a gas-assisted perforating process followed by foamed acidizing is used. The well was 
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hydraulically fractured at first but encountered a very high fracturing pressure to continue 

fracturing safely. The well experienced a reduction in their production rate drastically to an 

uneconomically feasible level. They study the reservoir rock matrix and decide on the treatment 

used to enhance the productivity of these wells; the sandstone acidizing treatment was chosen 

as a treatment technique to solve the problem Trehan et al., [160]. The process entails a gas-

assisted perforating procedure followed by a foamed matrix acidizing (solvent, acid, and 

nitrogen) applied to the wells. They revealed the treatment was successful, and the production 

rate was increased after the treatment.   

Overall, the acid treatment signifies a good counteractive solution for condensate blockage 

problems given its profusion and design application for the different reservoir rock types. In 

high-temperature reservoirs, the acid performance might be affected accordingly. For example, 

the hydrochloric acid (HCI) and carbonate react very fast before creating a wormholes structure 

Vin temperature higher than 2000 F, causing face dissolution due to the high acid consumption.  

2.11.4  Hydraulic Fracturing 

Hydraulic fracturing procedure has existed for 81 years (1940) and has executed millions of 

fracturing treatments worldwide. The simulation procedure consents to enlarge oil and gas 

extraction in low permeability reservoirs and from unconventional reservoirs. Acid fracturing 

and hydraulic fracturing are effective methods in improving the well's performance in a gas 

condensate reservoir [14, 161-165]. They are usually composed of water and sand with 

chemical additives. They are pumped into the formation at high pressure, creating a long 

conductive path between the reservoir and well to flow oil and gas to the wellbore. The 

fractures created reduces the pressure drop, thereby reducing the likelihood of condensate 

formation around the wellbore.  

 Hydraulic fracturing is a subtle method that includes several considerations. The efficiency 

and worth are influenced by several factors such as the selection of fluid, volumes to be 

injected, injections rate, etc. Notably, the total net revenue derived from the reservoir will 

determine the correct treatment applied to the reservoir. It could also be a large part of the total 

well cost Veatch [166]. 

A study was performed by Settari et al. [167] for the Smorbukk field in offshore Norway. The 

study was designed to address the effect of condensate blockage on the productivity index (PI) 

of fractured hydraulic wells produced from a condensate reservoir. A 3D fracture with a 3D 

multiphase reservoir simulator and two fracture models; with an Ideal rectangular fracture and 
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a 3D propped fracture used for the investigation. The result showed that the fracture 

conductivity improved, the productivity of gas and liquid production increased, and the fracture 

length increased also. The novel finding of Settari et al. [92] is the effect of the multiphase flow 

on the well's productivity index (PI). The multiphase flow causes a 50% reduction in the PI in 

an unfractured well. For fractured well, it might be able to re-establish the PI values to even a 

higher PI to values comparable or higher than the unfractured well before the multiphase flow 

occurs. 

Al-Hashim and Hashmi [168] used a compositional simulator to evaluate the improved well 

productivity in the condensate reservoir using the hydraulic fracturing method. They used a 

reservoir model of five-layered stratified formation with permeability which ranges from 0.08 

and 115 mD fractured reservoir, and compared with a depleted unfractured reservoir. The result 

showed that hydraulic fracturing increased the time required for the pressure to reach the 

dewpoint, thus delaying the condensate blockage. This is due to the large inflow area to the 

wellbore created by hydraulic fracturing. Hashemi and Gringarten [169] demonstrated that the 

productivity of a vertical well producing below the dewpoint pressure could increase by 50-

80%.  The productivity depends on the fracture length when fracturing treatment is employed.  

Figure 2.16 shows the relative increase in cumulative gas production for fractured vertical wells 

with different fractured half-length (Xf) compared to a vertical well under two-phase 

conditions. 

The problem of condensate blockage could be solved by Hydraulic fracturing by inducing a 

new pressure profile into the reservoir, which could reduce the formation of condensate 

dropout. Though, in low-pressure reservoirs, it has been proven that condensate build-up 

around the fractured face could also result in significant production reduction. As the 

production continues with time, the drawdown pressure rises, and the chance of condensate 

formation increases in the reservoir. And as such, the method is not a permanent solution for 

alleviating condensate blockage or banking problems.   
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Figure 2.16: Relative increase in cumulative gas production for fractured vertical wells with 

different fracture half-length (Xf) to that of vertical well under two-phase conditions (below 

Pdew) Hashemi and Gringarten [169]. 

 

2.11.5  Horizontal /Deviated Well Drilling 

Horizontal wells and deviated wells have been widely used to enhance the productivity of 

several hydrocarbon reservoirs. This technique started in 1980 when Joshi carried out the 

critical thrust of drilling Joshi [170]. This enhanced the well's productivity index by decreasing 

the pressure drawdown effect around the well by three to five times compared to the vertical 

wells for the same related flow rate. Due to this, the horizontal well can delay the formation of 

condensate and liquid banking in gas condensate reservoirs, thereby providing a corrective 

solution that leads to an increase in the deliverability of the well [20; 159; 171 – 173]. The 

length of the horizontal section is determinate by a horizontal well success. The longer the 

length of the section, the less the pressure drawdown. Horizontal wells create larger contact 

areas that are noticeable between the reservoir and the well. They are often produced at a higher 

rate as compared to vertical wells. This produces a higher pressure drop which is evenly 

distributed over a larger area. A horizontal well does help in the mitigation of condensate 

banking by reducing the impact of the condensate blockage on the production of gas from gas 
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condensate reservoirs, but it will not prevent the accumulation of condensate around the near 

wellbore. 

Miller et al. [174] developed a numerical model studying the effectiveness of horizontal wells 

produced from the North Field 1 Qatar, with a minor condensate blockage and a higher gas and 

condensate recovery. The two-model used in their study were a vertical well model with radial 

coordinates and a horizontal well model with a cartesian coordinate. They show that the 

drawdown pressure for a horizontal well is much less than that of the vertical well, resulting in 

the decline of the water coning and the volume of condensate blockage around the wellbore. A 

typical study of the simulation investigation on history matched carried out on Djebel Bissa 

field by Dehane and Tiab [172] demonstrated the condensate production of a horizontal well 

compared to that of a conventional vertical well could be improved by a factor of three shown 

in Figure 2.17. 

 

Figure 2.17: Comparison between condensate production in vertical and horizontal wells with 

varying horizontal well length Dehane et al. [172].  

2.11.6  Wettability Alteration 

The most critical parameter that contributes towards condensate banking through its effect on 

the immobile condensate saturation is the capillary pressure. Wettability alteration of the 

reservoir rock from oil-wet or water-wet to gas wetting aims to reduce the value of capillary 
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pressure resulting in the enhancement of liquid mobility and less condensate build-up. It aids 

in increasing the production of gas wells producing from condensate reservoirs. It is an 

important parameter determining the waterflooding process's success or failure as a secondary 

recovery mechanism Buckley [175]. 

Throughout the preceding era, the modification of the reservoir rock wettability from liquid to 

intermediate gas wet, related to the recovery of the liquid and gas mobilities, has drawn many 

researchers engaged in condensate problems. The primary concept of wettability alteration 

treatment is the injection of a chemical solution into the producing well.  By carrying liquid-

repellent agents injected and modifying the rock surface wetting phase from liquid wet to 

neutral wet or even preferentially gas wet [155; 176 - 179]. The chemical injected is adsorbed 

on the mineral surface, thereby rendering it less liquid wet. This is believed to remediate the 

condensate blockage permanently, which distinguishes it from other standard corrective 

methods. The wettability alteration is the primary method used in this research study to mitigate 

the condensate blockage. And in enhancing gas condensate recovery (EGCR) technique of the 

reservoir production through compositional simulation.  

Fahes and Firoozabadi [180] extend the research work by Tang [176]. Kumar et al. [106] 

described an effective chemical treatment for outcrop (permeability between 200-500 mD) and 

reservoir (permeability between 10-70 mD) sandstone cores using a non-ionic surfactant 

carried by the methanol-water solvent. They used a temperature up to 1400C. Nine polymers 

with water as a solvent were used where only one polymer permanently altered wettability at a 

specific temperature. They used a pseudo-steady state technique to gauge the relative 

permeabilities before and after the treatment utilizing various artificial gas condensate mixtures 

over a temperature range of 145 to 2750F. The experiment was conducted for capillary numbers 

in the order of 10-6 to 10-4 at the gas/oil interfacial tension of about 4-5 dynes/cm. The Kr 

improvement factors between 1.5 to 3 were obtained (Figure 2.18). 

 In their work, Liu et al. [181] did not specify the chemical or solvent used. Nevertheless, they 

reported a probable result based on their study. The chemical WS12 is thermally stable, and 

the relative permeability of gas increase by a factor of 2. As reported in Li and Lui, the 

treatment has been applied to an actual field [182]. Li and Lui [182] conducted a field 

application using a WS12 chemical to treat the field in China’s Dongpu gas condensate 

reservoir. The results showed a considerable rise in production, which experienced a reduction 

after a few days of production. The relative permeability that increased were settled after the 
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treatment was applied; this had a positive result. A comparison of the effect of the chemical 

treatment used could not be achieved because there was no previous production information 

from the field.   

The simulation study has also been investigated. Li and Firoozabadi [87] conducted a 

simulation study to investigate the relative permeability of both liquid and gas in a gas 

condensate reservoir. They discovered that the production of a gas well could be improved 

considerably by using wettability alteration. Consequently, both solvent injection and 

wettability alteration can increase condensate and gas's relative permeability and enhance 

production. In a shale gas condensate reservoir, Ganjdanesh et al. [183] conducted a chemical 

treatment simulation to remove the condensate blockage in a shale gas condensate reservoir. 

They discovered that condensate blockage could be treated by chemical treatment.  

The change in the wetting phase improves the liquid phase mobility by a factor of 3.5-3.85 as 

indicated in the research of Hoseinpour et al. [184], which therefore aids gas in pushing the 

liquids (both water and condensate) from the pore space out towards the wellbore Ganie et al. 

[185].  

 

Figure 2.18: Comparison of relative permeability curves before and after wettability 

alteration using gas condensate fluid in pseudo-steady state measurements Kumar [106]. 
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2.12  Modelling Condensate Blockage 

The reservoir simulation models are generally utilised to predict the performance of gas 

condensate reservoirs and or fields. It integrates rock and fluid properties in predicting the 

effect of the dynamics of condensate blockage on a gas and condensate production Fan et al. 

[120]. 

A typical full-field model (FFM) grid block could be larger than the blockage zone. Therefore, 

a coarse grid model may significantly overestimate well deliverability. The following are the 

ways to investigate the effect of gas condensate blockage using simulation techniques.  

The most accurate way to determine the near well behaviour of a gas condensate reservoir is 

by using a simulator with a fine grid. There are two ways in carrying out this technique. 

➢ By using a full-field model (FFM) with a local grid refinement (LGR)  

➢ By using a single well model with a fine grid near the well.  

 

2.12.1  Full Field Model (FFM)  

Modern simulators such as the CMG, ECLIPSE 300 reservoir simulation software’s, includes 

the competence for LGR. Small grid blocks can be used near wellbores or other features such 

as faults that could significantly impact local flow.  The grid blocks grow to a size typical of 

the full field model (FFM) when such features are further away. The LGR cost could be 

significantly increased in the computation time in some cases. The full field model is what is 

utilised in this study to predict and optimise the reservoir studied.  

2.12.2  Single Well Model  

Gas condensate blockage effects could be examined by using a single well model. In several 

cases, radial symmetry allows a well to be treated in a two-dimensional model using height and 

radial distance sizes. The grid block close to the well is small, generally half a foot in the radial 

direction. The radial size increases from the wellbore with each grid block until it reaches the 

maximum size for the rest of the model used. A suitable resolution is provided by the fine grid 

model, where the flow is at its highest and the formation saturation behaviour is at its most 

multifaceted Fan et al. [120]. The capillary, inertial forces and viscous can be appropriately 

modelled. Condition of pressure and flow can be taken from the FFM and applied as boundary 



57 
 

conditions far from the wellbore. The Basecase used in this study is a single well model because 

it accurately describes and represents the reservoir. 

2.12.3  Black-Oil Model  

Gas condensate reservoir simulation could be performed using a black-oil model. The model 

assumes that there are only two hydrocarbon components in the fluid, oil and gas. It allows for 

some pressure-dependent mixing of gas in oil; when the compositions change knowingly with 

time, such as through gas injection or when the compositional gradient is significant, the model 

will be inappropriate. In such cases, a compositional model with several hydrocarbon 

components is necessary.  It can be noted that some black oil models do not include the 

capillary number effect, which is an essential factor in determining the well deliverability Fan 

et al. [120]. 

2.12.4  Pseudo pressures  

The equation for gas flow from a reservoir to a wellbore can be expressed in pseudo pressure, 

an integral over pressure. By treating the three regions in section 2.3.1 described above, region 

1 is the two-phase flow closest to the wellbore, region 2 is the gas flow and condensate build-

up zone, and region 3 is the single-phase gas flow is far from the well. The pseudo pressure 

can be calculated from the gas/oil ratio, PVT properties of the fluid, and the gas and oil relative 

permeabilities Fevang and Curtis [4]. The first region simplifies the relative permeability ratios. 

The pseudo pressure method adds little timing to the running of a full filed model (FFM). The 

pseudo pressure method has been implemented in spreadsheet format Mott R [33]. They 

provide a fast prediction that could be used when many sensitivity runs are necessary. 

2.13  Relative Permeability 

It has been shown from the literature that relative permeability affects the level of productivity 

loss below the dew point. Two fluid phases that flow concurrently through a porous medium 

will generally impede on each other. To investigate this characteristic of the two-phase flow in 

porous media, Muskat and Meres [186] introduced the concept of relative permeability. The 

relative permeability depends on the fraction of the pore, which is the volume occupied by its 

phase, referred to as saturation.  



58 
 

The actual value of relative permeability depends on the shape of the pores and the fluid 

distribution in the pore space. This is due to the preference porous material for being wet by 

one of the phases, known as the wetting phase.  The interaction between the fluid phases and 

the pore wall gives capillary forces that affect the medium's distribution. The wetting phase is 

preferentially present in the tiny pores, consequently maximizing the contact with the pore 

wall. The non-wetting phase tends to occupy the space in the intermediate of the larger pores, 

which minimizes contact surface within the wall. The difference in fluid distribution can be 

seen in relative permeability to the wetting phase and non-wetting phase. Figure 2.19 shows 

the relative permeability measurement by Wyckoff and Botset [187] in their work on the 

simultaneous flow of water and carbon dioxide gas through sand columns. 

 

Figure 2.19: Relative permeability measured by Wyckoff and Botset [187]. 

 

Hinchman and Barree [20] showed how the alternative among imbibition and drainage relative 

permeability curves can noticeably change the productivity estimate below the saturation 

pressure for gas condensate reservoirs. Productivity above the dewpoint pressure is controlled 

by reservoir permeability and thickness and by the viscosity of the gas. Below the dew point 

pressure, the productivity decrease would be monitored by the critical condensate saturation 

and the shape of the gas and condensate relative permeability curves. For the performance of a 

reservoir, the relative permeability near the wellbore is the main factor. 
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The relative permeability effect in gas condensate reservoirs is classified into three; Whitson 

et al. [188] 

• The region where there is high saturation hysteresis throughout the existence of 

a well, i.e., near-well steady state of gas/oil flow. 

• Water encroachment, where gas and retrograde condensates are trapped in 

quantities from 15-40 per cent of saturation, can significantly reduce water 

permeability. 

• And at the bulk of the reservoir far removed from the wells where imbibition 

take place throughout the existence of the reservoir and where mobility is zero 

and gas flows at reduced permeability. 

Gravier et al. [122] studied the rock samples of permeability 0.4 and 50 mD from a carbonate 

gas field to determine gas and condensate relative permeabilities using a ternary pseudo-

reservoir fluid of methane/pentane and nonane. The critical condensate saturation and the 

amount of the decrease of permeability to gas in the presence of immobile condensate 

saturation were measured. Their result revealed that the gas relative permeability decreased 

from an average value of 0.68 to 0.10 when the condensate saturation expanded from 0 to 30%. 

The gas relative permeability dropped when the initial water saturation improved. The critical 

saturation measured was found to be high, 24.5% to 50.5%.  

Munkerud [189] Showed that the relative permeability curve for the gas condensate model 

system in a depletion procedure are related to curves of ordinary gas and oil system, and the 

gravitational segregation of condensate is pronounced even at the liquid saturation below the 

critical saturation. He also observed that the relative permeability to both gas and oil show a 

strong dependence on IFT depressurization. 

Henderson et al. [190] conducted high-pressure core flooding experiments using gas 

condensate fluids in long core s of sandstones. A steady-state relative permeability was 

measured with a wide range of condensate gas ratios. The impact on relative permeability was 

seen by differing the velocity and interfacial tension (IFT) between tests. The experiment result 

showed that the phase distribution in the examined cores represented the gas condensate 

reservoirs. The hysteresis was also investigated between imbibition and drainage during the 

steady-state measurements. Their results highlight the need for appropriate experimental 

procedures and relative permeability correlation where the phases distributions are 

characteristic of those in the actual gas condensate reservoirs. 
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Several Laboratory studies concluded that the effective permeability of any reservoir fluid is a 

function of the reservoir fluid saturation and wetting characteristics of the formation. Hence, 

the necessity to specify the fluid saturation when stating the effective permeability of any fluid 

in each porous medium. The saturation must be specified to define the condition in which the 

given effective permeability exists entirely. The absolute permeability is a property of the 

porous medium and a measure of the medium's capacity in transmitting fluids Ahmed T. [117]. 

When two or more fluids flow simultaneously, the relative permeability of each phase at a 

specific saturation is the ratio of the effective permeability of the phase to the absolute 

permeability. 

Kro = 
𝐾𝑜

𝐾
         Equation 2.1 

Krg = 
𝐾𝑔

𝐾
         Equation 2.2 

Krw = 
𝐾𝑤

𝐾
         Equation 2.3 

 

Where: 

Kro = relative permeability of oil 

Kro = relative permeability of gas  

Krw = Relative Permeability of water 

Ko = Effective Permeability of oil for a given oil saturation 

K = Absolute Permeability 

Kg = Effective permeability of gas for a given gas saturation 

Kw = Effective permeability to water at some given water saturation 
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2.14  SUMMARY 

A summary from the existing literature on the approaches and techniques for mitigating 

condensate banking problems in gas condensate reservoirs is presented in Table 2.4.  

 

Table 2.4: Summary of approach and techniques used to alleviate condensate blockage 

problem in gas condensate reservoir. 

Techniques Mechanism Implementation 

Criteria 

Application 

Site 

Advantages Disadvantages 

Gas 

Injection 

Maintenance 

of the 

reservoir 

pressure 

above 

dewpoint 

pressure 

Availability of 

gas and 

encouraging of 

economic 

conditions 

Modelling 

studies: 

Toual Field; 

Hassi R’Mel 

south field 

(Algeria): 

Western 

Siberian 

field 

It appears to 

be an ideal 

solution 

The income 

from gas sales 

is deferred, 

substantial 

initial 

investment; 

make up gas; 

high 

cumulative 

operating costs 

Drilling 

Horizontal 

Wells 

Minimizes 

pressure 

drop and 

delay the 

condensate 

and liquid 

banking 

Horizontal 

wells in gas 

condensate 

reservoirs are 

susceptible to 

the ratio of KH 

to KV 

North field 

in Qatar 

Small 

drawdown 

pressures, less 

liquid 

accumulation, 

higher PI 

Not a 

permanent 

solution for 

liquid banking 

Hydraulic 

Fracturing 

Minimizes 

pressure 

drop, reduce 

the 

likelihood of 

liquid 

banking. 

It can be 

applied in tight 

formations that 

are completed 

with vertical or 

horizontal 

wells. 

Gazprom’s 

Yamburskoe 

Arctic 

reservoir 

(Russia); 

Delta field 

in the 

eastern 

Potwar 

region. 

High 

Productivity 

Selecting the 

best fluid 

chemistry; not 

a permanent 

solution. 

Acidizing Reduce the 

pressure 

drawdown 

(wormholes). 

Remove the 

Optimum 

design: use of 

retarding acid 

system, 

heterogeneity 

California 

Field 

Availability 

of different 

acid systems. 

Corrosion, 

formation of 

sludge, high 

reaction rates. 
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formation 

damage. 

requires 

diversion 

Solvents Enhance Krg. 

Reduce the 

interfacial 

tension (γ). 

Reduce the 

dewpoint. 

In Sandstone 

and Carbonate 

reservoirs; Low 

and High 

Permeability 

Hatter’s 

pond field in 

Alabama 

Methanol, 

IPA, and 

IPA/Methanol 

mixture were 

effective 

Not a 

permanent 

solution; 

Methanol/water 

mixtures were 

ineffective 

Wettability 

Alteration 

Altering the 

wettability of 

porous 

media to 

preferential 

gas-wetting 

The rock 

mineralogy and 

the properties 

of formation 

water 

- Fluorinated 

chemicals 

have high 

chemical and 

thermal 

stability 

Health, Safety, 

and 

environment 

issues; 

expensive. 
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CHAPTER THREE 

METHODOLOGY 

 

3.1 Introduction  

This chapter presents the methodologies and framework that have been taken to conduct this 

research study. First, a brief description of the Equation of State for characterizing fluid 

properties and PVT models is provided. Then the adopted method and application used in the 

simulation phase change tracking of gas condensate reservoir is analysed and explained. The 

justification behind the selected approach is also provided. 

3.2 Selection of Equation of State for Research Study 

The equation of state (EOS) is a simple equation that relates pressure, volume, and temperature 

Whitson and Brule [123]. The equation is developed to calculate the fluid properties in the 

natural gas process and validate the PVT obtained from laboratory analysis. As a result, it is 

the most reliable cubic equation of state for predicting the gas and condensate system 

behaviour. Peng-Robinson equation of state is commonly used to describe the phase behaviour 

of hydrocarbons, and it has become the most popular and widely used in the petroleum industry. 

Schlumberger E300 simulator was used in this study to characterise the fluid properties and 

phase behaviour using the Peng Robinson (PR) equation of state (EOS) model. PR-EOS is 

considered the most applicable model for volumetric and thermodynamic calculations in the 

academic and petroleum industry and is recommended to be used for the characterization of 

rich gas condensate reservoirs Whitson and Brule [123]. Equations 3.1 - 3.4 show the Peng 

Robinson equation of state. 

P = 
𝑅𝑇

𝑣−𝑏
 −

𝑎

𝑣(𝑣+𝑏)+𝑏(𝑣−𝑏)
            Equation 3.1 

In terms of the Z factor, Zc = 0.3074 

Z3− (1−𝐵)𝑍2 + (𝐴 − 3𝐵2 − 2𝐵)𝑍 − (𝐴𝐵 − 𝐵2 − 𝐵3)  = 0          Equation 3.2 

Constants values are given by 

ɑ= 𝛺ɑ
0 𝑅2 𝑇𝑐2

𝑃𝑐
 ɑ                Equation 3.3 
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Where 𝛺ɑ
0 = 0.45724 

B =  𝛺𝑏
0 𝑅𝑇𝑐

𝑃𝑐
                 Equation 3.4 

Where 𝛺𝑏
0 = 0.0778. 

3.3 Phase change tracking in gas condensate reservoir  

In this section, the method and application used in the phase change tracking of gas condensate 

reservoir are analysed in full and explained. The simulation of the different cases studied for 

the gas condensate reservoir model, the model’s characterisation and the method executed to 

perform the phase change tracking was analysed comprehensively. 

3.4 Model Description 

A commercial compositional simulator (E300) made by Schlumberger was used to build a 3D 

model. All input data for this study were derived from Kenyon 1987 [191]. The data used is 

universal data that has been approved and validated by experiment and requires no further 

validations.  The E300 simulator serves as a good tool for understanding the behaviour of the 

fluid flow in the reservoir and predicting the liquid dropout based on reservoir operating 

conditions using the Peng Robinson (PR) equation of state (EOS) model. The PVT model is 

generated using a PVTi, which was used to develop the phase envelope of the reservoir fluids. 

The model is achieved by initially defining the reservoir fluid and fluid components and their 

weight compositions. These are then used to generate a base case of natural depletion without 

an injection well for the study and run for a production period of 15 years. The following 

procedures are applied in achieving the aims of this study: 

 • Evaluate the fluid composition of C1 and C4-6 as a function of time for each optimization 

technique to determine the phase behaviour and changes of production components over time. 

• Determine the condensate saturation build-up in the reservoir as a function of time for each 

grid block under different optimization techniques.  

• Compare the composition of fluid components (C1 & C4-6) with the reservoir pressure to 

evaluate the effect of pressure upon the condensate formation. 

The reservoir model’s specification and definition are shown in Table 3.1 and the composition 

of fluid components in Table 3.2. 
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Table 3.1 Reservoir rock and Fluid properties adopted from Kenyon and Behie 1987 [191]. 

Number of Cells 

X Direction 9 

Y-direction 9 

Z-direction 4 

Thickness, ft. 

DX = DY 293 

DZ1 30 

DZ2 30 

DZ3 50 

DZ4 50 

Datum (subsurface), ft 7500 

Rock Properties 

Porosity at initial Reservoir Pressure % 0.13 

Permeability, (mD) 100 

Water Properties 

Water Saturation at contact 1 

Gas/Water Contact, ft 7500 

Density at contact, Ibm/ft3 63.0 

Compressibility, psi-1 3.0*10-6 

PV Compressibility, psi-1 4.0*10-6 

Initial Conditions 

Initial pressure, psia 3550 

Dewpoint pressure, psia 3428 

Initial Reservoir Temperature o F 200 

Molecular Weight of C7+ 140 

API Gravity 51.4 

Well Date and Control Data 

Production well Data  
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Position I = 7, J = 7 

Perforation K = 3 & 4 

Well Radius, ft 1 

Minimum Bottom Hole Pressure, psia 500 

Production Gas Rate, Mscf/d 6200 

Injection Well 

Position I= 1, J= 1 

Perforation K= 1 & 2 

Well Radius, ft 1 

Maximum Bottom Hole Pressure, psia 4000 

Simulation Period, Days 5475 

 

Table 3.2 Fluid Components and their respective composition in moles, Kenyon and Behie 

1987 [191]. 

S/N Fluid Components Mole (%) 

1 CO2 1.21 

2 N2 1.94 

3 C1 65.99 

4 C2 8.69 

5 C3 5.91 

6 iC4 2.39 

7 nC4 2.78 

a iC5 1.57 

9 nC5 1.12 

10 C6 1.81 

11 C7+ 6.59 
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Total  100 

 

3.5 Gas Condensate Reservoir Model Characterization 

A symmetrical grid model made up of 9×9×4 grid cells, making a total of 324 grid cells, was 

utilized for the simulation in Cartesian coordinates. The different block sizes in r, θ, and Z 

directions were examined, and suitable grid ranges were selected. There are four layers with a 

single production well located at the corner of the grid in a cell placed at (7, 7, 1) in the XYZ 

direction. The layers perforated at the third and fourth layers have multiple components of gas 

condensate reservoir fluid. The reservoir has a homogenous layer with permeability and 

porosity being constant along with different layers and having values of thickness of 50 ft, 50 

ft, 30 ft, and 30 ft, respectively. The reservoir model is initially at a single gaseous phase with 

an initial pressure of 3550 psia and dew point pressure of 3428 psia (Figure 3.1). The 

condensates are immobile until saturation of 20% is achieved, and the value of Krg is reduced 

from 0.74 to 0.078, having irreducible water saturation at 1%. Nine pseudo-components 

Kenyon and Behie1987 [191] were used as input to generate the fluid model (Table 3.2). The 

developed model was used to create a base case of natural depletion without an injection well 

for the study and was run for a period of 15 years of production. 
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Figure 3.1: Phase diagram of the Basecase fluid composition @ 2000 (generated from PVTi 

E300) 

3.6 Methods to Track Phase Change in the Reservoir 

Production below the dew point of the reservoir fluids causes a significant change in the 

composition of the fluid, and the heavier hydrocarbon components condense out of the fluid. 

This liquid dropout occurs near the wellbore and alters the relative permeability of the fluid. 

Depending on the distance from the wellbore, the saturation of condensate may vary. Selected 

blocks near the wellbore and away from the production well were studied, with compositional 

changes being recorded to analyse the phase changes over time in the reservoir. Figure 3.2 

presents the selected blocks where the change in fluid composition was tracked during 

production. The primary emphasis was on C1 (lighter hydrocarbons) and C4-6 (heavier 

hydrocarbons). It is known that heavier hydrocarbon components have little or no effect on 

liquid-vapour phase behaviour in common hydrocarbon fluids. The 3D image shows the top 

view with the position of the production well and the injection well with some selected marked 

grid blocks of interest (7, 7, 4; 6, 7, 4; and 3, 7, 4) being marked. The side view shows four 

different layers of the reservoir. The fourth layer represents the central area of interest 

(wellbore) used for the study. 
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Figure 3.2: A 3D Image of selected blocks of interest; from top to the two sides. 

 

The procedure in tracking the phase change of a gas condensate reservoir is explained by the 

application process illustrating the tracking method in a reservoir in chapter 4. 

 

3.7 Application of Phase Change Tracking Approach in Predicting Condensate 

Blockage in Tight, Low, and High Permeability Reservoirs 

 

Tight gas is the term commonly used to refer to low-permeability reservoirs that produce 

mainly dry natural gas. Many of the low permeability reservoirs developed in the past are 

sandstone, but significant gas quantities are also produced from low permeability carbonates, 

shales, and coal seams Holditch [65]. 

To validate the approach described in section 3.5, a series of sensitivity analyses on 

permeability for the compositional simulation was performed on tight, low, and high gas 
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condensate permeability reservoirs with different permeability variables ranging from 1 – 100 

mD. Three scenarios were considered: 

 1.) Low permeability reservoirs characterised by permeability values of 0.5 mD, 1 mD, 5 mD 

and 10 mD. 

2.) Moderate permeability reservoirs with permeabilities of 20 mD, 30 mD and 50 mD. 

3.) High permeability reservoirs with values of 75 mD and 100 mD (base case) were considered 

in the validation study.  

These were simulated using two geometric grid spacing schemes. Global grid analysis and two, 

using the local grid analysis to analyse a selected reservoir grid to enhance the definition in the 

specified grid cell. 

The production activities of a gas condensate reservoir depend on a basic understanding of the 

phase and flow behaviour of the hydrocarbon in the reservoir. Similarly, if compared with 

another reservoir (dry gas), it can be noted that many singular features affect the production 

and performance of a gas condensate reservoir during depletion. This work analysed the effect 

of permeability on well production performance in a gas condensate reservoir and the timing 

of condensate formation in each region around the wellbore in the reservoir during depletion. 

A sensitivity study was conducted using a compositional simulator using several permeability 

ranges to evaluate their impact on the different types of reservoirs studied.  

The following tasks were accomplished to complete the study. 

1. An evaluation of the effect of variation in absolute permeability on the three regions 

was proposed by Fevang and Whitson [4]. 

2. An assessment of the global and local grid block cells within and around the wellbore. 

3. Prediction of the occurrence of condensate saturation in each of the reservoir regions 

as a function of time for each grid block based on the phase tracking approach proposed 

by Bilotu Onoabhagbe et al. [83].  

4. Calculate the condensate formation, immobile phase, and percentage difference of 

condensate saturation by assuming a logarithmic relationship with the permeability. 

To determine condensate blockage onset in the wellbore. The simulation results for both the 

global and local analyses were then compared using the following parameters: the pressure 

drawdown effect, condensate saturation profile for each region and hydrocarbon composition. 

The percentage difference in condensate saturation and the immobile condensate phase for both 

analyses was evaluated. The results obtained are explicitly presented in chapter 5 of the thesis. 
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3.8 Wettability Alteration 

Wettability alteration of rock using chemicals has been elaborated to overwhelmed condensate 

blockage in recent years Kewen and Abbas [129]. Changing the wettability of the near-

wellbore region from strong liquid wet to intermediate wet or strong gas wet is a key approach 

in preventing condensate dropout and improving production from gas condensate reservoirs. 

Understanding the truth that trapping condensate in pore spaces near the production well causes 

low mobility due to the intense liquid wetting of rock Sakhaei et al., Mokhtari et al. [179, 192]. 

Investigating wettability alteration near the wellbore in a gas condensate reservoir through 

compositional modelling requires altering or modifying the relative permeability. The relative 

permeability can be assigned near the wellbore to investigate how wettability alteration can 

impact the gas condensate formation around the wellbore. And to achieve this goal, a relative 

permeability model representing three different wetting phases (strongly gas wet, intermediate 

gas wet and liquid wet) were utilized in the model. This is to determine the effect the relative 

permeability has around the wellbore using the phase change tracking of the hydrocarbon 

component approach in establishing the effect of wettability alteration in the reservoir. 

Performing wettability alteration analysis, the PVT and compositional data were obtained from 

published data. This study focuses on the basecase model, which has three saturation functions 

data (Table 3.4 – 3.6) used in expressing the different saturation of the liquid in the reservoir. 

This is used in generating a new relative permeability model. The relative permeability data 

were based on the simplistic assumption that the relative permeability of any phase depends 

only on its saturation. To generate a new relative permeability, Corey’s equation A. T. Corey 

[193] of the two-phase system were used to characterize the wettability alteration of strongly 

gas wet, intermediate gas wet, and liquid wet in the well. This is because Corey’s model is the 

best estimator for relative permeability data for parametric analysis of different wettability 

states. 

The new generated relative permeability was inputted into the model and then run to see the 

effect on the relative permeability of the model. The justification of the relative permeability 

generated represents the wettability alteration of the reservoir. The generated model is 

presented in three cases of wetting phases; strongly gas wet, intermediate gas-wet and liquid 

wet reservoir scenarios. This is to study the effect of relative permeability on well deliverability 

using wettability alteration. These were simulated using two geometric grid spacing schemes. 
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Global grid analysis and two, using the local grid analysis to analyse a selected reservoir grid 

to enhance the definition in the specified grid cell. 

The relative permeability utilised in the basecase model is presented in Table 3.4 – 3.5. This 

shows the basecase fluid saturation functions used to generate the new relative permeability 

model using the parametric Corey’s two-phase correlation A. T. Corey [193]. 

Table 3.3: Water saturation function Kenyon and Behie1987 [191] 

Sw Kr Pc 

0.16 0 50 

0.18 0 41 

0.2 0.002 32 

0.24 0.01 21 

0.28 0.02 15.5 

0.32 0.033 12 

0.36 0.049 9.2 

0.4 0.066 7 

0.44 0.09 5.3 

0.48 0.119 4.2 

0.52 0.15 3.4 

0.56 0.186 2.7 

0.6 0.227 2.1 

0.64 0.277 1.7 

0.68 0.33 1.3 

0.72 0.39 1 

0.76 0.462 0.7 

0.8 0.54 0.5 

0.84 0.62 0.4 

0.88 0.71 0.3 

0.92 0.8 0.2 

0.96 0.9 0.1 

1 1 0 
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Table 3.4: Gas Saturation function Kenyon and Behie1987 [191] 

Sg - gas saturation Krg - gas relative 

permeability 

Pcog oil-gas 

capillary 

pressure 

0 0 0 

0.04 0.005 0.1 

0.08 0.013 0.2 

0.12 0.026 0.3 

0.16 0.04 0.4 

0.2 0.058 0.5 

0.24 0.078 0.6 

0.28 0.1 0.7 

0.32 0.126 0.8 

0.36 0.156 0.9 

0.4 0.187 1 

0.44 0.222 1.1 

0.48 0.26 1.2 

0.52 0.3 1.3 

0.56 0.349 1.4 

0.6 0.4 1.5 

0.64 0.45 1.6 

0.68 0.505 1.7 

0.72 0.562 1.8 

0.76 0.62 1.9 

0.8 0.68 2 

0.84 0.74 2.1 

 

Table 3.5: Oil Saturation function Kenyon and Behie1987 [191] 

So Krow Krog 

0 0 0 

0.04 0 0 

0.08 0 0 

0.12 0 0 
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0.16 0 0 

0.2 0 0 

0.24 0 0 

0.28 0.005 0.005 

0.32 0.012 0.012 

0.36 0.024 0.024 

0.4 0.04 0.04 

0.44 0.06 0.06 

0.48 0.082 0.082 

0.52 0.112 0.112 

0.56 0.15 0.15 

0.6 0.196 0.196 

0.64 0.25 0.25 

0.68 0.315 0.315 

0.72 0.4 0.4 

0.76 0.513 0.513 

0.8 0.65 0.65 

0.84 0.8 0.8 

 

 

3.8.1  Reservoir Parameters 

The well is produced with a constant rate of 6200 Mscf/day. The effect of the permeabilities 

(1, 10, and 100 mD) on the outcome of wettability alteration in increasing the well 

deliverability is analysed. This is achieved by investigating the impact of the performance on 

the reservoir through geometric grid spacing scheme, global grid analysis and local grid 

analysis. A range of the wetting phase were considered for Modeling wettability alteration; a 

strongly gas wet, an intermediate gas wet and a liquid wet. The relative permeability data were 

generated using the Corey’s parametric correlations A. T. Corey [193]. These were generated 

from the basecase saturation function (see Appendix B). The Corey’s correlations for a two-

phase gas and oil system are given below. 

 

𝐾𝑟𝑔 = 𝐾𝑟𝑔
𝑀𝑎𝑥 (

𝑆𝑔 −𝑆𝑔𝑐

1−𝑆𝑔𝑐  −𝑆𝑜𝑐
) 𝑛𝑔                Equation 3.5 
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𝐾𝑟𝑜= 𝐾𝑟𝑜
𝑀𝑎𝑥 (

𝑆𝑜 −𝑆𝑜𝑐

1−𝑆𝑜𝑐  −𝑆𝑔𝑐
) 𝑛𝑜                Equation 3.6 

 

The dimensionless relative permeability of gas and oil (𝐾𝑟𝑔, 𝐾𝑟𝑜), Dimensionless maximum 

relative permeability of gas and oil (𝐾𝑟𝑔
𝑀𝑎𝑥 , 𝐾𝑟𝑜

𝑀𝑎𝑥), and oil and gas saturation (𝑆𝑜, 𝑆𝑔) expressed 

in fractions, The critical oil and gas saturation (𝑆𝑔𝑐, 𝑆𝑜𝑐) expressed as a fraction, and the 

dimensionless oil and gas Corey exponent (𝑛𝑔, 𝑛𝑜). The above equation is used by simulation 

software to interpolate a curve between a given set of endpoint saturations. The exponents 

range from n = 1 to 6, with an exponent of 1 resulting in a straight-line relationship and an 

exponent of 6 resulting in the most curvature A. T. Corey [193]. The value of the parameters 

used is presented in Table 3.6 for the different wettability states. The saturation function for 

the wetting state (strongly gas wet, intermediate gas wet and liquid wet) is presented in 

Appendix C. 

 

Table 3.6: Parameters used for Corey’s model. 

Parameters Liquid Wet Intermediate Gas 

Wet 

Strongly Gas 

Wet 

Swc   0.16 0.16 0.16 

Sgc   0 0 0 

Soc   0.04 0.04 0.04 

Krog 
max  0.39 0.56 0.8 

Krg 
max  0.38 0.53 0.74 

Ng   2 2.5 2.5 

No   4 2 2 

 

 

The layer in this reservoir is simplified into four layers. The Swc, Sgc, and Soc from Table 3.6 

have the same value for the different wettability states. But different Krg
max and Krog

max, which 

is essential effective parameters used in evaluating the enhancement near the wellbore region 

using wettability alteration. This could be manipulated by changing its values to evaluate the 
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effect near the wellbore. Corey’s exponents used for the three wettability conditions are the 

intermediate gas wetting and the strongly gas wetting case 2 and 2.5, and the liquid wetting 

case 4 and 2.5, respectively [194, 195, 179]. The magnitude of the exponents determines the 

intensity of the wettability of a particular phase. In contrast, the end-to-end saturation point 

determines the strength of the wettability of the phase, i.e., if a system is strongly liquid wet, 

the residual oil saturation would be more significant. 

3.9 Reservoir Fluid 

A rich gas condensate fluid with an initial reservoir condition of strongly liquid wet was used. 

 The research is following the literature study in the field of reservoir simulation, and the 

Modeling utilizes the approach from past research work by Zoghbi et al. [194]; Sakhaei et al., 

[179] and Ali et al., [115], invalidating the proposed approach described by Benedicta et al., 

2019 & 2020 [83 & 195] on the application of phase change tracking in predicting condensate 

blockage. A compositional simulator (E300) made by Schlumberger was used to build the 

relative permeability model for the productivity of gas condensate reservoirs. The fluid 

properties were modelled using the Peng-Robinson equation of state (EOS) and Lorentz Bray 

Clark (LBC) to simulate the physical properties of the reservoir fluid. Table 3.7 presents the 

pseudo components used in the model and input for the Peng-Robinson equation of state 

calculation. The Binary interaction coefficients are shown in Table 3. 8. The value is kept 

constant, and no changes have been made for consistency. The wettability alteration was 

predicted by a change in the relative permeability of the near-wellbore region. The Fluid and 

Rock properties that were used in building the model is summarised in Table 3.1. and the 

reservoir fluid components model used for this study is listed in Table 3.2. in Chapter 3. 

Table 3.7: Peng-Robinson EOS Fluid Description  

Components Mol 

Weight 

Crit 

Pres 

(psia) 

Crit 

Temp 

(F) 

Omega 

A 

Omega 

B 

Acentric 

Factor 

Parachors 

CO2 44.01 1071.3 88.79 0.45724 0.077796 0.225 78 

N2 28.013 492.31 -

232.51 

0.45724 0.077796 0.04 41 

C1 16.043 667.78 -

116.59 

0.45724 0.077796 0.013 77 
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C2 30.07 708.34 90.104 0.45724 0.077796 0.0986 108 

C3 44.097 615.76 205.97 0.45724 0.077796 0.1524 150.3 

IC4 58.124 529.05 274.91 0.45724 0.077796 0.1848 181.5 

NC4 58.124 550.66 305.69 0.45724 0.077796 0.201 189.9 

IC5 72.151 491.58 369.05 0.45724 0.077796 0.227 225 

NC5 72.151 488.79 385.61 0.45724 0.077796 0.251 231.5 

C6 84 436.62 453.83 0.45724 0.077796 0.299 271 

C7 140 349.39 663.04 0.45724 0.077796 0.45331 400.89 

 

 

Table 3.7 continued. 

V Crit 

(ft3 /lb-

mole) 

Z Crit V Crit (Visc) 

(ft3 /lb-mole) 

Z Crit 

(Visc) 

Boil 

Temp 

     (F) 

Ref Dens 

(lb /ft^3) 

Ref 

Temp 

(F) 

1.5057 0.27408 1.5057 0.27408 -109.21 48.507 67.73 

1.4417 0.29115 1.4417 0.29115 -320.35 50.192 -319.09 

1.5698 0.28473 1.5698 0.28473 -258.79 26.532 -258.61 

2.3707 0.28463 2.3707 0.28463 -127.39 34.211 -130.27 

3.2037 0.27616 3.2037 0.27616 -43.69 36.333 -43.87 

4.2129 0.28274 4.2129 0.28274 10.67 34.772 67.73 

4.0847 0.27386 4.0847 0.27386 31.19 36.146 67.73 

4.9337 0.27271 4.9337 0.27271 82.13 38.705 67.73 

4.9817 0.26844 4.9817 0.26844 96.89 39.08 67.73 

5.6225 0.25042 5.6225 0.25042 147.02 42.763 60.53 

8.8999 0.25809 8.8999 0.25809 338.36 48.319 60 

 

Table 3.8: Binary Interaction Coefficient 

Component CO2 N2 C1 C2 C3 IC4 NC4 IC5 NC5 C6 C7 

CO2 0 -

0.012 

0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

N2 -

0.012 

0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

C1 0.1 0.1 0 0 0 0 0 0 0 0.0279 0.041631 
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C2 0.1 0.1 0 0 0 0 0 0 0 0.01 0.01 

C3 0.1 0.1 0 0 0 0 0 0 0 0.01 0.01 

IC4 0.1 0.1 0 0 0 0 0 0 0 0 0 

NC4 0.1 0.1 0 0 0 0 0 0 0 0 0 

IC5 0.1 0.1 0 0 0 0 0 0 0 0 0 

NC5 0.1 0.1 0 0 0 0 0 0 0 0 0 

C6 0.1 0.1 0.0279 0.01 0.01 0 0 0 0 0 0 

C7 0.1 0.1 0.041631 0.01 0.01 0 0 0 0 0 0 

 

3.10 Two-Phase Relative Permeability 

The wetting and nonwetting phases flow together in the reservoir rock, but each phase goes 

through a discrete and distinct path. The movement of the two phases according to their wetting 

characteristics results in distinguishing the wetting and nonwetting phase relative 

permeabilities. The nonwetting phase is noted to occupy the dominant or larger part of the pore 

openings, contributing significantly to the fluid flow through the reservoir. Subsequently, the 

wetting phase occupies a smaller pore opening at a little saturation, not significantly affecting 

the flow. It follows that a little wetting phase saturation affects the nonwetting phase 

permeability only to a partial extent. However, a little nonwetting phase saturation will severely 

reduce the wetting phase permeability Ahmed T. [117]. 

A typical set of relative permeability curves for a water-oil system with water considered as 

the wetting phase is presented in Figure 3.3, with four distinct and noteworthy remarks 

observed. 
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Figure 3.3: A typical two-phase flow behaviour Ahmed T. [117]. 

 

➢ The relative permeability of the wetting phase curve shows that a little 

saturation of the nonwetting phase reduces the wetting phase's relative 

permeability tremendously. 

 

➢ The relative permeability of the nonwetting phase curve shows that the 

nonwetting phase flow started at a relatively low saturation of the nonwetting 

phase. The oil saturation at this point is called the critical oil saturation Soc. 

 

➢ The relative permeability for the wetting curve shows that the wetting phase 

stops flowing at a comparatively large saturation. This is due to the wetting 

phase, mainly occupying the smaller pore spaces. The capillary forces are the 

greatest. 
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➢ The relative permeability for the nonwetting phase shows that at a lower 

saturation of the wetting phase, a change in the wetting phase has a little effect 

on the amount of the nonwetting phase relative permeability curve.  

 

 

Figure 3.4: Gas-Oil Relative permeability curve Ahmed T.  [117]. 

 

The observation above could also be applied to gas-oil relative permeability data, shown for a 

specific data set in Figure 3.4. This could be termed as gas-liquid relative permeability as it is 

plotted with the liquid saturation. This is a typical gas-oil relative permeability data in the 

presence of connate water. Because the connate water (irreducible) typically occupies the 

smallest pores in the presence of oil and gas, it makes a slight difference if water or oil would 

also be immobile in the small pores occupied by these pores Ahmed T.  [117]. Thus, utilizing 

gas-oil relative permeability data to a reservoir, the total liquid saturation is typically used as a 

basis for evaluating the relative permeability to the gas and oil. It could be noted that the relative 

permeability curve representing oil changes entirely from the shape of the relative permeability 

curve for oil in the water-oil system, as noted above. The oil is usually the nonwetting phase, 

whereas the oil is the wetting phase in gas. 
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3.11 Methodology and Conceptual Framework 

The gas condensate fluid flow was studied using a compositional simulation technique with 

Synthetic data from a published journal. To simulate the gas condensate reservoir by studying 

the compositional changes of (C1, C2, C3, C4-C6...) of hydrocarbon components versus time and 

distance from the wellbore.  The technique used a predicted approach, the phase change 

tracking, to validate the proposed technique in finding the time of condensate banking and its 

distance from a well. Several scenarios were incorporated, which were used as guidance to 

optimise condensate production.  

In the first part of this research work, a typical water injection and gas recycling scenario was 

adapted to study condensate banking. Selected grid blocks (near the wellbore and away from 

the production well) were evaluated with compositional changes concerning time and distance 

in the reservoir.  

The second part of the work focuses on using the newly proposed phase change tracking 

approach to track the formation of condensate blockage in a gas condensate reservoir. The 

procedure entails simulating tight, low, and high permeability reservoirs using two geometric 

grid spacing schemes; global and local grid analysis. Determining the size and timing of the 

three common regions, namely single-phase gas and two-phase gas associated with the 

immobile and mobile gas condensate. Wide ranges of absolute permeabilities (1 – 100 mD) 

were used.  

In the final part of the research work, condensate blockage and recover more gas/condensate 

from the reservoir.  An investigation was carried out to optimise the reservoir by altering the 

relative permeability using wettability alteration near the wellbore to gas wetting conditions 

for maximum gas and condensate well productivity enhancement. The study analyses the 

influence of absolute permeability (100 mD, 10 mD, and 1mD) and the effect of relative 

permeability on the wettability alteration. Corey’s two-phase correlation was used to derive the 

relative permeability models representing the three wetting conditions (strongly gas wet, 

intermediate wet and liquid wet) shown in Figure 3.5. The phase change tracking approach was 

used in validating the result obtained. The result was generated and analysed by altering the 

wetting conditions through wettability alteration. The optimal treatment for this reservoir and 

fluid composition at the near-wellbore region is the strongly gas wetting case, which improved 

the reservoir's productivity compared to other wetting cases studied. 
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Figure 3.5: Proposed Methodology Framework 
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single-phase gas, two-phase gas associated with immobile and mobile 
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To optimise the reservoir, ECGR techniques was 

employed. by altering the relative permeability using 

wettability alteration near the wellbore 

Corey’s two-phase correlation was applied to 

derive the relative permeability models for the 

wetting phase. 
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3.12 Summary 

The methodologies in this chapter have been implemented to ensure accurate well 

deliverability optimization and development of gas condensate reservoir below the dew point 

pressure is achieved. The data source for analysis in this study is from published literature. The 

current chapter provides a roadmap of the methodologies that have been adopted in this study 

in Figure 3.5. 
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CHAPTER FOUR 

 PHASE CHANGE TRACKING APPROACH TO PREDICT TIMING OF 

CONDENSATE FORMATION AND ITS DISTANCE FROM THE 

WELLBORE IN GAS CONDENSATE RESERVOIRS 

 

4.1 Introduction 

This chapter introduces a novel approach to investigate the performance of a gas condensate 

reservoir by tracking the phase change with respect to time and distance from the wellbore 

Figure 4.1. Furthermore, the proposed approach is applied to evaluate the efficiency of different 

condensate recovery techniques such as gas recycling and water injection. An obvious 

advantage of this research is its simplicity compared to others in evaluating the timing and 

location of condensate formation in the proximity of wellbores. Even though, in the proposed 

approach, the heterogeneity of the reservoir is ignored. This concept is used for reservoirs with 

different degrees of heterogeneity, which is captured in terms of changes in the timing of 

condensate formation and its distance from the wellbore.  

 

Figure 4.1: Schematic illustration of the formulation of the general problem and application 

of the proposed approach to tackle it. 
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4.2 Results and Discussions 

Figure 4.2 shows the condensate liquid volume at different pressures for three cases at the 

wellbore located in the block (7, 7, 4). Condensate accumulation increases at the wellbore with 

declining pressure. Pressure increases linearly after the dew point at 6% towards the wellbore 

at a pressure of 3,419 psia for both the base and gas recycling cases. The maximum condensate 

volumes achieved for the basecase, gas recycling, and water injection cases were 10%, 9%, 

and 0%, respectively, at a reservoir pressure of 500 psia. Therefore, the water injection case 

shows no condensate formation during depletion. It is also noted that the condensate liquid 

volume slightly increased during the gas recycling case compared to the base case. This can be 

attributed to the change in phases due to gas injection, which keeps the pressure slightly higher 

than the dew point.  

 

Figure 4.2: Condensate liquid volume dropout for block (7, 7, 4) as a function of pressure for 

the base case, gas recycling and water injection cases at the wellbore during depletion. 

  

The relation between the condensate saturation and the reservoir pressure seen in Figure 4.3 

shows that the condensate starts to form at a saturation pressure of 3542 psia for both the 

Basecase and Gas recycling case. It shows that the condensate dropout of the gas recycling 

occurred earlier than that of the basecase, with a maximum condensate saturation of 20% 

observed for the basecase and 22% observed for the gas recycling case. This is then followed 

by the vaporization of condensate around the wellbore. While for the water injection case, it 

shows no condensate formation or saturation in the reservoir. The water injection case is 
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negligible. The condensate gas can block the well perforations, thereby causing condensate 

blockage. 

 

Figure 4.3: Condensate saturation as a function of pressure for Base case, Gas recycling 

and Water injection cases at the wellbore. 

 

Figure 4.4 presents the calculated pressure at the wellbore for the cases studied against 

depletion time. The pressure drop for the basecase without external support shows a sharp 

decrease, while a slower trend of pressure reduction is observed for the gas recycling case 

before the dewpoint pressure. In contrast, water injection pressure remained above the dew 

point for an extended period, avoiding condensate formation during depletion. Interestingly, 

the pressure drops rapidly after the dewpoint pressure was attained for the water injection case. 

The pressure drop was much faster than the gas recycling and base cases. This is due to the 

water breakthrough and reduction in reservoir pressure which reduces the amount of the 

trapped gas in the reservoir and decreases the oil recovery. 
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Figure 4.4: Reservoir pressure versus time at the wellbore block for the base, gas recycling, 

and water injection cases. 

 

4.2.1 Tracking the Changes in Gas Compositions during Reservoir Depletion 

Heavy components drop out in the condensate with decreasing pressure [9]. The methane 

(C1) composition at the wellbore decreases while the butane (C4) composition increases 

(Figure 4.5). As shown in Figure 4.6, notable changes in composition started after 36.5 days, 

indicating a rapid dropout of liquid at the wellbore with declining pressure.  
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Figure 4.5: Pressure versus composition of the fluid components for the base case at the 

wellbore. 

 

 

Figure 4.6: Composition of fluid components over time for the base case at the wellbore. 
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Tracking compositional change can be used to demonstrate the effectiveness of the 

method applied for recovery enhancement. Figure 4.7 shows a logarithmic scale of the flow 

behaviour of C1 and C4-6 around the wellbore. In this figure, three regions can be identified 

from the plot. The first region is defined from 0 to 36.5 days. The lighter component (C1) 

concentration was at its original value of 55%, and the concentration of the intermediate 

components (C4-6) was 13%, with corresponding pressures of 3350 to 3478 psia. As the 

hydrocarbon fluid flow reaches the second region, the lighter component (C1) experiences a 

reduction in concentration. The second region starts from 36.5 days and ends at 1241 days. As 

shown from the figure, this change in composition for the base case is faster than the recycling 

case. It should also be noted that no change in composition was observed for the water injection 

case. We may conclude from this figure that better support of the well prevents a change in gas 

composition. With further depletion of the gas condensate reservoir, a third region is attained. 

This region lasts from 1241 days to 5475 days with a lighter component concentration of 9% 

and 20% and with an intermediate component concentration of 28% and 24% for the base case 

and gas recycling cases, respectively, at a pressure of 500 psia. In contrast to base and gas 

recycling cases, the most significant change in composition was experienced in region three 

with water injection. This could relate to the faster reduction in pressure that occurs at this time 

(see Figure 3.3). 

 

Figure 4.7:  Fluid composition of C1 & C4-6 components over time for base, gas 

recycling, and water injection cases. 
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4.2.2 Tracking Saturation Phase Change and Its Distance from the Wellbore 

Figures 4.8 and 4.9 show that the saturation phase changes as time progresses for three blocks 

at different distances from the wellbore for the base and gas recycling cases. As can be seen 

from these figures, wellbore block (7, 7, 4) experiences the highest condensate saturation, while 

blocks further away from the well (3, 7, 4) experience the lowest. For example, results for the 

study block (6, 7, 4) and (3, 7, 4) for the base case show that condensate was reduced by 5.4% 

and 7.29%, respectively. Similarly, the reductions for the gas recycling case were 9.79% and 

10.43%. Moreover, these figures show the duration of the gas phase (region 3), immobile phase 

(region 2) and a mobile phase (region 1). The time required to attain maximum gas condensate 

formation for the base and gas recycling cases increases to 1533 and 2701 days, respectively. 

In the water injection case, regions 1 and 2 diminish while region 3 is extended over the 

production lifetime, indicating no condensate was observed in the reservoir. The reduction in 

the distance for the base and gas recycling cases also changes. Hence, no significant change in 

condensate saturation occurs away from the wellbore, which indicates that the phase change 

process occurs close to or at the wellbore. It is noted that a shorter time was taken to get to 

region 2 and a longer time to get to region1 in the basecase, as compared to gas recycling which 

takes longer to reach region 2 and less time to get to the region. 1. 
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Figure 4.8: Condensate saturation against time and cell block location (three locations) for 

base case showing the different phases for three distinct regions and locations during 

production. 

 

 

Figure 4.9: Condensate saturation against time and cell block location (three locations) for 

gas recycling showing the different phases for three distinct regions and locations during 

production. 

 

While for the water injection case, Figure 4.10 shows that regions 1 and 2 diminished, whereas 

region 3 is extended to the production process lifetime. The hydrocarbon compositional 

saturation phase change was not observed in the result. There was no effect of the water 

injection on the phase change of the reservoir composition around the wellbore. 
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Figure 4.10: Condensate Saturation against time and block cell location (three locations) for 

water injection case showing only region 3 during production. 

 

4.2.3 Three-Dimensional (3D) Representation of Phase Change During 

Condensate Production 

Figure 4.11 shows the condensate formation in the reservoir as a function of time and 

distance from the wellbore for the base case. The evaluated values of condensate formation 

from the wellbore region down to the dry gas region (single-phase) from blocks (7, 7, 4) to (1, 

7, 4) of the reservoirs are 0.02247, 0.00073, 0.00071, and 0.00025 at 109.5 days (equivalent to 

3-time steps). At 1241 days (equivalent to 13-time steps), condensate saturation was observed 

to have increased to about 20%. Hence, a decrease and an increase towards the wellbore in 

condensate formation occurs at an increase in distance and time. 
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Figure 4.11: 3D evaluation of condensate formation against production time and distance 

from the wellbore. 

 

The 3D plot also verifies the three regions as described by Fevang & Whitson [4]. In 

addition, it clearly shows the behaviour of the trends in saturation from one region to another. 

4.4 Chapter Summary  

This study improves the understanding of hydrocarbon phase change and behaviour in the 

reservoirs by tracking the timing of change and distance from the wellbore. This enables the 

production engineer to appreciate reservoir management better and plan a suitable optimization 

technique for future production. 

In any previous study, the phase tracking approach used to investigate the gas condensate 

reservoir performance has not been used to evaluate gas condensate recovery. 

A compositional study of gas condensate fluid flow was conducted to track the change in 

the composition of hydrocarbons, specifically C1 and C2-6, representing light and intermediate 

gas components during the production life of gas condensate reservoirs. Several scenarios were 

considered to validate the proposed technique and determine the time of condensate banking 

and its distance from a well. This was also used as a guide to optimizing condensate production. 
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Typical scenarios such as water injection and gas recycling were also considered in studying 

condensate banking in this study.  

The results indicate that the further the distance away from the vicinity of the wellbore, 

the lower the effect of pressure drop on the cell grid. Cells closer to the wellbore experience 

the effect of pressure drop earlier as compared with the other cells. The liquid dropout is 

immobile until the critical saturation point is reached.  

To optimize the production from gas condensate reservoirs, the length and timing of region 

3 need to be enhanced. In other words, the single-phase system in the reservoir needs to be 

extended. The application of water injection in regions 1 and 2 resulted in the highest 

condensate production amongst all other scenarios.  
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CHAPTER FIVE 

APPLICATION OF PHASE CHANGE TRACKING APPROACH IN 

PREDICTING CONDENSATE BLOCKAGE IN TIGHT, LOW, AND 

HIGH PERMEABILITY RESERVOIRS. 

 

5.1 Introduction 

This chapter describes research extending Bilotu Onoabhagbe et al. [83] in using the proposed 

tracking approach to predict and validate the condensation behaviour in gas condensate 

reservoirs with different permeability variables. Two methods based on the grid system of the 

reservoir (global and local grid analysis) were used with respect to permeability variation 

utilised to predict the timing and location of condensate formation during production. 

Furthermore, a sensitivity study was performed on one of the significant flow parameters to 

verify the reliability of the proposed approach. 

 

5.2 Model Construction 

The Eclipse 300 (educational version) compositional simulator was utilised to 

investigate the effect of permeability on condensate formation across the wellbore using the 

phase change tracking approach. A 3D model was built for the reservoir study (Figure 5.1) 

based on actual field data obtained from Kenyon’s study [191]. The grid block used is a 

cartesian model with 9 x 9 x 4 grids, with a porosity of 0.13 and a permeability of 100 mD. The 

layers' thickness varies from 30 ft (layers 1 and 2) to 50 ft (layers 3 and 4) from the reservoir 

top to bottom. They are homogeneously distributed over the whole reservoir, with four layers 

with a single producing vertical well drilled at the corner of the cell placed at (I: 7 J: 7 K: 1) in 

the XYZ direction of the reservoir model with a radius of 1 ft. A Reservoir fluid sample of nine 

pseudo-components was used to describe fluid properties in the model. The model was used to 

develop a base case of natural depletion without an injection well and was run for a production 

period of 15 years.  

From the Basecase model, a series of sensitivity analyses were performed to compare the 

condensate saturation profile, pressure profile, condensate liquid volume, hydrocarbon 

composition, and description of condensate regions for different reservoir permeability 



96 
 

scenarios. The analyses were divided into two parts of global and local grid analysis as 

described below:   

 

Figure 5.1: The initial image of gas condensate reservoir geometry of Basecase. 

5.3  Global Grid Analysis. 

This refers to the parent grid (the reservoir grid block is the global grid), where the 

range of I-, J- and K- indices refer to the global grid.  In other words, it can be referred to in 

simple terms as a reservoir block cell having a homogeneous value such as permeability, 

porosity. Every unique reservoir can only be connected to one grid through the global grid or 

a single local grid refinement. Three reservoir scenarios were investigated, which are: low 

permeability reservoirs characterised by permeability values of 0.5 mD, 1 mD, 5 mD and 10 

mD; moderate permeability reservoirs with permeabilities of 20 mD, 30 mD or 50 mD; and 

high permeability reservoirs with values of 75 mD or 100 mD (the latter one considered as the 

base case scenario).  

5.4  Local Grid Analysis 

The local grid refers to blocks in the vicinity of the wellbore. A selected reservoir block 

cell was applied to describe permeability variation around the wellbore on condensate 

formation during production. Their global grid identifies a cell or a box of cells coordinates I1 

- I2, J1 - J2, K1 - K2, replaced by refined cells. The sizes within the refined grid are specified 
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as NX, NY, NZ. The blocks considered for the local grid analysis were located at (I: 6 to 8, J: 

6 to 8, K: 4 to 4) grid cells. Figure 5.2 shows the selected blocks (highlighted in yellow) on 

the surface of layer one. However, the main point of interest is the fourth layer with the same 

pattern as that selected in layer one. This is to study the local permeability alteration on 

condensate behaviour in the vicinity of the near wellbore.    

 

Figure 5.2: 3D reservoir image for local grid permeability analysis showing the highlighted 

cells of interest under study. 

 

5.5 Results and Discussion 

5.5.1  Impact of Variation in Global and Local Permeability on Condensate 

Formation 

 

The results for calculated reservoir pressure at the wellbore for the global and local grid 

analysis of different permeability reservoir runs are shown in Figures 5.3 and 5.4, respectively. 

As can be seen, initial sharp pressure drops were observed for permeability variables of 0.5 

mD and 1 mD, which stabilised at day 73 of production. And after that, linear pressure drops 

over time were noted.  The other permeability variables show trends similar to the basecase. 

The lower the reservoir permeability, the more abundant the gas and the higher the pressure 
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drawdown will be during production, which indicates a high potential for condensate blockage. 

Based on observed pressure drops in all cases, the percentage difference in pressure in low 

permeability reservoirs compared to other reservoir scenarios is about 280% in the global grid 

analysis, indicating a rationale for condensate formation in low permeability reservoirs.  

 Figure 5.3 presents the pressure drops for all scenarios for the local grid analysis against 

production time. The pressure difference for the tight permeability reservoir (0.5 mD to 1 mD) 

is 630.73 psia compared to 498 psia for the global case. The stabilization time was the same as 

that in the global analysis but with a different level of pressure drop. The percentage of pressure 

drawdown for the local grid analysis is 285%, suggesting that the tendency toward condensate 

formation for local grids with low permeability is higher than global permeability variables. 

This effect in pressure is reflected in condensate saturation for the studied cases.  

 The sharp decrease in well productivity due to decreases in permeability in this work, 

specifically for local permeability variation, is in line with results reported by Ahmadi et al. 

[70]. They emphasized a significant reduction in well productivity owing to a sharp fall in the 

effective permeability of the gas.  

 

 

Figure 5.3: Reservoir pressure versus time at the wellbore for global grid analysis. 
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Figure 5.4: Reservoir pressure versus time at the wellbore for local grid analysis. 

 

Figures 5.5 and 5.6 show the condensate saturation profile in a logarithmic scale for global 

and local grid analyses. Figure 5.5 shows an increase in condensate saturation as the 

production time increases for the different types of permeability reservoirs scenarios.  

 The results showed an increase in condensate saturation from high to low permeability cases 

of 100 mD to 10 mD, which is not as significant as that observed in the tight permeability case 

below 10 mD. For instance, the change in condensate saturation between 100 mD to 10 mD is 

only 7% higher, while for 10 mD to 1 mD, this change is about 66%. This indicates that 

reservoirs with permeability levels lower than 10 mD might have severe problems with 

condensate formation.  
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Figure 5.5: Condensate saturation as a function of time for different absolute permeabilities at 

the wellbore: a global analysis.  

 

            Figure 5.6 shows a similar trend in condensate saturation for reservoirs with 

permeability in the locally damaged region range of 100 mD to 1 mD. However, the lower 

permeability values below 10 mD are more sensitive to permeability changes in condensate 

formation than the case seen in the global analysis. As shown in Figure 5.6, the level of 

condensate saturation shows no change when the near-wellbore permeability is reduced from 

100 to 50 mD, while a reduction from 10 mD to 1 mD leads to 77% more condensate. These 

results demonstrate that condensate formation is susceptible to near-wellbore formation 

damage. It should be noted that the first condensation in the reservoir was observed after 36.5 

days of production in both the global and local analyses. Moreover, it took 73 days for 

condensate drop-out to result in condensate build-up in both cases.  

The values of maximum condensate saturation from the global and local grid analyses for the 

studied reservoirs are shown in Tables 1 and 2, respectively. The critical application of 

condensate saturation as a function of time can predict the timing of condensate formation and 

how far each region extends during depletion.             
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Figure 5.6: Condensate saturation as a function of time at the wellbore for different 

permeabilities: local analysis. 

 

5.5.2 Impact of Variation in Permeability on the Length of Time of Each 

Region 

For a given production condition, one, two, or all three regions may exist. The pseudo-

steady-state flow conditions define these three regions, which means that they represent steady-

state conditions at a given time which then change gradually during depletion. The three 

regions from Table 5.1 and 5.2 are explained below. Five cases of permeability variation of 1 

mD, 5 mD, 10 mD, 50 mD and 100 mD were selected to show the effect in each region and 

find the relationship between the proposed logarithmic trend and the R-squared factors for 

correlation in both analyses. 

 

Table 5.1: Summary of the duration of each region and maximum condensate saturation for all 

cases of permeability variation: a global analysis. 

Permeability 

variation K(mD) 

 Region 1 

(days)  

Region 2 

(days) 

Region 3 

(days)  

Maximum 

condensate  

saturation (%) 

1 620.5 4818 0 34 
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5 620.5 3358 1460 30 

7.5 620.5 2993 1825 30 

10 912.5 2628 1898 28 

15 912.5 2482 2044 27 

20 1204.5 2190 2044 26 

30 1496.5 1825 2117 24 

50 1496.5 1825 2117 22 

75 1496.5 1825 2117 21 

100 Basecase 1496.5 1898 2044 21 

 

Table 5.2: Summary of the duration of each region and maximum condensate saturation for all 

cases of permeability variation: local analysis. 

Permeability 

variation K(mD) 

Region 1 

(days) 

Region 2 

(days) 

Region 3 

(days) 
 

Maximum 

condensate  

saturation (%) 

1 912.5 4526 0 30 

5 1204.5 3139 1095 26 

7.5 1496.5 2482 1460 24 

10 1496.5 2117 1825 23 

15 1496.5 1971 1971 21 

20 1496.5 1825 2117 21 

30 1496.5 1825 2117 21 

50 1496.5 1825 2117 21 

75 1496.5 1825 2117 21 

       100 Basecase 1496.5 1898 2044 21 

  

5.5.2.1 Region 1: Condensate and Gas Are Both Mobile 

Figure 5.7 shows an increase in duration for region 1 as permeability increases from 

low to high permeability reservoirs in both analyses. The region represents the mobile phase 

for condensate and gas; a longer duration reflects increased condensate production. A 

significant reduction in phase mobility is observed for reservoirs with a permeability of lower 

than 10 mD. The same trend was observed in the local grid analysis. It then experiences a 
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constant increase in region 1 at 1496.5 days from lower to higher permeability reservoirs 10 – 

100 mD. Condensate saturation is determined as a function of time to ensure that liquid that 

condenses from a single-gas phase entering Region 1 have adequate mobility to flow through 

and out of this region without any net build-up. As shown in Figure 5.7, the duration of region 

1 follows a logarithmic trend in both global and local analyses, with an R-squared factor of 

79% to 87% accuracy to predict Region1. This region is the primary source of deliverability 

losses in a gas condensate well due to the coexistence of condensate and gas phases. Earlier 

work by Valencia et al. [196] attributed this behaviour to the decrease in the relative 

permeability of gas due to condensate build-up in region 1.  

 

 

Figure 5.7: Length of region 1 for all permeability variables at the wellbore 

5.5.2.2 Region 2: Only Gas is Mobile, and Condensate is Immobile 

Region 2 is the zone of condensate accumulation and represents the point in time of the 

first liquid drop-out to the time it takes to reach critical condensate saturation. Due to 

condensate drop-out, the flowing gas phase becomes the learner.  Regions 2 and 3 are short 

near the wellbore but become longer as production moves away from the wellbore. The 

duration of region 2 declines with time as that of region 1 expands over time. Hence Region 2 

coexists with region 1.  

The results are tabulated in Tables 1 and 2 and depicted in Figure 5.8 for tight reservoirs or 

damaged formations in local cases. Figure 5.8 presents the logarithmic trends for global and 
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local analyses with values of the R-squared factor at 84% to 93% in predicting the duration of 

region 2 against permeability. The duration of region 2 dominates condensate production, 

where the reservoir experiences the immobile phase for a more extended period. As 

permeability increases, the duration of region 2 decreases. Consequently, the chance of 

condensate formation decreases where a sharp decrease was observed for the permeability 

values from 1 to 10 mD for both cases. Further increase in permeability shows the duration of 

region 2 having a fixed value of around 2000 days.  

 

Figure 5.8: Duration of region 2 as a function of permeability at the wellbore 
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duration of region 3 is zero, meaning that the condensate never reaches this region during the 

applied simulation time step in this study, and Region 2 dominates the reservoir’s phase 

behaviour.  

    

 

Figure 5.9: Duration of region 3 as a function of permeability at the wellbore.    

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

5.5.3 Impact of Permeability on Different Stages of Production Near the 

Wellbore 

To better understand changes in condensate saturation, the effect of permeability at 

different stages of production for the nearest block to the wellbore in gas condensate reservoirs 

was evaluated. The results are presented in Figures 5.10 & 5.11 for global and local cases, 

respectively. Figure 5.10 shows a sharp decrease in condensate saturation for all stages of 

production in the reservoir with permeability from 1 mD to 5mD, which then maintains an 

almost constant flow of condensate saturation. This can be attributed to the fact that, for tight 

to low permeability, Region 2 dominates production, resulting in condensate build-up at the 

block near the wellbore. On the other hand, regions 1 and 3 dominate during production for 

higher permeability reservoirs, resulting in constant and smooth condensate formation near the 

wellbore. In line with these observations, the change in phase behaviour of hydrocarbon for 

each region has also been modelled and presented by Orodu et al. [80] during production from 

gas condensate reservoirs. Their research observed that, in the early stage of production, 
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Region 1 dominates the flow where the gas phase showed considerably better mobility than the 

liquid phase due to condensate build-up in this region. 

Figure 5.11 shows the effect of permeability on condensate formation for cases of local 

damage for each different production stage in the wellbore, where the same trend as in Figure 

5.10 is also observed. However, the plot has a more distinctly curved shape compared to that 

for the global analysis. They become lower in permeability, and the duration of region 2 is 

significantly extended, resulting in condensate blockage near the wellbore. These results prove 

that local damage can cause the deterioration of high-permeability reservoirs.  

 

 

Figure 5.10: Condensate saturation as a function of global permeability at the wellbore for 

different stages of production. 
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Figure 5.11: Condensate saturation as a function of local permeability at the wellbore for 

different stages of production. 

5.5.4 Comparison of Immobile Phase and Percentage Difference in Condensate 

Saturation  

From the data presented for regions 1 and 2 shown in Figures 5.5, 5.6, 5.10 and 5.11, 

differences in the condensate immobile phase and percentage differences of condensate 

saturation were calculated and are presented in Figures 5.12 and 5.13, respectively. The results 

show that the formation of the immobile phase as a permeability function can be divided into 

three categories. The first is for permeability values between 100 mD to 50 mD, where the 

concentration of the immobile phase is almost constant. The second category has values from 

50 mD to 10 mD with a slow rate of increase in the immobile phase. In the third category, a 

sharp immobile phase increases for permeability values below 10 mD. From these two figures, 

logarithmic trends for global and local analyses were extracted, with the R-squared factor 

between 88% to 94%, which can be used as correlation equations to predict the formation of 

the immobile phase and condensate saturation in a condensate reservoir. The same trends and 

categories for condensate saturation are observed for both global and local cases, as presented 

in Figure 5.13.   

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

C
o
n
d
e
n
s
a
te

 s
a
tu

ra
ti
o
n
 %

K(mD)

Early stage of production (2 timestep)

Middle stage of production (13 timestep)

Late stage of production (30 timestep)

Last stage of production (40 timestep)



108 
 

 

Figure 5.12: Comparison of percentage of immobile phase condensate versus permeability for 

global and local analyses. 

 

Figure 5.13: Comparison of percentage difference in condensate saturation versus 

permeability for global and local analyses. 

y = -13.2ln(x) + 63.154
R² = 0.945 

y = -9.791ln(x) + 38.528
R² = 0.8969 

0

10

20

30

40

50

60

70

80

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

P
e
rc

e
n
ta

g
e
 f

o
r 

im
m

o
b
ile

 p
h
a
s
e
 d

if
fe

re
n
c
e
 %

K(mD)

Global analysis %  Local analysis %

y = -19.4ln(x) + 79.949
R² = 0.9159

y = -15.52ln(x) + 59.443
R² = 0.8868

0

20

40

60

80

100

120

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

P
e
rc

e
n
ta

g
e
 d

if
fe

re
n
c
e
 o

f 
c
o
n
d
. 

s
a
tu

ra
ti
o
n
 

%

K(mD)

 Global analysis %  Local analysis %



109 
 

5.6  Gas Composition Tracking  

The impact of reductions in permeability on condensate formation can be tracked according to 

changes in gas composition, namely light (C1) and intermediate components (C4-6), near the 

wellbore. As shown in Figures 5.14 and 5.15, the concentrations of C1 and C4-6 decrease 

significantly when permeability is reduced from 100 mD to 1 mD. A large proportion of this 

reduction relates to permeability values in the tight formation (global analysis) or damaged 

formation (local analysis) in the range of 10 to 1 mD. These results correlate well with the 

pressure profiles and condensate saturation data in section 3.1. More specifically, in the global 

analysis, the hydrocarbon C1 component has a higher molar fraction of 0.363 than 0.282 in the 

local analysis. These results reinforce the findings of this work presented in the previous 

sections. They indicate that local permeability reductions, which might be caused due to 

formation damage, can significantly impact gas condensate performance and reduce 

condensate production to a level similar to that in a tight gas condensate reservoir.  Allahyari 

et al. [79] have proposed a different approach in analysing the near-wellbore behaviour of gas 

condensate reservoirs during production stages, where changes in absolute permeability and its 

impact on well deliverability are translated into the skin factor. In agreement with the present 

work, their results show that the duration of condensate Region 1 and 2 increased with a 

reduction in gas permeability. This comparison confirms that the observed change in 

composition from the proposed approach in this paper is valid and can be used to predict the 

timing and location of condensate formation in a reservoir. 
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Figure 5.14: Comparison of the cumulative hydrocarbon composition of C1 and C4-6 at the 

wellbore for the global case. 

 

 Figure 5.15: Comparison of the cumulative hydrocarbon composition of C1 and C4-6 at the 

wellbore for the local case. 

 

5.7 Time, Distance and Condensate Concentration and Variation in 

Permeability 

 

The outcomes of simulation data for local and global cases were used to model the relationship 

between time, distance, and condensate concentration in a 3D diagram. The selected cases are 

tight and high-permeability cases. The exact angles rotated the plots for the X and Y axes of 

100 and 150, respectively, to determine differences in the gas condensate permeability reservoir 

in a 3D plot. The perspective of the plot was at 150, while the Z rotation/axis was kept at 00 for 

consistency. 

Figures 5.16 and 5.17 show 3D plots representing phase changes during condensate 

production, with condensate formation, plotted as a function of time and distance from the 

wellbore for the analysed global and local grid cases. The 3D image also shows the phase 
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has a permeability of 0.5-1mD, demonstrating a very high potential of condensate blockage as 

compared to the rest case. It is reflected in the time step of condensate saturation, which was 

observed to have increased (Figure 5.16) for the a, b and c plots in the global analysis compared 

to Figure 5.17 local analysis of the same plots. Hence a decline in condensate saturation occurs 

as reservoir permeability increases from a low to high permeability.  
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Figure 5.16: 3D plots for reservoirs in global analysis with values of permeability of: a) 1mD; 

b) 5mD; c) 10mD; d) 50mD; and e) 100mD.  
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Figure 5.17: 3D plots for reservoirs in local analysis with values of permeability of: a) 1mD; 

b) 5mD; c) 10mD; d) 50mD; and e) 100mD.  
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5.8 Chapter Summary  

 

The results show that permeability significantly affects the occurrence of the three regions 

around the well, which influences the productivity of the gas condensate reservoir. 

The lower the reservoir permeability, the more abundant the gas and the higher the pressure 

drawdown during production, representing a high potential for condensate blockage. 

Therefore, the permeability of a gas condensate reservoir should be considered as among the 

most crucial parameters, as it is the parameter that most affects the degree of condensate 

blockage. Three permeability regions were defined. Region 1 (50<K<100) has an insignificant 

impact on the immobile phase and condensate formation, Region 2 (10<K<50) exhibits a slight 

increase in the immobile phase and the condensate formation, and Region 3 (K<10) shows a 

significant increase.  

A logarithmic relationship was proposed between the immobile phase, percentage condensate 

saturation, and length of each region to estimate the equations that can predict the timing, 

distance, and concentration of condensate formation according to permeability locally and 

globally.  

The predictions of the timing and location of condensate reservoirs for different levels of 

permeability ranging from 0.5 mD to 100 mD indicate that local damage enhances the rate of 

condensate formation by up to 60% and shortens the duration of the immobile phase by up to 

45%, while globally condensate formation is increased by 80% and the presence of the 

immobile phase is reduced by 60%. 

Therefore, tight condensate reservoirs have an extreme affinity to hydrate production and are 

very sensitive to damage formation compared to the high permeability reservoirs. 

This type of prediction can help mitigate condensate blockage at the right time and location 

around the wellbore.  

This study shows that condensate blockage could severely negatively impact reservoirs with 

low permeability values of K = 0.5 mD, 1 mD, 5 mD, and 10 mD. In contrast, the effects 

observed for reservoirs of moderate permeability (k = 20 mD, 30 mD, and 50 mD) could be 

lesser and may become negligible for high permeability reservoirs (k = 75 mD and 100 mD).  
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CHAPTER SIX 

GAS CONDENSATE RESERVOIRS IMPROVEMENT USING 

WETTABILITY ALTERATION IN THE APPLICATION OF PHASE 

CHANGE TRACKING APPROACH IN TIGHT AND HIGH 

PERMEABILITY GAS CONDENSATE RESERVOIR. 
 

6.1 Introduction 

This Chapter provides the detailed improvement prediction based on the proposed application 

of phase change tracking approach in tight to high permeability gas condensate reservoir in the 

remediation of condensate blockage using wettability alteration. In achieving this, the End-

point relative permeability and saturation data were obtained from Published literature research 

to describe the flow behaviour and the effect of relative permeability on the wettability 

alteration. The study also analyses the influence of absolute permeability of 1, 10, and 100 mD 

on wettability alteration. Corey’s [193] two-phase model simulated the relative permeability 

characteristics from the data derived from other literature. The derived data for the different 

relative permeability cases, strongly gas wet, intermediate gas wet and liquid wet (shown in 

Appendix C), are used to model the relative permeability of the wettability alteration of the 

reservoir.  

6.2 Evaluating the Performance of Wettability Alteration in Gas and 

Condensate Production from Past Simulation Studies 

 

There are many publications related to the techniques for the calculation of relative 

permeability from capillary pressure data. Purcell [197] developed a method to calculate the 

permeability using pore size distribution derived from mercury-injection capillary pressure 

curves. The method has been used to calculate multiphase relative permeabilities, as reported 

by Gates and Leitz [198]. Later, Burdine [199] introduced a tortuosity factor in the model. 

Corey [193] and Brooks and Corey [200] summarised the previous work done and modified 

the method by representing the capillary pressure curve as the wetting-phase saturation power-

law function. Later the modified model was known as the Brook and Corey relative 

permeability model. The model has been used in many fields Honapour [201]. 
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Li and Firoozabadi [87] simulated the relative permeabilities of both liquid and gases in gas 

and condensate reservoirs. They established that the production of gas wells could be 

significantly improved using wettability alteration chemicals, which aid in changing the 

wetting phase of the rock surfaces from oil or water wet to gas wet. Kumar et al. [107] 

performed a simulation study to evaluate the use of wettability alteration in stimulating the 

performances of wells produced from gas condensate reservoirs. Two cases were studied: a 

single layer and a multi-layered reservoir. They discovered that the relative permeability to gas 

was improved, and the residual oil saturation was reduced after treating the core samples with 

wettability alteration. The result also shows that the gas rate increased proportionally with the 

increase in the treatment depth into the formation. 

Delavarmoghaddam et al. [202], in their work, acknowledge that the simulation study of 

condensate fluid solvent treatment and hydraulic fracturing are temporary fixes to a more 

significant problem. This unique study is one of the first to simulate the effects of permanent 

wettability alteration on production from condensate reservoirs. The study uses a set of liquid-

wetting relative permeability curves for the reservoir and an intermediate gas-wetting set of 

curves for the treatment zone. Two very similar fluid compositions are compared and different 

connate water saturations and permeability, including 1, 10 and 50 mD. The result showed that 

the treatment is slightly effective in the relative learner case, has little to no effect on the richer 

case, and is most effective when there is no connate water saturation. It further describes the 

inconsistent trends that emerge in higher permeability reservoirs. Hence, the higher 

permeability also leads to a high flow velocity which tends to sweep the area of fluid, leading 

to a reduction in fluid saturation near the wellbore. The trends were evidently at odds and 

suggested that careful consideration must be taken in high permeability reservoirs that are more 

prone to blockage. 

Zoghbi et al. [194] studied the optimum wettability condition to maximize production 

enhancement in gas condensate reservoirs by utilizing a reservoir model created in CMG and 

retrograde fluid composition in WINPROP. The simulation results showed that when the 

intermediate gas wetting state was applied in the near-wellbore region, the gas-condensate well 

productivity increased significantly compared to that of the gas-wetting phase. The Advantage 

of such treatment improvement was more noticeable in reservoirs with relatively low 

permeability and lower reservoir pressure. 
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Sheydaeemehr et al. [85] investigated gas condensate production improvement using 

wettability alteration in a giant gas condensate field using simulation. The results showed that 

the gas condensate cumulative production improved after the wettability alteration of porous 

media from liquid-wetting to intermediate -gas wetting by changing relative permeability for a 

treatment radius of 5 m around the wellbore significantly. 

Ganjdanesh et al. [183] presented a compositional Modeling study that assessed the 

effectiveness of dimethyl ether (DME) as a temporary treatment method for condensate 

blockage as opposed to methanol (MeOH) and ethanol (EtOH). DME was shown to be 

outstanding to the other options; this did not affect only the velocity of the flow back but in gas 

recovery, thereby improving the relative permeability in the treated zone by a factor of 2.5. 

Sakhaei et al. [179] investigated the impact of wettability alteration parameters such as 

wettability state, treatment radius, and time to reach the maximum production level in gas and 

condensate reservoir prior to the field application. The behaviour of a well located in a 

supergiant offshore Iranian gas condensate field was simulated and analysed using a 

compositional model, a single well, and a radial grid. They investigated the different wettability 

states using relative permeability curves at various distances from the wellbore and different 

treatment times to find the best condition. The result showed that the near-wellbore wettability 

alteration leads to lower critical condensate saturation, significantly impacting production 

parameters and reservoir recovery factors. 

Zoghbi et al. [194] and Ali et al. [115] carried out a simulation study to study the effect of 

reservoir permeability on well productivity improvement after wettability alteration, the impact 

of reservoir pressure, and the treatment radius was equally analysed. Similar radial gas 

condensate reservoirs to Delavarmoghaddam et al. [202] were developed using CMG, and the 

fluid type was built using the WINPROP module of CMG. The study established that the low 

permeability reservoirs experience improved well deliverability compared to the high 

permeability reservoir, which experiences an accumulation of condensate beyond the treatment 

region. It also shows the result of the treated radius when increased from 15ft -30ft—having 

no significant automatic outcome in the well deliverability. 

6.3 Result and Discussion 

The result generated from the simulation study of the three different wettability states (liquid 

wet, Intermediate gas wet and Strong gas wet). And the analysis of the conducted results shows 
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the effect of wettability alteration compared with variation in condensate saturation. The 

bottom-hole pressure (BHP), Hydrocarbon composition, Flow regions, production rate, and 

GOR using a geometric grid spacing scheme are discussed and presented. 

6.3.1 Effect of variation on Wettability Alteration of Condensate Formation in 

Permeability Reservoir of 1mD, 10mD and 100mD (Basecase) 

 

The condensate profile as a function of time from the wellbore is closely tied to the pressure 

profile because the saturation is associated with the pressure's closeness to the dew point. The 

nearness to the wellbore generates a high velocity that sweeps the fluid accumulated around 

the wellbore. And wettability alteration on the volume of condensate saturation around the 

wellbore. The different wettability conditions at the end of the simulation process (5475 days) 

for 1mD, 10mD and 100mD absolute permeability is shown in Figure 6.1, 6.2 and 6.3. A few 

other interesting trends are also presented in the graphs, however more in Figures 6.4 and 6.5 

since the low permeability in Figure 6.6 have impeded the formation of a condensate bank of 

adequate size. Figure 6.1 shows that the strongly gas wetting case has the highest condensate 

saturation of 27% compared to other wettability cases having 24 % for both the intermediate 

gas wetting and liquid wetting cases. On reaching its peak in condensate saturation (i.e., end of 

region 2), the intermediate gas wetting case was seen to experience a significant decrease in 

condensate formation around the wellbore region (region 1).  Figure 6.2 and Figure 6.6 shows 

a different shift in the trend of the wetting phases in region 2. A change was observed between 

the strong gas wetting and the intermediate gas wetting case at 949 days of production (region 

2). An increase and a decrease were observed for strongly gas wetting and intermediate gas 

wetting cases, respectively, at the wellbore (region 1) in Figure 6.2. The condensate saturation 

near the wellbore increases for the liquid wetting case (32%) but decrease for the strongly gas 

wetting case (22%) and the intermediate gas wetting case (21%). While in Figure 6.3, the 

strong gas wetting case and the intermediate gas wetting case were seen to exhibit a separate 

trend in region 2 but having a similar trend at the wellbore (region 1).  The condensate 

saturation for 1 mD permeability formation around the wellbore increases more for the liquid 

wetting case to 33%, as the permeability was reduced from 100 mD to 1 mD. Hence, as 

observed from the result in this work, the wettability alteration decreases condensate build-up 

in the near-wellbore region. And it reduces the liquid saturation in the near wellbore where the 

wettability has been altered. 
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Figure 6.1: Condensate Saturation as a function of time for three different wettability states in 

the near wellbore @ 2000 F (100 mD Permeability). 

 

 

Figure 6.2: Condensate saturation for the different wetting phases in the near-wellbore @ 

2000 F (10 mD Permeability). 
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Figure 6.3: Condensate saturation profile of wetting phase near-wellbore @ 2000 F (1mD 

Permeability). 

 

The behaviour was further investigated by plotting the condensate saturation as a function of 

pressure on the three regions of the reservoir, showing condensate occurrence at the wellbore 

and the length in region 2 in Figure 6.4 – Figure 6.6. It was observed that all wetting phases 

were equal at the initial production time due to the constant production rate, and they 

maintained the same trend. But on reaching the dewpoint pressure, the start of region 2, the 

wetting states were seen to split up with the different levels of separation (from the start - end 

of region 2) for all cases studied with a different trend in the wetting conditions noticed in 

region 1.  In Figure 6.4, the splitting up of the wetting conditions was observed at 3328 Psia 

after entering region 2, where the strongly gas wetting was seen to be higher in condensate 

saturation than the intermediate gas wetting and liquid wetting state, which have the same 

amount of condensate saturation. In region 1, a significant reduction in condensate saturation 

was observed in the intermediate gas wetting case, while other wetting conditions maintained 

a steady reduction. A different trend was observed in Figures 6.5 and 6.6. The Basecase is 

untreated, and it is used in this work as a reference case for all cases studied. The splitting up 

of the wetting condition were observed practically immediately on entering region 2, i.e., after 

the dew point. The basecase and strongly gas wetting was seen to have a higher trend in Figure 

6.5, while the liquid wetting case was the lowest. At a pressure of 3142 Psia, a shift in trend 
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was observed for the liquid wetting, which increased linearly towards region 1 to reach its 

saturation peak towards the end of region 2 at 240 Psia. 

Thus, experiencing a significant increase in condensate saturation. The intermediate gas 

wetting case maintained a steep trend slightly higher than the strongly gas wetting case to the 

end of region 2. On entering the near wellbore (region 1), a shift was seen between the strongly 

gas wetting and the intermediate gas wetting. The intermediate gas wetting case becomes the 

lowest of the three wettability conditions around the wellbore. A similar trend was observed in 

Figure 6.6, which is a tight permeability reservoir. In region 2, at a pressure of 2934 Psia, both 

the liquid wetting and basecase (untreated) increased in an almost similar trend towards the 

end of region 2 and split on entering region 1. At the same time, the strongly gas wetting and 

intermediate gas wetting case remains constant all through each region (i.e., regions 1&2). The 

attribute to this level of distinct behaviour in wetting phases could be due to the preference of 

the reservoir rock in contact with the condensate rather than gas. Hence resulting in a decrease 

in condensate mobility and the dropping out of the condensate phase. The more the drop out in 

condensate, the more the pressure drop is needed to produce a constant rate of gas and thus, 

more pressure drop results in more condensate formation.  Therefore, based on the result, the 

condensate saturation as a function of time and pressure have explicitly described how altering 

the wetting phase through wettability alteration can affect the near wellbore of a gas condensate 

reservoir. And be able to predict the preference wetting phase for the reservoir's treatment by 

tracking the condensate saturation in each region. In conclusion, the strongly gas wetting case 

is the most effective treatment in production increase for the gas condensate reservoir, 

depending on the absolute permeability values. 
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Figure 6.4: Condensate saturation at the wellbore as a function of pressure @ 2000 F for 

100mD permeability. 

 

 

Figure 6.5: Condensate saturation at the wellbore as a function of pressure @ 2000 F for 

10mD permeability. 
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Figure 6.6: Condensate saturation at the wellbore as a function of pressure @ 2000 F for 1mD 

permeability. 

The pressure profile as a function of time is presented in Figures 6.7 - 6.9 for the 5475-day (15 

years) production.  The graph is plotted on a log scale to feature the effect of the altered 

wettability for three-wetting cases on the pressure around the wellbore. In Figure 6.7, it was 

observed that though there was a maximum pressure drop around the wellbore, from right to 

left along the horizontal axis toward the wellbore, there was not much effect observed in the 

wetting condition for the three wettability cases with permeability value of 100 mD. A 

Substantial impact was seen for 10 mD and 1 mD permeability pressure profiles in Figures 6.8 

and 6.9. It was observed that the near-wellbore pressure is lower in the strongly gas wetting 

and intermediate gas wetting than in the liquid wetting for both absolute permeability cases (10 

mD and 1 mD). This is because the higher permeability generates a high liquid velocity in the 

gas wetting and intermediate cases. The pressure drop was more than the gas which tries to 

squeeze across the liquid line pores in the liquid wetting phase. 
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Figure 6.7: Pressure profile of the wetting state @ wellbore 2000 F for absolute permeability 

value of 100 mD 

 

 

 

Figure 6.8: Pressure profile of the wetting state @ wellbore 2000 F for absolute permeability 

value of 10 mD 
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Figure 6.9: Pressure profile of the wetting state @ wellbore 2000 F for absolute permeability 

value of 1 mD 

 

6.3.2 Relation Between the Relative Permeability and the Condensate 

Saturation of the Different Wetting Phase. 
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Figure 6.10: The endpoint relative permeability around the wellbore for the three different 

wettability states utilised. 

 

6.3.3 Impact of Wettability Alteration on Productivity in Permeability 

Reservoir of 100 mD, 10 mD, and 1 mD 

 

The simulation model was used for all three cases of the wettability alteration under the exact 

condition of maximum gas rate and minimum BHP. The gas rate remained constant until the 

minimum BHP condition was reached, which is the end of the production plateau phase where 

there is a decline in production. Altering the wettability in this reservoir and fluid condition has 

demonstrated some significant effect on gas and condensate production, as shown in Figure 

6.11- 6.15 for high permeability reservoir.  The well is produced at a constant surface gas flow 

rate of 6200Mscf/d Figure 6.11. The pressure falls below the dewpoint pressure, as the bottom-

hole pressure is reached in Figure 6.13, the gas and condensate rate declines, as shown in 

Figure 6.11 and Figure 6.12 due to the liquid dropout in the reservoir. The basecase shows a 

favourable production performance of a constant initial production rate that lasted over 3321 

days (Figure 6.11). This is closely followed by the strongly gas wetting case, whose production 

declined at 3239 days and then the intermediate gas wetting case before the dewpoint was 

reached. At the same time, the liquid wetting case resulted in the least favourable production 

impact at the first production stage. Though in the last production stage, the impact on the 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

K
rg

So (Mole)

Krg (Basecase)

Krg (SGW)

Krg (IGW)

Krg (SLW)



129 
 

wetting conditions was reversed after the dew point pressure was attained. The liquid wetting 

case followed by the intermediate gas and the strongly gas wetting cases develops a better 

production performance than the untreated basecase after reaching the dewpoint pressure for 

the reservoir with 100 mD permeability. 

 Figure 6.12 show the decline in condensate rate as the minimum bottom-hole pressure is 

reached. A similar trend to gas rate was also observed where the strongly gas wetting and the 

intermediate wetting correspond to the first and last production stages. The effect on the wetting 

phases is reflected on the different edges seen on the plot after the dewpoint pressure is reached. 

The bottom hole pressure in Figure 6.13 shows a steady decline for all wetting conditions. On 

reaching the maximum bottom-hole pressure, it maintains a continuous trend where all treated 

wetting conditions remain constant. The time it takes to reach the minimum bottom-hole 

pressure is when the gas rate declines in production. 

 
Figure 6.11: Gas production rate for three wettability conditions with Basecase @ 

permeability value of 100 mD. 
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Figure 6.12: Condensate Production rate for the different wettability conditions @ 100 mD 

 

 

Figure 6.13: Bottomhole Pressure for the different wettability conditions @ 100mD 
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production of all wettability conditions. Figure 6.15 show a similar trend for all wetting 

conditions for cumulative gas production. Consequently, altering the condition of the reservoir 

from liquid wetting to strongly gas wetting or intermediate gas wetting can extend the 

production phase, which in turn lead to improved production. The result obtained from altering 

the wetting state from strongly liquid wet to strongly gas wet provides an excellent outcome to 

compare other wettability conditions. 

 

 

Figure 6.14: Cumulative Condensate production for the different wettability conditions @ 

100 mD 
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Figure 6.15: Cumulative gas production for the different wettability conditions @ 100 mD 
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bottom hole pressure for the liquid wetting case than the rest wetting condition cases, which 
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Figure 6.16: Gas production rate for three wettability conditions with Basecase @ 

permeability value of 10 mD. 

 

 

Figure 6.17: Condensate Production rate for the different wettability conditions @ 10 mD 
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Figure 6.18: Bottomhole Pressure for the different wettability conditions @ 10 mD. 
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Figure 6.19: Comparison of the cumulative condensate production with the wettability 

alteration states of 10 mD. 

 

 

Figure 6.20: Comparison of gas production with the different wettability states of 10 mD. 
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Figure 6.21: Gas production rate for three wettability conditions with Basecase @ 

permeability value of 1 mD. 

 

 

Figure 6.22: Condensate Production Rate @ 1 mD for the wettability conditions. 
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 Figure 6.23: Bottomhole Pressure for the wettability conditions @ 1mD 
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Figure 6.24: Comparison of the cumulative condensate production with the wettability 

alteration states of 1 mD. 

 

 

Figure 6.25: Comparison of gas production with the different wettability states of 1 mD. 

 

6.3.4 Comparison on the Impact of Wettability Alteration on the Cumulative 

Production of the Different Wettability Conditions and The Impact on 

Absolute Permeability Values (100 mD, 10 mD and 1 mD). 
 

The cumulative gas and condensate production comparison on wettability alteration of the 

different wetting states is shown in Figures 6.26 and 6.27, respectively. The Figures show the 

result of the wettability phases studied and the impact of absolute permeability on the wetting 

conditions. The level of the enhanced treatment observed, through the relative permeability 

alteration on the different wetting conditions on productivity with a reservoir of different 

permeabilities, concurs with Zoghbi et al. [194] and Ali et al. [115].  Their work investigated 

the absolute permeability effect on the wettability alteration and found that results obtained 

from the lowest permeability formation are more prone to productivity enhancement than other 

high or medium permeability formations. Thus, the results obtained in Figure 6.26 and Figure 

6.27 on gas and condensate productivity can be concluded. For this reservoir, the wettability 

alteration for the basecase (strongly liquid wet) to the strongly gas wetting provides better 

results than other wetting conditions. It also shows the significance of absolute permeability on 

0

2000000

4000000

6000000

8000000

10000000

12000000

14000000

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000

C
u

m
u

la
ti

ve
 g

as
 p

ro
d

u
ct

io
n

 (
M

SC
F)

Time (Days)

Inter. Gas Wet  (MSCF)

Strongly Gas Wet  (MSCF)

Liquid Wet  (MSCF)

P1 Untreated  (MSCF)



139 
 

reservoir formation.  Figure 6.26 shows the strongly gas wetting and intermediate gas wetting 

treatment cases with the most improved condensate and gas production (Figure 6.27) of the 

three wettability conditions. Consequently, altering the condition of the reservoir from strongly 

liquid wetting to strongly gas wetting or intermediate gas wetting can extend the production 

phase, which can lead to enhanced production.  

With a basic understanding of where and how condensate drops out of the gas phase, engineers 

can devise ways to optimise gas and condensate production. 

 

 

Figure 6.26: Comparison of condensate production of the wettability alteration on the 

different wetting conditions with absolute permeability values. 
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Figure 6.27: Comparison of the Gas production of the wettability alteration on the wetting 

condition with absolute permeability values of 100 mD, 10 mD, and 1 mD. 
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[194]). While Ajagbe et al. [203] used Zoghbi et al. [194] fluid composition and two additional 

modified fluid compositions from literature in their study to demonstrate a broader range of 

behaviour of the composition used. The key differences were the amount of methane used 

between each composition used, decreasing as the fluid becomes richer. They conclude that the 

rich case has the heaviest fraction and the lean case contains the lightest fraction composition. 

The C7+ fraction tends to be lower and lighter in terms of molecule weight for lean fluids. 

Though from the bar chart result presented, the tight permeability reservoir formation with 1 

mD appear to have a greater value of lighter hydrocarbon (C1). Ranges from 0.301, 0.338, and 

0.423 moles fraction for the three wetting conditions, respectively, compared with other 

permeability reservoir formations of 100 and 10 mD (Figure 6.28). The methane (C1) volume 

for the permeability of 10 mD are; 0.105, 0.115 and 0.150-mole fraction, while that for the high 

permeability (100 mD) reservoir is 0.099, 0.092 and 0.093-mole fraction C1 respectively at the 

wellbore. From the result obtained from the analysis of C1, it is very glaring that the tight 

permeability reservoir of 1 mD has a tremendous amount of methane (C1) at the wellbore. As 

the permeability increases, the concentration of C1 for the three wetting conditions is reduced 

at the wellbore. Figure 6.29 show the C4-6 component around the wellbore. It is seen from the 

bar chart that the high permeability formation of 100 mD appears to have the highest value of 

C4-6 at the wellbore with a range of 0.279, 0.282, and 0.283-mole fraction, while the 

permeability formation of 10 mD values is 0.278, 0.278 and 0.273-mole fraction. And that of 

1 mD are 0.229, 0.215 and 0.180-mole fractions respectively of the different wetting 

conditions. Therefore, it can be said that the intermediate hydrocarbon (C4-6) increases in 

volume as the permeability increase. These results relate perfectly with the pressure profiles 

and condensate saturation data in section 6.3.1 of this work. A logarithmic scale of the flow 

behaviour of C1 and C4-6 around the wellbore is presented in Appendix 7.5. In conclusion,  

altering the relative permeability of the near wellbore through wettability alteration from 

strongly liquid wetting to gas wetting has a severe impact on the fluid composition around the 

wellbore, affecting the wetting conditions due to the behaviour of the fluid component at the 

wellbore that is aided by the reservoir permeability. 
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Figure 6.28: Comparison of C1 component with the different wetting conditions @ wellbore 

 

 

Figure 6.29: Comparison of C4-6 component with the different wetting conditions @ 

wellbore 
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6.4 Chapter Summary  

The relative permeability through wettability alteration to alter the reservoir from strongly 

liquid wet to strongly gas wet has great significance in the reservoir enhancement in gas 

condensate production. But not extensively in the areas of tracking the behaviour of condensate 

saturation as it relates to pressure and time of condensation, the length of time of each region, 

gas composition tracking and the effect on productivity. Wettability alteration is a technique 

used in mitigating condensate blockage in a gas condensate reservoir. Altering the relative 

permeability around the wellbore from its initial wetting condition to a preferred wetting state 

to improve the production using the compositional method has been researched. The following 

are, therefore, the summary of the study. 

The condensate saturation as a function of time and pressure has clearly described how altering 

the wetting phase through wettability alteration can affect the near wellbore of a gas condensate 

reservoir. The result has also been able to predict the preference wetting phase for the treatment 

of the reservoir through tracking the condensate saturation in each region. The strong and 

intermediate gas wetting cases exhibit a separate trend in region 2 but similar at the wellbore 

(region 1).  The condensate saturation for 1 mD permeability formation around the wellbore 

increases more for the liquid wetting case to 33%, as the permeability was reduced from 100 

mD to 1 mD. Hence, as observed from the result, the wettability alteration decreases condensate 

build-up in the near-wellbore region. And it reduces the liquid saturation in the near wellbore 

where the wettability has been altered. 

The pressure profile of the reservoir production around the wellbore is lower in the strongly 

gas wetting and intermediate gas wetting than in the liquid wetting for absolute permeability 

of 10 mD and 1 mD. This is because the higher permeability generates a high liquid velocity 

in the gas wetting and intermediate cases. The result has shown that wettability treatment is 

more efficient in low permeability reservoirs than in relatively high permeability reservoirs. 

The reservoir severely influences condensate blockage around the wellbore. 

The gas rate remained constant until the minimum BHP condition was reached, which is the 

end of the production plateau phase where there is a decline in production. Altering the wetting 

condition has demonstrated some effect on gas and condensate production. The result shows 

that the strongly gas wetting followed by the intermediate gas wetting treatment cases has the 

most improved condensate and gas production of the three wetting conditions. Consequently, 

altering the condition of the reservoir from strongly liquid wetting to strongly gas wetting or 



144 
 

intermediate gas wetting can extend the production phase, which leads to enhanced 

productivity. 

Furthermore, the results show a higher value of C4-6 at the wellbore for permeability formation 

of 100 mD compared to other permeability formations of 10 mD and 1 mD. While the value of 

the methane (C1) for the tight permeability reservoir of 1 mD shows an excellent value for 

lighter hydrocarbon (C1) with arrays from 0.301, 0.338, and 0.423 moles fraction for the three 

wetting conditions (strongly gas wetting, Intermediate gas wetting and liquid wetting) 

respectively as compared with other wetting conditions of permeability reservoir formation of 

100 and 10 mD. The reservoir formation with 100 mD has the lowest value of C1 in the treated 

wetting conditions than 10 mD.  

Hence, based on the results generated and analysed, the wetting condition through the 

wettability alteration using the application of phase change tracking of hydrocarbon 

composition. This clearly shows that the reservoir's optimal treatment at the near-wellbore 

region is the strongly gas wetting case, which improves gas and condensate production in the 

reservoir compared with other wetting cases studied. 
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CHAPTER SEVEN 

CONCLUSIONS AND RECOMMENDATIONS 

In essence, this thesis has sought to present a detailed analysis of accurate prediction of well 

deliverability in developing gas condensate reservoirs below the saturation pressure. The 

present chapter is divided into two main parts. In the first part, general conclusions address the 

aim and objectives of the study. In the second part, recommendations are also made for further 

work on this fascinating field of study. 

7.1 Conclusion for Chapter Four 

A general conclusion was drawn from the stimulation studies from gas condensate reservoirs 

with rich fluid composition investigation. Possible improvement was also discussed in the 

current work. The following is therefore concluded from the research work. 

A compositional study of gas condensate fluid movement was conducted to track the 

changes in the composition of hydrocarbons, particularly C1 and C4-6, representing light and 

intermediate gas components during the production life of gas condensate reservoirs. Several 

scenarios were considered to validate the proposed technique and determine the time of 

condensate banking and its distance from the wellbore. Thus, a novel approach on phase change 

tracking was predicted for gas condensate reservoirs. This approach has not been used to 

evaluate gas condensate recovery in any previous study. 

The approach was used as a guide to optimizing condensate production. Some standard, 

enhanced condensate recovery techniques were utilized to identify condensate reduction in the 

reservoir. Scenarios, such as water injection and gas recycling, were considered in studying 

condensate banking in this research. 

The results show that the further the distance away from the vicinity of the wellbore, the 

lower the effect of pressure drop on the cell grid. Cells closer to the wellbore experience the 

effect of pressure drop earlier as compared with the other cells. The liquid dropout is immobile 

until the critical saturation point is reached. The reduction in the distance for the basecase and 

gas recycling cases changes. Hence, no significant change in condensate saturation occurs away 

from the wellbore, indicating that the phase change process occurs close to the wellbore. A 

shorter time was taken to get to region 2 and a longer time to get to region 1 in the basecase, 

compared to gas recycling which takes longer to reach region 2 and less time to get to region 

1. 
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While for the water injection case shows that regions 1 and 2 diminished, whereas region 

3 is extended to the production process lifetime. The hydrocarbon compositional saturation 

phase change was not observed in the result. There was no effect of the water injection on the 

phase change of the reservoir composition around the wellbore. 

This novel approach has been published in Fluids 2019 journal; see Appendix D. List of 

Publications. 

7.2  Conclusion for Chapter Five 

To validate the method proposed, a series of sensitivity analyses on permeability for the 

compositional simulation was performed on tight, low, and high gas condensate permeability 

reservoirs with different permeability variables ranging from 1 – 100 mD. Three scenarios were 

considered: 1.) Low permeability reservoirs are characterized by permeability values of 0.5 

mD, 1 mD, 5 mD and 10 mD. 2.) Moderate permeability reservoirs with permeabilities of 20 

mD, 30 mD and 50 mD. 3.) High permeability reservoirs with values of 75 mD and 100 mD 

(base case) were considered for the validation study. These were simulated using two geometric 

grid spacing schemes. Global grid analysis and the local grid analysis to analyze a selected 

reservoir grid to enhance the definition in the specified grid cell.  

The results show that permeability substantially influences the occurrence of the three 

regions around the wellbore, which affects the production of the gas condensate reservoir. The 

lower the reservoir permeability, the more the gas. The higher the pressure drawdown during 

production, the higher the potential for condensate blockage. Therefore, the permeability of a 

gas condensate reservoir should be considered as among the most crucial parameters, as it is 

the parameter that most affects the degree of condensate blockage.  

The forecasts of the timing and location of condensate reservoirs for different levels of 

permeability ranging from 0.5 mD to 100 mD indicate that local damage improves the rate of 

condensate formation by 60% and shortens the duration of the immobile phase by 45%. In 

contrast, condensate formation increases by 80% globally, and the immobile phase's 

occurrence is reduced by 60%. This study shows that condensate blockage has a severe 

negative impact on reservoirs with low permeability values of K = 0.5 mD, 1 mD, 5 mD, and 

10 mD. While the impacts observed for reservoirs with moderate permeability of k = 20 mD, 

30 mD, and 50 mD are minor and might become negligible for high permeability reservoirs of 

k = 75 mD and 100 mD).  
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This research study validating the novel approach has been published in Energies 2020 

journal; see Appendix D. List of Publications. 

7.3 Conclusions for Chapter Six 

The process of evaluating the relative permeability using Corey’s two-phase equation in 

the wettability alteration (EGCR technique) to identify the effect in gas condensate 

performance is an essential approach in preventing condensate dropout and improving 

production from gas condensate reservoirs. The investigation of the wettability alteration near 

the wellbore of a gas condensate reservoir, through compositional modelling, entails modifying 

the relative permeability. In achieving this, relative permeability showing three different 

wetting phases (strongly gas wet, intermediate gas wet and liquid wet) were generated with 

Corey’s two-phase correlation and utilized for the relative permeability model. This determines 

the relative permeability and permeability (1, 10, and 100 mD) around the wellbore by using 

the phase change tracking approach in establishing the effect of wettability alteration. The well 

deliverability in the reservoir is investigated, and the impact of the performance of the reservoir 

through geometric grid spacing scheme, global grid analysis. 

The result shows that condensate saturation for 1 mD permeability formation around the 

wellbore rises more for liquid wetting to 33%, as the permeability was reduced from 100 mD 

to 1 mD. Consequently, as observed from the result in this research study, the wettability 

alteration reduces condensate build-up in the near-wellbore region. And it lowers the liquid 

saturation in the near wellbore where the wettability has been altered. This can be considered 

the main reason the cumulative gas production increases after the wettability alteration effect. 

The attribute to this level of distinct behaviour of the wetting phases can be due to the 

preference of the reservoir rock in contact with the condensate rather than gas, resulting in a 

decrease in condensate mobility and the dropping out condensate phase. The more the dropout 

in condensate, the more the pressure drop is needed to produce a constant rate of gas, and thus 

more pressure drop results in more condensate formation.  

The result shows that the strongly gas wetting case, followed by the intermediate gas 

wetting case, has considerably enhanced the productivity performance of the reservoir. 

Moreover, altering the wettability in the reservoir has proven to have a significant effect. It 

could extend the production phase on gas and condensate production, leading to enhanced 

production. 
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Thus, altering the relative permeability near the wellbore through wettability alteration 

from strongly liquid wetting to strongly gas wetting impacts the wetting conditions and 

behaviour of the fluid component in the wellbore. Hence, reducing condensate blockage was 

identified, and an optimum management plan was generated using the approach predicted. 

Therefore, the strongly gas wetting case was the preferred wetting condition for this 

reservoir from the investigation conducted. 

This research study has not been published yet. It is in the proofreading stage and will be 

sent after finalizing the editing to Elsevier for publication. 
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7.4 RECOMMENDATION 

Below are some of the recommendations recommended by the author of this research work. 

➢ The values used in Corey's two-phase equation's computational evaluation of 

wettability alteration should not be a constant value.  Such as the irreducible saturation 

and the Connate oil saturation when evaluating the wetting phases. This is to provide 

an actual field trend when analysing the wetting condition. The irreducible saturation 

is an essential parameter in determining the wetting conditions of a reservoir. It should 

be considered one of the essential parameters in the analytical evaluation method in 

deriving relative permeability for wettability alteration.  

➢ Further research needs to be carried out on the local grid scheme to determine the effect 

on wettability alteration by altering the relative permeability of the reservoir condition 

around a selected block by incorporating the phase change tracking of the hydrocarbon 

approach proposed in this research work.  

➢ The relative permeability is significant to fluid flow in gas condensate reservoirs, and 

the experimental measurements need to be carried out. The laboratory's field data and 

experimental data on fluid compositions need to be investigated to determine the 

accurate values of components and behaviours. This can be done using a CT scan to 

track changes observed from the experiment in a laboratory to effectively measure the 

relative permeability and further evaluate the productivity improvement process. 

➢ Using a broader range of fluid composition in determining the impact of wettability 

alteration and the flow parameters such as absolute permeability on wellbore and 

reservoirs could be more applicable to a greater variety of fields. It would also enhance 

our knowledge of the interaction between the thermodynamic properties of 

hydrocarbons and their fluid powered features. 
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➢ The local grid analysis stated in this research study could be researched further for a 

more comprehensive conclusion to analyse a selected grid of the reservoir and 

determine the effect the wettability alteration has on the defined specified grid cell 

around the wellbore. The condensate composition impact on the production 

improvement and the statistical analysis of the fluid component can be used to 

determine the preferred wetting condition. 

➢ A field test can be performed to validate the approach further. The predicted approach 

can be conducted by experimentation on the gas condensate reservoir producing field 

for the oil and gas companies in future that are willing to test/fund the approach. 

➢ A horizontal well can be utilised for further study on the type of well used since the 

well could create a larger contact area noticeable between the reservoir and the well. 

Thus, increasing the well's productivity index by decreasing the pressure drawdown 

effect around the well by three to five times compared to the vertical wells for the same 

related flow rate. Thereby delaying the condensate formation and liquid blockage in the 

gas condensate reservoirs. 

➢ The fluid model can be further optimised using the binary interaction coefficient 

generated from the PVT. The values for the C2 - C6-12 could be changed for a more 

complex model of the PVT turning for a precise and accurate result to determine its 

effect on the model.  
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APPENDICES 

APPENDIX A 

 PRICE OF HYDROCARBON 

Table A1: Price of Hydrocarbon (BP Statistical Review of World Energy 2016). 
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APPENDIX B 

SATURATION FUNCTION 

 

Table 3.9: Basecase Saturation Function Data 

So Krg Kro Krw 

0 0 0 0 

0.04 0.005 0 0 

0.08 0.013 0 0 

0.12 0.026 0 0 

0.16 0.04 0 0 

0.2 0.058 0 0.002 

0.24 0.078 0 0.01 

0.28 0.1 0.005 0.02 

0.32 0.126 0.012 0.033 

0.36 0.156 0.024 0.049 

0.4 0.187 0.04 0.066 

0.44 0.222 0.06 0.09 

0.48 0.26 0.082 0.119 

0.52 0.3 0.112 0.15 

0.56 0.348 0.15 0.186 

0.6 0.4 0.196 0.227 

0.64 0.45 0.25 0.277 

0.68 0.505 0.315 0.33 

0.72 0.562 0.4 0.39 

0.76 0.62 0.513 0.462 

0.8 0.68 0.65 0.54 

0.84 0.74 0.8 0.62 

0.88 
  

0.71 

0.92 
  

0.8 

0.96 
  

0.9 

1 
  

1 
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APPENDIX C 

THE DERIVED COREY’S RELATIVE PERMEABILITY VALUES FOR THE 

THREE WETTING CONDITIONS CASE 

 

Table 3.10: Relative Permeability Curve values for each wetting case 

Liquid Wetting Strong Gas Wetting  Intermediate Gas Wetting 

So Krg Kro So Krg Kro So Krg Kro 

0 0 1.16E-06 0 0 0.001389 0 0 0.000964 

0.04 0.000656 0 0.04 0.000262 0 0.04 0.000187 0 

0.08 0.002674 1.16E-06 0.08 0.001483 0.001389 0.08 0.00106 0.000964 

0.12 0.005906 1.58E-05 0.12 0.004088 0.005556 0.12 0.002922 0.003854 

0.16 0.0105 9.4E-05 0.16 0.008392 0.0125 0.16 0.005999 0.008672 

0.2 0.016406 0.000297 0.2 0.01466 0.022222 0.2 0.01048 0.015417 

0.24 0.023625 0.000725 0.24 0.023125 0.034722 0.24 0.016531 0.024089 

0.28 0.032156 0.001504 0.28 0.033998 0.05 0.28 0.024304 0.034688 

0.32 0.042 0.002786 0.32 0.047471 0.068056 0.32 0.033935 0.047214 

0.36 0.053156 0.004753 0.36 0.063725 0.088889 0.36 0.045555 0.061667 

0.4 0.065625 0.007614 0.4 0.082928 0.1125 0.4 0.059283 0.078047 

0.44 0.079406 0.011604 0.44 0.105241 0.138889 0.44 0.075233 0.096354 

0.48 0.0945 0.01699 0.48 0.130815 0.168056 0.48 0.093515 0.116589 

0.52 0.110906 0.024063 0.52 0.159795 0.2 0.52 0.114232 0.13875 

0.56 0.128625 0.033143 0.56 0.19232 0.234722 0.56 0.137483 0.162839 

0.6 0.147656 0.044579 0.6 0.228524 0.272222 0.6 0.163364 0.188854 

0.64 0.168 0.058746 0.64 0.268537 0.3125 0.64 0.191967 0.216797 

0.68 0.189656 0.076049 0.68 0.312483 0.355556 0.68 0.223383 0.246667 

0.72 0.212625 0.09692 0.72 0.360483 0.401389 0.72 0.257697 0.278464 

0.76 0.236906 0.121816 0.76 0.412655 0.45 0.76 0.294993 0.312188 

0.8 0.2625 0.151227 0.8 0.469114 0.501389 0.8 0.335353 0.347839 

0.84 0.289406 0.185667 0.84 0.529971 0.555556 0.84 0.378857 0.385417 
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7.5 Effect of Wettability Alteration by Tracking Fluid Component in the 

Reservoir. 

The impact of the wettability alteration treatment is shown in Figures 7.4 – 7.9 for the different 

wetting conditions of permeability variables. The following shows a logarithmic scale of the 

flow behaviour of C1 and C4-6 around the wellbore. The high permeability reservoir of 100 mD 

showed no effect on the fluid behaviour of the component around the wellbore when the 

wetting condition was changed from strongly liquid wetting to strongly gas wetting, for the C1 

component shown in Figure 7.1 – Figure 7.3. while the intermediate hydrocarbon component, 

a slight change was observed around the wellbore for the C4-6 component in the strongly gas 

wetting treatment (Figure 7.2). And it was observed that the permeability formation with 10 

mD and 1 mD (tight formation) experienced a significant effect in the lighter component (C1) 

near the wellbore than the higher formation (Figure 7.4 & Figure 7.7). While the C4-6 started 

at 36.5 days of production at region 3 and gradually increased through region 2 as depletion 

continued to region 1, where it has a significant value, and the C1 on entering region 1 decreases 

its concentration shown in Figure 7.1, 7.4 and 7.7. The strongly gas wetting is observed to 

lose more of the C1 (lighter hydrocarbon) to the surrounding wellbore than other wetting 

conditions, which is indicated by the steeper decrease in the plot. Hence, signifying the validity 

of the pressure profile and condensate saturation data agreeing to the result obtained from 

tracking the compositional hydrocarbon component.   
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Figure 7.1: Composition of fluid components (C1) overtime for the wetting conditions with 

the base case at the wellbore @ 100 mD 

 

 

Figure 7.2: Composition of fluid components (C4-6) overtime for the wetting conditions with 

the base case at the wellbore @ 100 mD 

 

 

0

0.05

0.1

0.15

0.2

0.25

0.3

1 10 100 1000 10000

C
4

-6
 (

M
O

L
E

S
)

TIME (DAYS)

C4-6 (SGW) C4-6 (IGW)

C4-6 (LW) C4-6  (BASECASE Untreated)

Region 1

Region 2

Region 3

Towards the wellbore

0

0.1

0.2

0.3

0.4

0.5

0.6

1 10 100 1000 10000

C
1
 &

 C
4

-6
 (

M
O

L
E

)

TIME (DAYS)

C4-6 (SGW) C4-6 (IGW)
C4-6 (LW) C4-6  (BASECASE Untreated)
C1 (SGW) C1 (IGW)

36.5 days

Region 1

Region 2

Region 3

Towards the wellbore 



174 
 

Figure 7.3: Composition of fluid components overtime for the three-wetting condition with 

the base case at the wellbore 100 Md 

 

 

Figure 7.4: Composition of fluid components (C1) overtime for the wetting conditions with 

the base case at the wellbore @ 10 mD 

 

Figure 7.5: Composition of fluid components (C4-6) overtime for the wetting conditions with 

the base case at the wellbore @ 10 mD 
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Figure 7.6: Fluid composition of C1 & C4-6 components over time for the three wetting 

conditions with basecase for tight reservoir 10 mD @ wellbore. 

 

 

Figure 7.7: Composition of fluid components (C1) overtime for the wetting conditions with a 

base case at the wellbore @ 1 mD 
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Figure 7.8: Composition of fluid components (C4-6) overtime for the wetting conditions with 

a base case at the wellbore @ 1 mD 

 

 

Figure 7.9: Fluid composition of C1 & C4-6 components over time for the three wetting 

conditions with basecase for tight reservoir 1 mD @ wellbore, 
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Gas Condensate Model File Simulation Run (Basecase) 

--RUNSPEC section-------------------------------------------------- 

RUNSPEC 

--Request the FIELD unit set 

FIELD 

--Water is present 

WATER 

--AIM solution method 

AIM 

--Nine components in study (plus water) 

COMPS 

9 / 

--Peng-Robinson equation of state to be used 

EOS 

PR / 

DIMENS 

9 9 4 / 

TABDIMS 

1 1 40 40 / 

ISGAS 

MULTSAVE 

0 / 

MULTIPHASE 

--Grid section-------------------------------------------------------- 
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GRID 

DX 

324*293.3 / 

DY 

324*293.3 / 

DZ 

162*30 162*50 / 

TOPS 

81*7315 / 

EQUALS 

PORO 0.13 / 

PERMX 100 / 

PERMY 100 / 

PERMZ 100 / 

/ 

--Properties section----------------------------------------------- 

PROPS 

NCOMPS 

9 / 

EOS 

PR / 

-- Peng-Robinson correction 

PRCORR 
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-- Standard temperature and pressure in Deg F      and PSIA 

STCOND 

60.0 14.7 / 

-- Component names 

CNAMES 

CO2 N2 C1 C2 C3 C4-6 C7+1 C7+2 C7+3 / 

HYDRO 

 N N H H H H H H A / 

-- Critical temperatures Deg R 

TCRIT 

548.46000    227.16000    343.08000    549.77400    665.64000 

806.54054    838.11282   1058.03863   1291.89071              / 

-- Critical pressures PSIA 

PCRIT 

1071.33111    492.31265    667.78170    708.34238    618.69739 

514.92549    410.74956    247.56341    160.41589              / 

-- Critical Z-factors 

ZCRIT 

 .27408       .29115       .28473       .28463       .27748 

 .27640       .26120       .22706       .20137              / 

-- Acentric factors 

ACF 

 .22500       .04000       .01300       .09860       .15240 

 .21575       .31230       .55670       .91692              / 
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-- Molecular Weights 

MW 

 44.01000     28.01300     16.04300     30.07000     44.09700 

 66.86942    107.77943    198.56203    335.19790              / 

-- Omega A values 

OMEGAA 

 .4572355     .4572355     .5340210     .4572355     .4572355 

 .4572355     .6373344     .6373344     .6373344              / 

-- Omega_B values 

OMEGAB 

 .0777961     .0777961     .0777961     .0777961     .0777961 

 .0777961     .0872878     .0872878     .0872878              / 

-- Default fluid sample composition 

ZMFVD 

      1.00000       .01210       .01940       .65990       .08690 

       .05910       .09670       .04745       .01515       .00330 

  10000.00000       .01210       .01940       .65990       .08690 

       .05910       .09670       .04745       .01515       .00330 / 

-- Boiling point temperatures Deg R 

TBOIL 

    350.46000    139.32000    201.06000    332.10000    415.98000 

    523.33222    689.67140    958.31604   1270.40061              / 
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-- Reference temperatures Deg R 

TREF 

    527.40000    140.58000    201.06000    329.40000    415.80000 

    526.05233    519.67000    519.67000    519.67000              / 

-- Reference densities LB/FT3 

DREF 

     48.50653     50.19209     26.53189     34.21053     36.33308 

     37.87047     45.60035     50.88507     55.89861              / 

-- Parachors (Dynes/cm) 

PARACHOR 

     78.00000     41.00000     77.00000    108.00000    150.30000 

    213.52089    331.78241    516.45301    853.48860              / 

-- Binary Interaction Coefficients 

BIC 

-.0200 

0.1000  0.0360 

 0.1300 0.0500 0.000000 

 0.1350 0.0800 0.000000 0.000 

 0.1277 0.1002 0.092810 0.000 0.000 

 0.1000 0.1000 0.130663 0.006 0.006 0.0 

 0.1000 0.1000 0.130663 0.006 0.006 0.0 0.0 

 0.1000 0.1000  0.130663  0.006 0.006 0.0 0.0 0.0 / 

-- Reservoir temperature in Deg F 

RTEMP 
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200.0 / 

--Water saturation functions 

SWFN 

    0.16  0.000  50 

    0.18  0.000   41 

    0.20  0.002  32 

    0.24  0.010  21 

    0.28  0.020  15.5 

    0.32  0.033  12.0 

    0.36  0.049  9.2 

    0.40  0.066  7.0 

    0.44  0.090  5.3 

    0.48  0.119  4.2 

    0.52  0.150  3.4 

    0.56  0.186  2.7 

    0.60  0.227  2.1 

    0.64  0.277  1.7 

    0.68  0.330  1.3 

    0.72  0.390  1.0 

    0.76  0.462  0.7 

    0.8  0.540  0.5 

    0.84  0.620  0.4 

    0.88  0.710  0.3 

    0.92  0.800  0.2 
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    0.96  0.900  0.1 

    1.00  1.000  0.0 / 

--Gas saturation functions 

SGFN 

    0.00  0.000  0.0 

    0.04  0.005  0.1 

    0.08  0.013  0.2 

    0.12  0.026  0.3 

    0.16  0.040  0.4 

    0.20  0.058  0.5 

    0.24  0.078  0.6 

    0.28  0.100  0.7 

    0.32  0.126  0.8 

    0.36  0.156  0.9 

    0.40  0.187  1.0 

    0.44  0.222  1.1 

    0.48  0.260  1.2 

    0.52  0.300  1.3 

    0.56  0.349  1.4 

    0.60  0.400  1.5 

    0.64  0.450  1.6 

    0.68  0.505  1.7 

    0.72  0.562  1.8 

    0.76  0.620  1.9 
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    0.80  0.680  2.0 

    0.84  0.740  2.1 / 

--Oil saturation functions 

SOF3 

    0.00 0.000 0.000 

    0.04 0.000 0.000 

    0.08 0.000 0.000 

    0.12 0.000 0.000 

    0.16  0.000  0.000 

    0.20  0.000  0.000 

    0.24  0.000  0.000 

    0.28  0.005  0.005 

    0.32  0.012  0.012 

    0.36  0.024  0.024 

    0.40  0.040  0.040 

    0.44  0.060  0.060 

    0.48  0.082  0.082 

    0.52  0.112  0.112 

    0.56  0.150  0.150 

    0.60  0.196  0.196 

    0.68  0.315  0.315 

    0.72  0.400  0.400 

    0.76  0.513  0.513 

    0.80  0.650  0.650 
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    0.84  0.800  0.800 / 

--Rock and water pressure data 

ROCK 

3550 0.000004 / 

PVTW 

3550 1.0 0.000003 0.31 0.0 / 

--Surface density of water 

DENSITY 

1* 63.0 1* / 

--Solution section------------------------------------------------------ 

SOLUTION 

--Equilibration data - initial pressure 3500 psi at 7500, which is 

--the oil-water and the oil-gas contact depth 

EQUIL 

7500 3550 7500 0 7500 0 1 1 0 / 

RPTRST 

PRESSURE SOIL VOIL / 

RPTSOL 

PRESSURE SOIL VOIL SOILM XMF YMF MLSC DENG DENO BOIL BGAS/ 

FIELDSEP 

 1   80 815 / 

 2   80 65 / 

 3   60 14.7 / 

/ 
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SUMMARY    

============================================================= 

ALL 

RUNSUM 

--Field oil production rate and total, GOR and field pressure 

FOPR 

FOPT 

FGOR 

FPR 

FOE 

WXMF 

P 1 / 

/ 

WXMF 

P 2 / 

/ 

WXMF 

P 3 / 

/ 

WXMF 

P 4 / 

/ 

--Producer block data 

BVOIL 
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7 7 4 / 

/ 

BSOIL 

7 7 4 / 

/ 

BSWAT 

7 7 4 / 

/ 

BSGAS 

7 7 4 / 

/ 

BSSOLID 

7 7 1 / 

/ 

BPRES 

7 7 1 / 

/ 

--Create excel readable run summary file (.RSM) 

EXCEL 

--Schedule section------------------------------------------------------ 

SCHEDULE 

RPTSCHED 

PRESSURE SOIL PCO PCG BSOL DENS SSOLID / 

RPTRST 
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 PRESSURE SOIL SGAS SSOLID VOIL SOILM XMF YMF MLSC DENG DENO BOIL 

BGAS/ 

--Define separator; the third stage represents stock tank 

SEPCOND 

SEP FIELD 1   80 815 / 

SEP FIELD 2   80  65  / 

SEP FIELD 3   60 14.7 / 

/ 

--Define injection and production wells 

--2000a WELLSPEC is used for back-compatibility, preferred keyword is WELSPECS 

--WELLSPEC 

--P FIELD 7 7 7400 SEP / 

--/ 

WELSPECS 

P FIELD 7 7 7400 GAS/ 

/ 

--2000a uses WELSEPC to associate separator with wells 

WSEPCOND 

P SEP / 

/ 

--2000a WELLCOMP is for back-compatibility, prefered keyword is COMPDAT 

--WELLCOMP 

--P 7 7 3 4 1 / 

--/ 

COMPDAT 
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P 7 7 3 4 1* 1 / 

/ 

--Well P set to target gas rate of 6200, with min bhp of 500 psi 

--2000a WELLPROD is for back-compatibility, prefered keyword is WCONPROD 

--WELLPROD 

--P GA 1* 1* 6200 1* 500 / 

WCONPROD 

P OPEN GRAT 1* 1* 6200 1* / 

/ 

WELTARG 

P BHP 500 / 

/ 

--Sales gas rate of 1500 MSCF/Day specified 

GRUPSALE 

Field 1500 / 

/ 

--Set 15 day initial time step 

TSTEP 

10*36.5 / 

SAVE 

--Time steps to 9 years 

TSTEP 

10*292 / 

SAVE 
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--Change separator conditions 

SEPCOND 

SEP FIELD 1 80 315 / 

/ 

--Time steps to 10 years: ten-day step after separator modification 

TSTEP 

10*36.5 / 

TSTEP 

10*182.5 / 

END 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


